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AmGAS Achillea millefolium germacrene A synthase
ATP Adenosine triphosphate
BVOC Biogenic volatile organic compound
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CDS Coding sequence
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DMADP Dimethylallyl diphosphate
DXP 1-deoxy-D- xylulose- phosphate
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1. INTRODUCTION

Plants synthesize a vast array of secondary metabolites including terpe-
noids, many of which are extensively used in medicine, agriculture, and 
food and cosmetic industry, and constitute key components of flavor or 
many agricultural crops (Pontin et al. 2015). So far, more than 60,000 
compounds have been categorized under terpenes, which is the largest 
group of plant secondary metabolites harboring extremely high structural 
diversity (Xie et al. 2012; Cheng et al. 2007). Among the terpenes, the 
smaller terpenoids, C5-C15, are typically volatile. These volatile terpe-
noids are released by several plant parts such as leaves, buds, flowers, fruits 
and roots (Dudareva and Pichersky 2008), whereas the highest emissions 
are associated with plant foliage (Kesselmeier and Staudt 1999). Emis-
sions of plant volatiles (VOCs) typically consist of various terpenoids, 
such as isoprene, mono-, and sesquiterpenes, which are released either 
constitutively or upon biotic or abiotic stresses (Niederbacher et al. 2015; 
Niinemets 2010; Loreto and Schnitzler 2010).

All terpenoids are synthesized from the universal C5 precursors, isopen-
tenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP) via 
two distinct pathways localized in different subcellular compartments: (1) 
the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway that is found 
in bacteria, and in plastids of plants and affiliated organelles such as api-
coplasts in Apicomplexa, and (2) the mevalonate (MVA) pathway that 
exists in archaea, some bacteria, and in the cytosol of plants, animals and 
fungi (Lombard and Moreira 2011; Degenhardt et al. 2009; Smit and 
Mushegian 2000; Nagegowda 2010). The simplest isoprenoid, isoprene 
(2-methyl-1,3-butadiene), is a five-carbon compound and the isoprene 
residue is the building block of all terpenoids. Isoprene is emitted only 
by those plant species that constitutively express isoprene synthase, a 
plastidic enzyme that reacts with MEP pathway-derived DMADP to 
form isoprene. The primary regulatory enzymes for isoprene biosynthe-
sis are the first two enzymes in the MEP pathway, 1-deoxy-D-xylulose 
5-phosphate (DXP) synthase (DXS) and DXP reductoisomerase (DXR) 
(Sharkey et al. 2005; Rosenkranz and Schnitzler 2013). In addition, the 
activity of isopentenyl diphosphate (IDP) isomerase enzyme converting 
IDP to DMADP is also positively correlated with isoprene emission, 
and is therefore considered a key regulator of isoprene emission (Brügge-
mann and Schnitzler 2002). IDP and DMADP are further condensed 
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by enzymes called prenyltransferases to produce a multitude of interme-
diates with various chain length, including geranyl diphosphate (GDP, 
C10), farnesyl diphosphate (FDP, C15), geranylgeranyl diphosphate 
(GGDP, C20), and squalene (C30) (Koyama and Ogura 1999; Lange et 
al. 2000; Rodríguez-Concepción 2006). These precursors, in turn, are 
used by a large family of terpene synthases (TPS), including hemiterpene 
synthases to produce isoprene and 2-methyl-butenol (C5), monoterpene 
synthases to form monoterpenes (C10), sesquiterpene synthases to form 
sesquiterpenes (C15), and diterpene synthases to form diterpenes (C20) 
(Bohlmann et al. 1999; Chen et al. 2011).

During the 20th century, the mean temperature has been estimated to 
have increased by 0.76 °C globally (IPCC 2007). As a result, rising tem-
perature is already having profound effects on plants due to changes in 
plant physiological activity (Hansen et al. 2006). In fact, among the abi-
otic stresses, temperature is one of the key abiotic stress factors worldwide 
(Allen et al. 2010; Hüve et al. 2006; Camejo et al. 2006; Loreto et al. 
2006; Loreto and Schnitzler 2010). Both high temperature (heat stress) 
and low temperature (cold stress) alter the plant photosynthetic charac-
teristics and in particular, volatile terpenoid emission through the altera-
tions in gene expression, changes in substrate pool sizes, and enzymatic 
activity including the ability of terpene synthases to act as multi-substrate 
enzymes. Temperature not only alters plant activity, but also influences 
atmospheric chemistry at regional and global scales through modifica-
tions in plant volatile emission with major consequences for human life 
(Filella et al. 2007; Peñuelas and Staudt 2010; Niinemets 2010). Further-
more, from an agricultural perspective, global change driven increases in 
temperature impose a major challenge for all crops, and understanding of 
how the terpenoid synthesis pathway activity changes upon temperature 
stress is of major economic significance.

However, so far the information of quantitative relationships between 
temperature stress and modifications in plant photosynthetic activity and 
volatile emissions is limited and very few model systems are available. 
This makes it currently very difficult to move from qualitative under-
standing on emission mechanisms to quantitative predictions on global 
change effects on volatile emission with concomitant modifications in 
atmospheric characteristics. Furthermore, there still are important gaps in 
mechanistic understanding of regulation of terpenoid emission in plants, 
including the regulation of gene expression upon stress and the capacity 
of different terpenoid synthases to use multiple substrates.
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In this thesis, I studied temperature stress responses in the crop plant 
tomato (Solanum lycopersicum), and regulation of terpenoid metabolism 
in tomato and in medically important herb yarrow (Achillea millefolium), 
and we hypothesized that:

(a) the impact of heat and cold stress (Paper I and II) alter tomato 
photosynthetic characteristics, emission of lipoxygenase pathway 
volatiles (LOX), mono- and sesquiterpenes in stress-dose dependent 
manner, and that heat stress (Paper II) alters the regulation of mono-
and sesquiterpene synthase genes over the recovery phase.

(b) the expression level of germacrene A synthase gene in A. millefolium 
(Paper III) varies with the presence of the gene in different tissues of 
the plant and it has the potential to act as a multisubstrate enzyme 
in order to regulate terpenoid profile through alternative pathway.

Based on the discovery of occurrence of multi-substrate use in A. mille-
folium germacrene A synthase, we further hypothesized

(c) that multi-substrate use is more prevalent than generally thought 
(Paper IV) and that this feature could actually explain many of the anom-
alous terpene emission responses upon different abiotic stresses such as 
heat stress.

In this Thesis, Papers I and II investigated the effect of heat and cold 
stress on photosynthetic characteristics, volatile terpenoid emission, and 
also on the regulation of mono- and sesquiterpene emission and terpene 
synthase gene expression upon heat stress in tomato leaves. Paper III 
functionally characterized the sesquiterpene germacrene A synthase in 
A. millefolium and studied the capacity of this enzyme to function as a 
multi-substrate enzyme. Paper IV summarized the available information 
of the capacity of different terpene synthases to use multiple products 
and demonstrated that the multi-substrate use is much more widespread 
in plants than generally thought. Overall, this Thesis provides important 
insight into the regulation of terpenoid emissions in stressed plants and 
improves the understanding of regulation of terpenoid synthesis in plants. 
Furthermore, in this Thesis, two economically important model systems, 
tomato and yarrow, were developed in our lab for ecophysiological and 
molecular studies that serve as platforms for future studies to under-
stand the effects of environmental stresses on crop and medicinal herb 
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ecophysiology. In particular, the degree of heat resistance is a primary 
target for generating thermotolerant crops through plant breeding and 
the results shown here can significantly contribute to understanding the 
limits of heat stress resistance and processes occurring during recovery.
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2. REVIEW OF THE LITERATURE

2.1. Influence of temperature on photosynthesis, VOC emissions,
and gene expression in Solanum lycopersicum

2.1.1. Temperature effects on foliage photosynthetic characteristics

In general, primary photosynthetic reactions are only moderately affected 
over the temperature range of 0 °C to 30 °C in cold-adopted plants 
(Mawson et al. 1986; Larcher 2003), while plant in temperate habitats 
tolerate well temperatures between 7 °C and 40 °C, and plants from trop-
ical habitats the temperatures between 15 °C and 45 °C (Downton et al. 
1984; Bunce 2000). Overall, optimum temperatures for photosynthesis 
are at the moderately high temperature range of 25–35 °C in plants from 
different habitats (Sage and Kubien 2007).

However, both high and low temperature stress can severely disturb plant 
growth and productivity (Sharkey et al. 2005; Wittig et al. 2007). So far, 
several studies have been conducted to understand the effect of high and 
low temperature stress on biochemistry of photosynthetic traits (Sage and 
Kubien 2007), non-volatile antioxidant responses (Camejo et al. 2006; 
2005), and volatile emission (Loreto et al. 1998) in different plant spe-
cies. Berry and Björkman (1980) showed that photosynthesis is highly 
sensitive to high and low temperatures and therefore, it can completely 
be ceased at extremely high and low temperatures. Photosystem II is 
the most heat-sensitive component of the electron transport chain and 
the inhibition of photosystem II due to high temperature results in the 
cessation of photosynthesis (Hüve et al. 2011; Hüve et al. 2006). The 
reduction of PSII resulted in the decline of variable chlorophyll fluo-
rescence (Havaux and Tardy 1996; Havaux et al. 1996). Therefore, the 
measurement of in vivo chlorophyll fluorescence is common method to 
detect the quantitative changes in the photosynthetic apparatus upon 
high temperature stress (Krause and Weis 1991; Govindje 1995; Strasser 
1997). Furthermore, Calvin cycle activity can decrease upon rapid heat 
episodes (Bilger et al. 1987). Some reports explained that inactivation of 
Rubisco is an initial sign of the inhibition of photosynthesis by high tem-
perature (Kobza and Edwards 1987; Feller et al. 1998). High temperature 
inhibits Rubisco activase that is a key regulatory process of photosynthesis 
(Camejo et al. 2005).
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2.1.2. Volatile emission and its control by temperature

Plants benefit from volatile terpenoids in many ways. In particular, vola-
tile isoprenoids act as stress-protective agents through their antioxida-
tive effects (Vickers et al. 2009; Loreto et al. 2001) and by modifying 
membrane fluidity of plant cells upon stress (Behnke et al. 2007; Sharkey 
and Singsaas 1995; Singsaas et al. 1997). In addition, they induce plant 
defense mechanisms against omnivorous insects, pathogens and herbiv-
ores (Bohlmann and Croteau 1999; Heijari et al. 2008). Furthermore, 
as an indirect defense mechanism, volatile terpenoids attract enemies of 
herbivores to plants to protect plants from herbivore feeding (Dicke et al. 
2009; Arimura et al. 2000; Dudareva et al. 2006).

Emission of isoprenoids increases with increasing temperature (Valolahti 
et al. 2015) due to the immediate effects of temperature on the activity 
of rate-controlling enzymes, terpene synthases (Li and Sharkey 2013; 
Niinemets et al. 2002). In addition, temperature can modify the expres-
sion of terpenoid synthases. In fact, many abiotic factors can trigger 
the onset of expression of terpene synthases and thus, biosynthesis and 
emission of BVOCs, e.g., light and temperature (Loreto and Schnitzler 
2010; Kask et al. 2016; Müller et al. 2013) but also wounding (Portillo-
Estrada et al. 2015), drought (Lavoir et al. 2011; Šimpraga et al. 2011), 
and ozone stress can also alter the blend of volatile organic compounds 
emitted (Carriero et al. 2016; Betz et al. 2009). In the case of heat stress, 
mild heat stress resulted in declining constitutive monoterpene emission, 
whereas both long-term heat episode and heat shock positively scaled up 
with the emission of green leaf volatiles and glucosinolate volatiles (Kask 
et al. 2016). On the other hand, Rasulov et al. (2015a) demonstrated that 
during high temperature stress, plants acclimate to elevated temperatures 
by increasing heat stability of photosynthesis and enhanced activation 
energies for isoprene production and they further showed that structural 
modification was the primary key parameter behind isoprene emission 
characteristics per unit leaf area. Previous studies have further shown 
that both biotic and abiotic stresses modify the composition of emitted 
terpenoids in different plant species, and lead to a high proportion of 
induced mono- and sesquiterpenes in the total emissions (Beauchamp et 
al. 2005; Niinemets 2010; Peñuelas and Staudt 2010).
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2.1.3. Heat stress and tomato photosynthetic and volatile responses

So far, there is a general lack of information about constitutive and stress-
driven volatile emission and underlying gene expression in economically 
important plants including tomato (Solanum lycopersicum L.). Tomato is 
an annual plant cultivated all over the world, and having a high global 
economic value. Similar to other plants, tomato plants are often exposed 
to abiotic and biotic stresses whereas the potential stress severity depends 
on the place of cultivation. Among the abiotic stress agents, temperature 
is the main stress agent that hampers its growth and productivity through 
affecting various physiological and biochemical processes. It has been 
demonstrated that short-term or prolonged high and low temperatures 
are major stress factors for plants, restricting plant growth and survival, 
changing the distribution of species and influencing the productivity of 
natural ecosystems (Allen et al. 2010; Ainsworth and Ort 2010). Heat 
stress in tomato leaves induces the emission of volatile terpenoids and 
lipoxygenase pathway volatiles (LOX) products (Paper I and II).

2.2. Cloning and functional characterization of  
germacrene A synthase and its multi-substrate use

Terpene synthases reacts with their specific substrates and produce terpe-
noids. A number of plant terpenes have well-characterized physiological 
functions (Christianson 2006; Cheng et al. 2007; Bohlmann and Keeling 
2008; Nagegowda 2010), but specialized functions of several terpenes are 
still not well-understood. In particular, sesquiterpenes as a broad group 
contain many ubiquitous members, e.g. β-caryophyllene, that are emit-
ted from flowers, but also from leaves of various plant species, especially 
under stress, and play important roles as infochemicals in direct and 
indirect chemical plant defense against pathogens and herbivores (Schnee 
et al. 2002; Cheng et al. 2007; Chappell and Coates 2010; Morse et al. 
2012). On the other hand, there are less wide-spread sesquiterpenes with 
less clear functions, and overall there is limited information on how the 
expression of key sesquiterpene synthases is regulated, how the expres-
sion is linked to physiological processes and what the substrate profiles 
of these enzymes are.

Among the specialized sesquiterpenes are germacrenes that are the abun-
dant sesquiterpenes in Asteraceae family. In several species belonging to 
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Asteraceae, germacrenes play key roles in synthesizing different sesquiter-
pene lactones (Adio 2009; de Kraker et al. 2001). Sesquiterpene lactones 
which are produced through the mevalonate (MVA) pathway, classified 
as germacranolides, guaianiolides, pseudoguanolides and eudesmanolides 
based on their carbon skeletons (de Kraker et al. 1998). They have been 
known as major compounds in A. millefolium (Montsko et al. 2008) and 
play important roles in plant environment interactions and also act as 
chemical defense against pathogens and insects, protecting plants from 
herbivore feeding (Picman 1986; Chappell and Coates 2010; Cheng et 
al. 2007).

Sesquiterpene lactones are derived from sesquiterpene (+)-germacrene A 
in many plant species, including Asteraceae (de Kraker et al. 2001). There 
are a number of medicinally important compounds such as parthenolide 
in feverfew (Tanacetum parthenium) (Majdi et al. 2011), tenulin in yellow 
sneezeweed (Helenium amarum) and helenalin in sneezeweed (Helenium 
autumnale) (Bouwmeester et al. 2002).

Parthenolide is the most important germacrene A derived lactone which 
has been identified in feverfew (Brown et al. 1997; Čretnik et al. 2005). 
A profound attention has recently been paid on parthenolide due to 
pharmacological activities and medicinal properties such as antimigraine, 
antifungal and antibacterial properties and can protect against pests and 
herbivores (Picman 1986). Moreover, germacrene A per se, has been 
shown to possess anticancer activity (Adio 2009).

Germacrene A synthase is responsible enzyme for cyclization of farnesyl 
diphosphate (FDP) to germacrene A, and it is the first step in the produc-
tion of parthenolide (Bouwmeester et al. 2002; de Kraker et al. 1998). 
It has been shown that the cytochrome P450, germacrene A oxidase, is 
responsible for the conversion of germacrene A to germacrenoic acid 
(Cankar et al. 2011; Nguyen et al. 2010). Germacrene A synthase (GAS) 
reacts with farnesyl diphosphate (FDP) and produces germacrene A 
(de Kraker et al. 1998).

Recent progress in isolation and expression of TPS genes in heterologous 
systems, and their functional characterization have greatly improved the 
understanding of the function and regulation of TPSs in both angiosperms 
and gymnosperms (Keeling and Bohlmann 2006; Chen et al. 2011; Mar-
tin et al. 2004; Degenhardt et al. 2009), and thereby shed light on the 
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hidden aspect of the regulation of terpene biosynthesis process. However, 
there is increasing evidence suggesting that some of TPSs act as multi-
substrate enzymes and can use either GDP or FDP for producing mono- 
or sesquiterpenes depending on the availability of substrates (Davidovich-
Rikanati et al. 2008; Gutensohn et al. 2013).

So far, the studies on cloning and molecular characterization of germa-
crene A synthase from A. millefolium have provided crucial knowledge for 
the functionality of sesquiterpenoid profile; however, a further and deep 
understanding of this characterization is vital in order to generate cDNA 
library for gene discovery along with study of closely related sesquiterpene 
lactones such as parthenolide. On the other hand, cloning and molecular 
characterization of the closely-related new sesquiterpene synthase genes 
and their sequence identification based on germacrene A synthase gene 
will help to study the evolution and phylogenetic relationships of differ-
ent germacrene A synthase genes among different species.

To the best of our knowledge, the GAS genes have been cloned and GAS 
enzymes functionally characterized only in a few species of Asteraceae 
family. GAS had not been studied in yarrow (A. millefolium), and there 
was no information of possible multi-substrate use of GAS.

It has been shown that several TPSs are multi-substrate enzymes, which 
are able to form terpenes of different chain length depending on corre-
sponding substrate availability (Davidovich-Rikanati et al. 2008; Guten-
sohn et al. 2013). Among such multi-substrate enzymes, some can form 
monoterpenes with GDP as the substrate and sesquiterpenes with FDP as 
the substrate (Davidovich-Rikanati et al. 2008; Gutensohn et al. 2013). 
Several studies show that monoterpenes can be synthesized by multi-sub-
strate sesquiterpene synthases in the cytosol (Davidovich-Rikanati et al. 
2008; Gutensohn et al. 2013), while the biosynthesis of sesquiterpenes 
occurs in plastids (van Schie et al. 2007; Nagegowda 2010).

However, the biological importance of multi-substrate use of terpene 
synthases has been viewed as a biological curiosity without functional 
significance. However, it could also constitute an alternative pathway for 
regulation of terpenoid profiles, especially upon stress-related perturba-
tions in substrate availability. In fact, there is evidence of a cross-talk 
between MEP and MVA pathway (Rasulov et al. 2015b). Such a cross-
talk could underlay the capacity of plant cells to produce different vola-
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tile terpenoids by the same enzymes in dependence on the pool sizes of 
substrates in different subcellular compartments (Rajabi M et al. 2013). 
Therefore, we suggest that biosynthesis of mono-and sesquiterpenes in 
tomato upon heat and cold stress may have occurred through both their 
conventional and alternative terpenoid pathways depending on the sub-
strate availability after heat and cold stress.

In reality, the existence of multi-substrate enzymes can be much more 
widespread than currently known, because very often the functional char-
acterization of TPSs is conducted only with a single substrate or limited 
range of substrates (Rajabi M et al. 2013).
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3. AIMS OF THE STUDY

The general aims of the Thesis were to develop tomato (Solanum lycop-
ersicum) and yarrow (Achillea millefolium) model systems for functional 
studies on terpene synthase expression and for terpene emission from 
stressed plants. Both S. lycopersicum and A. millefolium are significant 
emitters of mono- and sesquiterpenes, but the share of different terpe-
noids significantly varies in the stored and emitted terpenoid profiles. 
Within this general aim, the specific aims of the Thesis were

1. To investigate

 a) the effects of heat and cold stresses on leaf photosynthetic param-
eters, LOX and terpenoid emissions in S. lycopersicum cv. Mato 
(Paper I);

 b) the effects of heat stress on the expression and regulation of 
β-phellandrene and (E)-β-caryophyllene synthase genes in S. lycop-
ersicum cv. Pontica (Paper II);

 c) estimate the correspondence between changes in mono-and ses-
quiterpene gene expression and terpenoid emission through the 
recovery period (Paper II).

2. To clone and functionally characterize the germacrene A synthase 
(GAS) in A. millefolium and quantify germacrene A synthase gene 
expression in different tissues, assess the capability of its multi-sub-
strate enzymatic activity, i.e. the activities of GAS for the formation 
of its main end-product, the sesquiterpene germacrene A, and for the 
formation of acyclic and cyclic monoterpenes (Paper III).

3. To highlight the widespread presence of multi-substrate terpenes, 
analyze their evolutionary relationships, and physiological signifi-
cance with special emphasis on subcellular localization of multi-sub-
strate TPSs and the possible availability of corresponding substrates 
(Paper IV).
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4. MATERIAL AND METHODS

4.1. Plant material

For the study of heat and cold stress, Solanum lycopersicum L. cv. Mato and 
cv. Pontica plants were used (Paper I and II). Tomato seeds were sown in 
a commercial potting soil (Biolan Oy, Kauttua, Finland). After germina-
tion, the seedlings were transplanted and grown in 1 L clay pots in a plant 
growth room under controlled conditions of light intensity of 400 µmol 
m–2 s–1 (HPI-T Plus 400 W metal halide lamps, Philips) for 12 h light 
period, day/night temperatures of 24/18 °C, and relative air humidity of 
60%. The plants were watered daily to soil field capacity and fertilized 
with a combined NPK (5:5:6) fertilizer with micronutrients (B (0.01%), 
Cu (0.03%), Fe (0.06%), Mn (0.028%), Zn (0.007%). Each plant was 
fertilized once a week (70 mL of fertilizer solution (0.5% solution of the 
concentrated liquid fertilizer) until the completion of the experiment.

Yarrow (Achillea millefolium L.) plants were transplanted from the natu-
ral field growth environment (58°23′N, 27°05′E) into 3 L clay pots and 
grown under controlled conditions in a growth chamber (16 h day length 
and day/night temperature of 25/18 °C, incident quantum flux density 
of 400 µmol m−2 s−1). Flowers, leaves, roots, rhizomes and stems were 
collected and immediately frozen in liquid nitrogen and stored at −80 °C 
for gene expression analysis.

4.2. Stress application

To apply heat stress, 3–4 fully mature leaves were subjected to heat-shock 
temperatures of 30 (control), 37, 41, 46, 49 and 51 °C for 5 minutes 
(Paper I) by gently immersing them in a thermostat with distilled water 
(VWR International, West Chester, Pennsylvania, USA) and in the sec-
ond experiment (Paper II), the leaves were subjected to 25 (control), 37, 
41, 46 and 49 °C for 5 minutes.Thereafter, leaves were left to air dry, 
typically for 5–10 min, and then gas-exchange characteristics (chapter 
4.3) and volatile emissions (chapter 4.4) were measured.

Cold stress was applied to tomato plants by keeping the plants in a series 
of refrigerators and freezers with pre-set temperatures for 5 minutes under 
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the dim light of 100 µmol m−2 s−1 provided by cold LED lamps (Keija, 
China) (Paper I). The studied stress temperatures were 6, 3, −1, −7 and 
−15 °C. Thereafter, the leaves were enclosed in the glass chamber for 
gas-exchange (chapter 4.3) and volatile emission measurements (chapter 
4.4).

4.3. Gas-exchange measurements

In Paper I, gas exchange measurements were carried out in a tempera-
ture-controlled glass chamber under standard conditions of light intensity 
at the leaf level of 700–800 µmol m−2 s−1, glass chamber temperature of 
30 °C (leaf temperature 30 ± 1 °C), CO2 concentration of 380–400 µmol 
mol−1, and the relative air humidity of 50–60%. The air, which passed 
through the glass chamber, was taken from outside and prior to entering 
the chamber, the air was passed through a custom-made ozone trap made 
of copper tubing and activated with HCl in order to trap atmospheric 
ozone (reduced to the concentration < 1 nmol mol−1). An infra-red dual-
channel gas analyzer operating in differential mode (CIRAS II, PP-Sys-
tems, Amesbury, MA, USA) was used for CO2 and H2O concentration 
measurements at the chamber in- and outlets. The rates of net assimila-
tion (A), and stomatal conductance to water vapor (gs) were calculated per 
unit enclosed plant leaf area according to von Caemmerer and Farquhar 
(1981)

In Paper II, the rates of net assimilation (A), stomatal conductance to 
water vapor (gs), and dark-adapted chlorophyll fluorescence yield (Fv/Fm) 
were measured with a portable gas-exchange chlorophyll fluorescence 
system (Walz GSF-3000, Walz GmbH, Effeltrich, Germany) upon main-
taining baseline conditions as such: leaf temperature of 25 °C, ambient 
CO2 concentration of 400 µmol mol–1, RH of 60% and light intensity 
of 700 µmol m–2 s–1.

4.4. Volatile sampling and GC-MS analyses

For volatile sampling, we used a custom-made temperature-controlled 
gas-exchange system with a temperature-controlled glass chamber used 
for photosynthesis measurements in Paper I and described in detail by 
Copolovici and Niinemets (2010). The standard conditions maintained 
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in the glass chamber during the volatile sampling were the same as that 
of gas exchange, except that the chamber temperature was set at 25 °C in 
Paper II. Volatiles emitted by S. lycopersicum leaves were collected onto 
a cartridge for 20 minutes with a flow rate of 200 mL min–1 (4 L air) 
for quantification of LOXs, mono- and sesquiterpenes. Volatiles were 
analyzed with the combined Shimadzu cartridge desorber and gas-chro-
matograph mass-spectrometer (GC-MS; GC 2010 and QP 2010 Plus, 
Shimadzu Corporation, Kyoto, Japan) according to (Copolovici et al. 
2009; Toome et al. 2010; Kännaste et al. 2014).

In order to collect volatiles from A. millefolium, flowers and leaves were 
covered by an ovenproof polyethylene terephthalate bag (PEFT) at 30 °C 
for 3–4 h under a light intensity of 1000 µmol m−2 s−1. A solid-phase 
microextraction (SPME) fiber of 65 µm of polydimethylsiloxane/divinyl-
benzene (PDMS/DVB, Supelco, Bellefonte, PA, USA) was used to collect 
the volatiles for 20 min and then the fiber was immediately moved to the 
injection port of the gas-chromatograph mass-spectrometer (GC-MS; 
GC 2010 and QP 2010 Plus, Shimadzu Corporation, Kyoto, Japan).

VOCs were identified by comparing their mass spectra with those of 
authentic standards (Sigma-Aldrich, St. Louis, MO, USA), those listed 
in NIST (National Institute of Standards and Technology) database, and 
the catalogue of essential oils (Adams 2001).

4.5. Leaf sampling for qPCR, RNA extraction and cDNA synthesis

In S. lycopersicum cv. Pontica, the leaf sampling for qPCR was carried 
out in separate plants with the same age and size as those used for gas-
exchange and volatile collection. However, the timings of leaf sampling 
were 2, 6, 10, 24 h after heat stress; in parallel with the time of volatile 
sampling starting from 2 h (Paper II).

In A. millefolium, sampling for qPCR was carried out using different organs, 
including flowers of different development stages, leaf, stem, rhizome, and 
root (Paper III). The collected leaf samples were immersed in liquid nitro-
gen and stored in –80 °C until RNA extraction was carried out.

Collected samples were homogenized in liquid nitrogen using a mortar 
and a pestle. Thereafter, RNA was extracted from tomato leaves (Paper II) 
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and from different organs, including flowers at different stages of devel-
opment, leaf, stem, rhizome, and root of A. millefolium (Paper III) using 
the RNeasy Plant mini kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. RNA was quantified using Biophotometer Plus 
(Eppendorf; Germany). One microgram of RNA was reverse-transcribed 
using iScript cDNA Synthesis Kit in order to make cDNA (Bio-Rad 
Laboratories Inc., Hercules, California, USA).

4.6. Gene cloning and construction of the expression vector

The AmGAS gene was amplified using specific primers containing the 
restriction sites. Primer pairs were designed for amplification and cloning 
of full length AmGAS (~1700 bp) gene. Plasmid pET-26b (+) (Novagen, 
Madison, WI, USA) was used as the expression vector for AmGAS. The 
digested fragments were gel-purified and then AmGAS fragment was 
cloned into pET-26b (+) expression vector and transformed to E. coli 
BL21 (Novagen). A recombinant strain colony containing AmGAS gene 
was used in the protein expression experiment. Expression of AmGAS 
was confirmed by SDS-PAGE and western blotting.

4.7. Functional characterization of germacrene A synthase  
in A. millefolium

For in vitro germacrene A production, cultures of pET-26b (+) plus 
AmGAS were grown to an OD600 of 0.4, induced using IPTG (1 mM) 
and grown for 6 h. These cultures were pelleted by centrifugation for 5 
min at 10,000 rpm and kept at −80 °C. Frozen pellets were suspended in 
1 ml of the assay buffer selected for optimum pH of 7 and ionic strength 
and lysed on ice by sonication for 1 min. The lysates were centrifuged 
at 17,530 RCF for 30 min at 4 °C. A 200 µL of the supernatant was 
added into 800 µL of assay buffer in a 4 mL serum vial. We tested the 
capacity of the enzyme to use C15 substrate farnesyl diphosphate (C15) 
and cis-configured C10 substrate neryl diphosphate (NDP) and trans-
configured C10 substrate GDP (Echelon Biosciences, Salt Lake City, UT, 
USA). Four serum vials were used that included the assay buffer with the 
enzyme extract and then 2 µL of (1 mg mL−1 aqueous solution) substrate 
(either FDP, GDP, mixture of FDP and GDP, mixture of FDP and NDP, 
mixture of GDP and NDP or NDP was added to the vials to start the 
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reaction, and the vials were sealed. The vials were kept at 30 °C for 50 
min until the collection of volatiles from the headspace using an SPME 
fiber (see the details above) that was inserted through the cap of the vial 
into the headspace for 1 min.

4.8. Primer designing for real time PCR (qPCR)

In tomato, two reference genes, CAC (clathrin adaptor complex) and 
SAND (SAND family protein) which showed the most stable expres-
sion profile, were used in the qPCR experiment (Expósito-Rodríguez 
et al. 2008) Gene-specific qPCR primers were designed for two terpe-
noid synthase genes, (E)-β-caryophyllene/α-humulene synthase and β-
phellandrene synthase as target genes (Paper II). In yarrow, β-actin and 
GAPDH were used as the reference genes and AmGAS gene was used 
as the target gene (Paper III). Primer3Plus, http://www.bioinformatics.
nl/cgi-bin/primer3plus/primer3plus.cgi, was used to design all primer in 
this study.

4.9. qPCR analysis

qPCR was carried out using ViiA™ 7 qPCR System (Applied Biosystems, 
Courtaboeuf, France). The reaction was performed in 25 µL volume con-
taining 10 µL 2× iQ SYBR Green Supermix (Bio-Rad Laboratories Inc.), 
300 nM of each primer and 1 µL of 5-fold-diluted cDNA. The PCR 
reactions were run in an ABI Sequence Detection System (Applied Bio-
systems) using the following pre-set program: 50 °C for 2 min, 95 °C for 
10 min and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. A melt curve 
analysis was conducted to identify any possible non-specific amplifica-
tion. The dissociation program was set up as follows: 95 °C for 15 s, 60 
°C for 15 s followed by 20 min of gradual temperature ramp from 60 °C 
to 95 °C. Relative changes in gene expression were quantified according 
to 2−∆∆CT method as described by Livak and Schmittgen (2001).

4.10. Phylogenetic tree and multiple sequence alignment

Germacrene A synthase cDNA from A. millefolium (AmGAS) was trans-
lated into a corresponding amino acid sequence and aligned and com-
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pared with other related terpenoid synthase gene sequences of closely 
related plant species in Asteraceae family, and other GAS-like sequences 
in phylogenetically distant angiosperms in UniProtKB/TrEMBL, http://
www.uniprot.org/ (Paper III). Phylogenetic tree of TPS capable of multi-
substrate enzymatic activity (Paper IV) was constructed on the basis of 
40 multi-substrate terpene synthases. Phylogenetic trees were generated 
by MEGA 5 software using the UPGMA method (Tamura et al. 2011).
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5. RESULTS

5.1. Changes in photosynthetic characteristics  
upon heat and cold stress

Exposure of S. lycopersicum cv. Mato leaves to heat stress ranging from 
mild (37 °C and 41 °C) to severe (46 – 51 °C) temperatures reduced 
both net assimilation (A) and stomatal conductance to water vapour (gs) 
and increased intercellular CO2 concentration (Ci) (Fig. 1c and 1d in 
Paper I). In addition, S. lycopersicum cv. Mato leaves treated with cold 
stress showed that A and gs was reduced at all treatment temperatures, 
but the reduction was substantial under severe cold stress (–7 °C and –15 
°C). Exposure of leaves to –15 °C almost ceased A and gs analogously to 
the treatment of leaves with the severe heat stress of 51 °C. Changes in Ci 
in response to cold stress were variable. Ci was reduced at the treatments 

Figure 1. Net assimilation rate (A) and stomatal conductance to water vapor (B) in 
relation to heat stress in S. lycopersicum leaves after 3.5 h recovery at 25 °C. Data 
were fitted by linear regressions with statistical significance of regressions shown as:  
* P < 0.05, *** P < 0.001 (reproduced from Paper II).

through the recovery period in leaves exposed to the mild heat
stress (Fig. 3A, B), but gs slightly increased through the recovery
period in leaves exposed to 37 �C (Fig. 3E). In the case of severe heat
stress, therewas a limited recovery in A and gs in leaves exposed to
46 �C (Fig. 3C, G). A certain recovery in A was observed in leaves
exposed to 49 �C, but by the end of the recovery period, A remained
much lower than that in leaves exposed to 46 �C. These low levels
of A in leaves exposed to 49 �C were accompanied by very low
values of gs (Fig. 3H).

3.2. Elicitation of lipoxygenase pathway volatiles (LOX products) after
exposure to heat stress

No significant emission of LOX volatiles was observed from
leaves in the control treatment, but heat stress induced emissions
of LOX volatiles, albeit at a low level, in all heat stress treatments
(Fig. 4A). Although the temperature effect was statistically
significant and increased LOX emissions initially after heat stress
compared to control, no clear patterns in total LOX emission were
evident among the heat stress treatments (Fig. 4A). However, while
in all temperature treatments LOX emissions were dominated by
hexanal emissions followed by pentanal, 5-hexen-1-ol, and 1-
hexanol, the emissions of (E)-2-hexenal, (Z)-3-hexenol, and 2,4-
hexadienal were observed only at higher temperatures of 46 �C and
49 �C (data not shown). LOX emissions decreased significantlywith
the time of recovery (Fig. 4A).

3.3. Responses of mono- and sesquiterpene emissions to heat stress

Foliar monoterpene emissions were dominated by b-phellan-
drene, but a-pinene, limonene, p-cymene, 2-carene, D-3-carene,
a-phellandrene, (E)-b-ocimene and traces of g-terpinene and
terpinolenewere also detected in the emission blends. The average
(�) total monoterpene emission rate of control leaves at 25 �C was
27.96�17.37pmolm�2 s�1. The only stress-induced monoterpene
was (E)-b-ocimene that was not emitted in control plants and
increased with increasing treatment temperature reaching values
of 1–4pmolm�2 s�1 (P<0.001 for the comparison of heat-stressed
and control leaves). The dominant sesquiterpene emitted was (E)-
b-caryophyllene (on average 82�83% of total sesquiterpene
emission) and the average total sesquiterpene emission of control
leaves per area was 0.23�0.20pmolm�2 s�1). Monoterpene
emissions were initially enhanced by heat stress treatment
compared to control and the effect was statistically significant,
but the emissions gradually decreased with increasing recovery
time, especially for milder heat treatments (Fig. 4B). In fact,
emissions in heat-stressed plants even decreased to below the
values in control plants at 6 and 10h after the heat stress.
Sesquiterpene emissions were also enhanced immediately after
the heat treatment and the emissions decreased during recovery,
except for 37 �C treatment and 49 �C treatment (Fig. 4C). Recovery
time did not have any statistically significant impact on total
mono-and sesquiterpene emissions (Fig. 4B and C).
Emissions of individual terpenes, the monoterpene b-phellan-

drene, and the sesquiterpene (E)-b-caryophyllene, were broadly
consistent with the total emissions of given terpene classes (cf.
Fig. 4B and Fig. 5A and B). In particular, emissions of b-phellan-
drene were enhanced immediately after the heat treatment
compared to control and the emissions decreased to a low value
in 6 and 10h after heat treatment and slightly increased again in
24h after heat treatment (Fig. 5A). Furthermore, the treatment
effect on b-phellandrene emission was statistically significant. In
the case of (E)-b-caryophyllene, after the initial enhancement, the
emissions from treated leaves were decreased in 2h, followed by
an increase for leaves treated with 37 �C and 49 �C (Fig. 5B).
Recovery time did not have any statistically significant impact

on b-phellandrene and (E)-b-caryophyllene emission (Fig. 5A and
B).

3.4. Expression profiles of studied terpenoid synthase genes in
response to heat stress

Heat treatment resulted in downregulation of expression of
both b-phellandrene (Fig. 6) and (E)-b-caryophyllene (Fig. 7)
synthase genes in 2h after the stress treatment compared to the
control plants. In the case of b-phellandrene synthase gene

Fig. 1. Maximum dark-adapted quantum yield of photosystem II (PSII) estimated
from chlorophyll fluorescence (Fv/Fm) in control (25 �C) and heat-treated (37–49 �C)
leaves of Solanum lycopersicum L. cv. Pontica after recovery for 1, 3, 7, 11, and 25h at
25 �C. In these experiments, 25-day-old plants were used and the heat treatment
consisted of 10min heating at given temperature.

Fig. 2. Net assimilation rate (A) and stomatal conductance to water vapor (B) in
relation to heat-treated (37–49 �C) and control (25 �C) leaves of Solanum
lycopersicum L. cv. Pontica after 3.5 h recovery at 25 �C. Each symbol corresponds
to an individual replicate. Data were fitted by linear regressions, whereas a
segmented regressionwas used for (A) that apparently had a breaking point at 41 �C.
Statistical significance of regressions as: * �P<0.05, *** �P<0.001.
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of 6 °C, 3 °C, and –1 °C; particularly at 3 °C, similar to the changes in 
gs, indicating that the reductions in gs curbed net assimilation rate at this 
treatment. However, leaves treated with the severe freezing temperatures 
(–7 °C and –15 °C) had significantly increased Ci (Fig. 1a and 1b in 
Paper I).

Furthermore, exposure of S. lycopersicum cv. Pontica leaves to moderate 
heat stress (37 and 41 °C) did not cause remarkable reductions in A, but 
severe heat stress (46 °C and 49 °C) substantially reduced A (Fig. 1A). 
However, gs was declined at all temperature exposures ranging from mild 
to severe heat stress (Fig. 1B). Net assimilation rate completely or partly 
recovered during the recovery phase at all treatments except at 49 °C (Fig. 
3 in Paper II). However, gs only recovered at mild temperature treatments 
(37 °C and 41 °C), and no recovery was observed at severe temperature 
treatments (46 °C and 49 °C) (Fig. 3 in Paper II). In addition, the treat-
ments of S. lycopersicum cv. Pontica leaves with 37 °C and 41 °C did 
not cause any reductions in the maximum dark-adapted photosystem 
II (PSII) quantum yield estimated by chlorophyll fluorescence (Fv/Fm). 
However, exposure to 46 °C and 49 °C, resulted in significant reductions 
in Fv/Fm (Fig. 1 in Paper II).

5.2. Elicitation of lipoxygenase pathway volatiles (LOX) after 
exposure to heat and cold stress in S. lycopersicum

Control plants did not emit substantial quantities of LOX in both S. lyco-
persicum cultivars Mato and Pontica. Major LOX emissions were induced 
in both cultivars upon heat stress. The leaves of S. lycopersicum cv. Pontica 
treated with heat stress emitted less LOX than the leaves of S. lycopersi-
cum cv. Mato in all similar heat stress treatments (Fig. 3a in Paper I and 
Fig. 4A in Paper II). Furthermore, in all temperature treatments (37 °C 
– 49 °C), LOX emissions of S. lycopersicum cv. Pontica leaves were domi-
nated by hexanal followed by pentanal, 5-hexen-1-ol, and 1-hexanol but 
the emissions of (E)-2-hexenal, (Z)-3-hexenol, and 2,4-hexadienal were 
detected only at severe stress treatments (46 °C and 49 °C). In contrast, 
the leaves of S. lycopersicum cv. Mato treated with mild (37 °C – 41 °C) to 
severe temperatures (46 °C – 51 °C) emitted a LOX blend dominated by 
(Z)-3-hexenol, followed by (E)-2-hexenal, but 1-hexanol and 2,4-hexadi-
enal were only detected at severe heat stress treatments (49 °C and 51 °C) 
(Fig. 3a in Paper I).
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Treatment of leaves of S. lycopersicum cv. Mato with mild cold stress (6 
°C and 3 °C) did not significantly induce LOX volatiles. Severe cold 
stress (–15 °C and –7 °C) induced LOX volatile emissions, whereas these 
emissions were dominated by (Z)-3-hexenol followed by (E)-2-hexenal 
with smaller contributions of 1-hexanol and 2,4-hexadienal (Fig. 2a in 
Paper I)

5.3. Mono- and sesquiterpene emission responses  
to cold stress in S. lycopersicum

Foliage emissions of abundant monoterpenes such as α-pinene, 2-carene, 
α-phellandrene, limonene, and α-terpinene were increased after exposure 
of S. lycopersicum cv. Mato leaves to cold stress (Fig. 2b in Paper I), and 
this enhancement at severe cold stress (–15 °C) was statistically signifi-
cant for all individual monoterpenes compared with those emitted by 
control plants. Moreover, regression analyses showed that the emissions 
of induced monoterpenes such as β-phellandrene (r2 = 0.987, P < 0.05) 
and (E)-β-ocimene (r2 = 0.956, P < 0.05) increased exponentially with 
decreasing temperature (Fig. 4a in Paper I), and the sum of monoterpe-
nes behaved analogously (r2 = 0.996, P < 0.01).

Cold stress led to a burst of several sesquiterpenes, particularly ∆-elemene, 
α-humulene, and β-caryophyllene (Fig. 2c in Paper I). The leaves of 
S. lycopersicum cv. Mato treated with severe freezing temperatures of 
–7 °C and –15 °C emitted higher amounts of ∆-elemene and α-humu-
lene than the control leaves (Fig. 2c in Paper I). Furthermore, total ses-
quiterpene emission dominated by β-caryophyllene (r2 = 0.954, P < 0.01) 
increased exponentially with increasing the severity of cold stress (Fig. 4c 
and Fig. 5a in Paper I).

5.4. Mono- and sesquiterpene emission responses  
to heat stress in S. lycopersicum

Among the pool of foliage monoterpenes emitted by both tomato culti-
vars in response to heat stress, β-phellandrene was the dominant monot-
erpene, followed by α-pinene, limonene, p-cymene, 2-carene, ∆-3-carene, 
β-phellandrene, (E)-β-ocimene and traces of α-terpinene and terpino-
lene. (E)-β-ocimene was also a characteristic stress volatile, which was not 
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emitted by control plants, while its emissions increased (1–4 pmol m–2 
s–1) with the severity of heat stress.

Generally, at all temperature treatments, total monoterpene emission 
from S. lycopersicum cv. Pontica leaves was enhanced immediately after 
heat stress, but it gradually decreased during the recovery phase, par-
ticularly under milder heat treatments (Fig. 4B in Paper II). The emis-
sions of β-phellandrene were enhanced immediately after all temperature 
treatments, the emissions decreased to a low value at 6 and 10 h during 
the recovery phase and increased slightly again in 24 h after heat stress 
(Fig. 2A).

Figure 2. Emission rates of β-phellandrene (A), and (E)-β-caryophyllene (B) in heat-
treated (37–49 °C) and control (25 °C) leaves of Solanum lycopersicum L. cv. Pontica 
during the recovery period (0.5–24 h). Error bars show +SE. Effects of temperature treat-
ment, length of recovery time and their interaction were tested by GLM (** P < 0.01) 
(reproduced from Paper II).

heat-stressed tomato emissions were dominated by three LOX
products (Z)-3-hexenol and (E)-2-hexenal, and 1-hexanol similar
to our study. However, slightly higher LOX emissions were
observed in Copolovici et al. (2012) with particularly strong
emission bursts observed between 49 and 51 �C. In our study, such
strong emission bursts were absent and the release of LOX
products was similar across the treatments (Fig. 4A), reflecting
slightly stronger heat resistance than in the previous study,
perhaps associated with the use of more southern cultivar (an
Estonian cultivar cv. Mato used in the study of Copolovici et al.
(2012) vs. a Romanian cultivar cv. Pontica used in the current
study).

4.4. Emission of monoterpenes and sesquiterpenes under elevated
temperatures

Solanum lycopersicum is a constitutive terpene emitter (Copo-
lovici et al., 2012; Jansen et al., 2009; Schilmiller et al., 2009,
2010a). These terpene emissions mainly rely on its specialized
storage tissues for terpenes, glandular trichomes, where the de
novo terpene synthesis is most active (Schilmiller et al., 2009,
2010b; Falara et al., 2011). Under non-stressed conditions, the
release of terpenoids occurs at a very low level (Fig. 4B in this
study; Copolovici et al., 2012; Jansen et al., 2009). As our study and
the study of Copolovici et al. (2012) demonstrate, heat stress result
in a major enhancement of terpenoid emissions (Fig. 4B, C).
However, while constitutive and heat-enhanced monoterpene
emissions were dominated by b-phellandrene in Copolovici et al.
(2012) and in our study, sesquiterpene emissions were dominated
by a-humulene in Copolovici et al. (2012) and by (E)-b-caryo-
phyllene in our study. Such difference might reflect different
cultivars used in these two studies as well as more severe heat
stress applied in Copolovici et al. (2012).
While Copolovici et al. (2012) looked only at the initial

enhancement of terpenoid emissions immediately after heat
stress, analysis of the recovery after heat stress demonstrated
that the immediate enhancement is transient and the emissions

Fig. 5. Emission rates of b-phellandrene (A), and (E)-b-caryophyllene (B) in
relation to heat-treated (37–49 �C) and control (25 �C) leaves of Solanum
lycopersicum L. cv. Pontica and recovery time (0.5–24h) (Fig. 1 specifics of heat
treatments). Error bars show +SE. Effects of temperature treatment, recovery time
and their interactionwere tested byGLM, andWald Chi-Square (x21) statistics along
with their statistical significance are also demonstrated (** � P<0.01).

Fig. 6. Relative expression of (E)-b-phellandrene synthase gene in S. lycopersicum L. cv. Pontica leaves as affected by treatment temperature (37–49 �C) and time of recovery
(0.5–24h) at 25 �C (Fig. 1 for heat treatments). Data are means� SE. Means with the same letter are not statistically different (P<0.05) according to paired-samples t-tests.

8 L. Pazouki et al. / Environmental and Experimental Botany 132 (2016) 1–15
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Total sesquiterpene emissions were also enhanced immediately after all 
heat treatments, and the emissions decreased through the recovery period, 
except for 37 °C and 49 °C treatments (Fig. 4C in Paper II). Especially, 
for (E)-β-caryophyllene, after the initial enhancement, the emissions 
from treated leaves were decreased in 2 h, followed by an increase for 
leaves treated with 37 °C and 49 °C (Fig. 2B).

5.5. Gene expression analysis of two terpenoid synthase genes in 
response to heat stress in S. lycopersicum

There was a downregulation of both β-phellandrene and (E)-β-caryo-
phyllene synthase genes in 2 h after the heat stress compared with control 
plants (Fig. 3 and Fig. 4). In the case of β-phellandrene synthase gene, 

Figure 3. Relative expression of β-phellandrene synthase gene in S. lycopersicum leaves 
as affected by treatment temperature and time of recovery at 25 °C (reproduced from 
Paper II).
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Figure 4. Relative expression of (E)-β-caryophyllene synthase gene in S. lycopersicum 
leaves in relation to the treatment temperature and time of recovery at 25 °C (repro-
duced from Paper II).

downregulation of gene expression continued for 2–10 h after the heat 
treatment at 37 °C and 41 °C and it recovered to pre-stress level in 24 h. 
Furthermore, gene expression response for (E)-β-caryophyllene synthase 
gene was almost similar to the response of β-phellandrene synthase gene. 
Interestingly, for both terpene synthase genes, the initial rate of gene 
expression was in almost all cases greater after the heat stress treatment at 
2 h than at 6 and 10 h (assuming a first order decay kinetics through the 
declining phase of gene expression), reflecting leveling off the decrease 
and onset of recovery of the gene expression response (Table 2 in Paper 
II). Regression analyses showed that, the expression of β-phellandrene 
and (E)-β-caryophyllene synthase genes in leaves treated with different 
temperatures was correlated through the recovery phase except for the 
treatment with 37 °C (Fig. 5).
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5.6. Volatile emissions from A. millefolium flowers and leaves

The volatiles detected in the emission blends of A. millefolium, were mostly 
monoterpenes (67% of total emissions for flowers and 59% of total emis-
sions for leaves, and 21 compounds were above the detection threshold) fol-
lowed by sesquiterpenes (17% for flowers and 19% for leaves, and 18 com-
pounds were above the detection threshold, Table 2 in Paper III). Lipoxy-
genase pathway volatiles contributed 2% of total emissions for flowers 
and 11% of total emissions for leaves. Among all the emitted compounds, 
β-pinene (36% of total monoterpenes), (E)-β-caryophyllene and germa-
crene D (Table 3 in Paper III) were the main floral and leaf volatiles.

Average germacrene A emission was ca. 0.4 nmol m–2 s–1, constituting 2.3% 
of total sesquiterpene emission in A. millefolium (Table 3 in Paper III). 
A portion of germacrene A might have been converted into β-elemene 

Figure 5. Correlations among the relative expression levels of β-phellandrene and 
(E)-β-caryophyllene synthase genes at different treatment temperatures through recov-
ery times. Each data point corresponds to an average estimate at different recovery time 
(reproduced from Paper II).
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due to analytical difficulties. The share of β-elemene in the volatile blend 
was ca. 1% for flowers and 7% for leaves (Table 3 in Paper III).

5.7. Gene Cloning and Expression of Germacrene A Synthase  
in A. millefolium

The length of the coding sequence of AmGAS is 1680 bp, and it encodes 
a protein made up of 559 AA residues and isoelectric point (pI) of 5.24 
(http://web.expasy.org/compute_pi/). The overall length and lack of the 
chloroplast-targeting signal peptide suggest that AmGAS is functional in 
the cytosol. Recombinant protein expression after induction was quan-
titatively analyzed by SDS-PAGE and western blotting. Analysis of the 
recombinant protein expression by SDS-PAGE demonstrated presence of 
a protein band at around 62 kD in induced recombinant strain samples 
containing pET-26b (+) plus AmGAS.

5.8. Functional characterization of recombinant  
germacrene A synthase

Functional characterization of AmGAS in vitro was carried out by incu-
bation with farnesyl diphosphate (FDP), the substrate for sesquiterpe-
nes, and geranyl diphosphate (GDP) and neryl diphosphate (NDP), the 
substrates for synthesis of monoterpenes. Incubation of AmGAS with 
FDP yielded the bouquet, where the dominant volatiles β-elemene and 
germacrene A were accompanied by minor contributions of several other 
sesquiterpenes including α- and β-selinene (Table 4 in Paper III, Figure 
3 in Paper III). Incubation of AmGAS with GDP produced mainly 
aliphatic monoterpenes such as myrcene and (Z)- and (E)-β-ocimene 
and cyclic monoterpenes such as limonene and terpinolene (Figure 5A 
in Paper III, Table 4 in Paper III). Incubation of AmGAS with NDP 
produced mainly limonene and terpinolene (Figure 5B in Paper III, 
Table 4 in Paper III). In the case of equimolar concentrations of GDP 
and NDP, AmGAS created only monoterpenes (Figure 5C in Paper III). 
Finally, with equimolar concentrations of GDP and FDP or NDP and 
FDP, AmGAS produced both mono- and sesquiterpenes, whereas monot-
erpene production was favored over sesquiterpene production (Fig. 5D 
and 5E in Paper III).
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Figure 6. Relative gene expression of germacrene A synthase in A. millefolium in dif-
ferent organs (A). The flower stages separated in (B) were from left to right: bud, early 
flowering, full flowering, and senescence (reproduced from Paper III).

5.9. Expression of germacrene A synthase gene  
in different tissues

Germacrene A synthase gene expression was studied in different A. mille-
folium organs, including leaves, rhizomes, roots and flower tissues of dif-
ferent developmental stages (buds, early flowering, full flowering and 
senescence). The results showed that AmGAS gene expression was present 
in all A. millefolium tissues, but the expression level was higher in flowers 
and leaves than in roots, stems and rhizomes (Fig. 6A). Among different 
flower developmental stages, there was no statistical difference in the 
expression of AmGAS, although the expression varied greatly within any 
developmental stage (Fig. 6B).
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Figure 7. Phylogenetic tree of germacrene A synthase gene in A. millefolium with other 
germacrene A synthase genes, and two sesquiterpene synthases from the family Aster-
aceae and terpene synthases from other more distant families included as an outgroup 
(reproduced from Paper III).

5.10. Phylogenetic tree and multiple sequence slignment of 
terpenoid synthases

The blast searches in NCBI and UniProtKB showed that AmGAS belongs 
to terpenoid synthase (TPS) gene subfamily TPS-a (Bohlmann et al., 
1998), and has a high similarity with germacrene A synthases of two 
other members of Asteraceae, Tanacetum parthenium (F8UL80) and 
Artemisia annua (I3WAC7) (Fig. 7).

For terpenes known to use multiple substrates, 40 multi-substrate terpene 
synthases of different TPS families including TPS-a, TPS-b, TPS-g, TPS-
d, TPS-e and TPS-f, a phylogenetic tree was also constructed (Paper IV). 
Among these multiple terpene synthases, ca. 80% represented C10/C15 
multi-substrate enzymes (Fig. 8), out of which, the majority of the mul-
tiple terpene synthases turned out to be functionally active in the cytosol. 
The chloroplast-targeting peptide (or mitochondrial-targeting peptide) 
was present only in less than one third of the proteins (12 proteins, Table 
1 in Paper IV, Fig. 8).
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Figure 8. Phylogenetic tree of terpene synthases (TPS) with confirmed capacity for 
multi-substrate use (Table 1 in Paper IV). The red branch denotes TPS with C5/C10 
activity, the black branches with C10/C15 activity, the blue branches with C10/C15/
C20 activity, and the green branches with C15/C20 activity. The asterisks denote the 
presence of the conserved arginine-rich RRx8W motif at the N-terminal of the protein 
that is common in many monoterpene synthases. The underlined synthases include a 
chloroplast-targeting (or mitochondrial-targeting) peptide in their sequences (repro-
duced from Paper IV).
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6. DISCUSSION

6.1. Photosynthesis-related trait response to cold and heat  
stresses in S. lycopersicum

In our study (Paper I), exposure of tomato plants to chilling temperatures 
between 6 °C and 3 °C was associated with slightly declined assimilation 
rates (Fig. 1a in Paper I), consistent with the past observations in tomato 
(Ogweno et al. 2009). However, the freezing temperatures varying from 
0 °C to –15 °C resulted in substantial reductions in assimilation capac-
ity (Fig. 1a in Paper I). Therefore, it can be suggested that, similar to 
severe heat stress, freezing treatments also lead to photoinhibition due to 
impaired capacities of dark and light reactions of photosynthesis (Du et 
al. 1999) and reduced quantum efficiency as a result of reaction center 
inactivation (Kee et al. 1986). Cold stress also resulted in a decline of 
stomatal conductance, thereby further limiting the foliage photosynthetic 
activity (Paper I) in agreement with the findings of Allen et al. (2000).

In the case of heat stress, even a mild heat treatment with 35–40 °C 
reduced foliage net assimilation rate in the S. lycopersicum cv. Mato (Fig. 
1c in Paper I). However, only severe heat stress reduced the foliage net 
assimilation in S. lycopersicum cv. Pontica (Fig. 1). The differences in the 
responses of foliage net assimilation to heat stress among the two cultivars 
reflect differences in the degree of heat resistance each cultivar possess and 
these differences reflect the origin of the cultivars. The cultivar Pontica 
that was more resistant to heat stress is of South-European origin, while 
the cultivar Mato is of North-European origin.

The stomatal conductance to water vapour was reduced at all heat stress 
treatments in both cultivars (Fig. 1c in Paper I and Fig. 12B). This sug-
gests that the sensitivity of stomata to heat stress was almost similar in both 
cultivars. In addition, severe reduction in photosynthesis was observed 
after exposure to 46 °C and above, through the recovery time (Paper 
II), similar to previous observations in tomato (Camejo et al. 2005). 
Exposure to 49 °C resulted in almost complete cessation of foliage pho-
tosynthetic activity with no or limited recovery (Fig. 1c in Paper I and 
Fig. 3D in Paper II). The severe reduction of net assimilation rate can 
indicate damage of primary photosynthesis processes, including damage 
of PSII, the oxygen-evolving complex and ATPase (Camejo et al. 2006; 
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Hüve et al. 2011; Hüve et al. 2006). However, increased membrane leaki-
ness as a result of excessive fluidity of membranes can also lead to reduced 
proton gradient and reduced ATP synthesis (Zhang et al. 2009).

6.2. Emission of LOX products upon cold and heat stresses  
in S. lycopersicum

Overall, heat stress resulted in emissions of LOX products with (Z)-3-
hexenol as the dominant LOX product in S. lycopersicum cv. Mato (Paper 
I), whereas it resulted in the emission of hexanal as the dominant LOX 
product in S. lycopersicum cv. Pontica (Paper II). Furthermore, pentanal 
emission was also observed in the LOX blend of S. lycopersicum cv. Pontica, 
but not in the cultivar Mato. In addition, a somewhat higher emission of 
LOX was observed for S. lycopersicum cv. Mato than for the cultivar Pon-
tica, again suggesting that the Mato cultivar is more heat sensitive than the 
Pontica cultivar (see also 6.1 for the discussion of heat sensitivity).

Comparing the total LOX emitted in response to severe heat and cold 
stress from S. lycopersicum cv. Mato, severe cold stress (–7 °C and –15 °C) 
led quantitatively four-times greater production of LOX than the severe 
heat stress, indicating that cold is a particularly severe stress for tomato 
(Fig. 2a and Fig. 3a in Paper I).

The release of LOX volatiles upon cold and heat stress via peroxidation 
of cell membranes is one of the first signals of the activation of LOX 
pathway in stressed plants. Our findings are supported by many previous 
studies that demonstrate the release of LOX products upon severe stress 
and that further indicate that (Z)-3-hexenal, (Z)-3-hexenol, (E)-2-hex-
enal, 1-penten-3-ol, (Z)-3-hexenyl-acetate are the main compounds of 
LOX upon biotic (Copolovici et al. 2014; Niinemets et al. 2013; Arimura 
et al. 2005) or abiotic stresses (Kask et al. 2016; Shen et al. 2014; Wildt 
et al. 2003; Copolovici and Niinemets 2010). LOXs have been proved to 
be key players in plant defense, plant–plant, and plant–insect interactions 
(Loreto et al. 2006; Scala et al. 2013), and their release has been shown 
to induce priming responses in neighboring non-damaged leaves of the 
same and other plants (Niinemets et al. 2013). Although such defense 
responses have been primarily associated with biotic stresses, cold- and 
heat-dependent release of LOX might potentially improving the resist-
ance of neighboring leaves upon further stress events.
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6.3. Emission of monoterpenes upon cold and heat stresses  
in S. lycopersicum

The blend of monoterpenes emitted by non-stressed tomato leaves (Paper 
I and II) is comparable to that released in a previous study in tomato 
upon biotic stress due to Botrytis cinerea infection (Jansen et al. 2009). 
Their study showed that ca. 16 different monoterpenes were emitted at 
varying levels, but β-phellandrene, 2-carene, limonene, α-phellandrene 
and α-pinene contributed more than 95% to the total emission (Jansen 
et al. 2009).

Additionally, in the emissions of stressed tomato plants (Paper I and 
II) a typical stress-driven monoterpene (E)-β-ocimene was quantified at 
levels between 1–4 pmol m−2 s−1. In particular, (E)-β-ocimene was char-
acteristic to the severe cold stress treatment (–7 °C and –15 °C) and to 
the severe heat stress treatment (46 °C – 51 °C). Moreover, the emission 
of (E)-β-ocimene correlated positively with decreasing temperature dur-
ing the cold stress (Fig. 4a in Paper I). Similar to our studies (Paper I 
and II), some other studies have reported of emissions of (E)-β-ocimene 
upon different stresses. For example, leaf feeding by insect herbivores 
induced the biosynthesis and emission of (E)-β-ocimene in Medicago 
truncatula (Navia-Gine et al. 2009) and Alnus glutinosa (Copolovici et 
al. 2014). While some of the tomato ubiquitous monoterpenes such as 
β-phellandrene can be emitted from glandular trichomes, energy for the 
biosynthesis of different (E)-β-ocimene isomers is supplied from recently 
assimilated photosynthetic carbon through MEP pathway (Arimura et al. 
2009), and accordingly stress effects indicate modifications in the rate of 
its de novo synthesis.

6.4. Emission of sesquiterpenes upon cold and heat stresses  
in S. lycopersicum

Emissions of (E)-β-caryophyllene, α-humulene and ∆-elemene were 
detected at trace levels in control leaves of tomato plants. These ses-
quiterpenes have also been identified in glandular trichomes of different 
tomato genotypes (Schilmiller et al. 2010). In our study, the stress effects 
on emissions of sesquiterpenes were generally similar to the stress effects 
on monoterpenes, and the total emissions of sesquiterpenes scaled quan-
titatively with the severity of cold or heat stress (Fig. 2, Fig. 3 & Fig. 4 
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in Paper I and Fig. 4 & Fig. 5 in Paper II). Hence, the emission of foli-
age mono- and sesquiterpenes from stressed tomato plants might occur 
according to similar mechanism, including changes in permeability of 
storage structure for terpenes, certain breakage of storage structures and 
de novo synthesis.

Regarding the composition of emitted sesquiterpenes, severe heat and 
cold stress decreased the relative proportion of α-humulene and increased 
β-elemene, while heat stress increased the proportion of (E)-β-caryophyl-
lene emission (Fig. 5 in Paper I). Compared to heat and cold stress, anal-
ogous modifications in sesquiterpene profiles have been observed under 
light stress (Maes and Debergh 2003). These changes in composition of 
emissions suggest that the share of different mechanisms for terpenoid 
emissions in tomato might be somewhat different.

6.5. Expression profiles of key mono- and sesquiterpene synthase
genes in response to heat stress in S. lycopersicum

In tomato heat stress study (Paper II), we considered the emission of 
β-phellandrene synthase (TPS20) and (E)-β-caryophyllene/α-humulene 
synthase gene (TPS12) as representatives of mono- and sesquiterpenes 
for the following two reasons; (1) heat stress treatment and time-depend-
ent changes in β-phellandrene emission (Fig. 2A) and E)-β-caryophyl-
lene emission (Fig. 2B) were similar to the changes in total mono- and 
sesquiterpene emissions (Fig. 4B and Fig. 4C in Paper II); (2) compar-
ing Fig 4B and Fig 5A, and Fig 4C and Fig 5B in Paper II, we found 
that β-phellandrene emission contributes the greatest portion of total 
monoterpene emission and (E)-β-caryophyllene emission contributes the 
greatest portion of total sesquiterpene emission. Thus, we analyzed the 
transcript abundance of S. lycopersicum β-phellandrene synthase (TPS20) 
and (E)-β-caryophyllene/α-humulene synthase gene (TPS12) and tested 
whether the expression of these two genes was altered by heat stress treat-
ment through the recovery period.

After heat stress treatments, a rapid reduction in the expression of both 
of these genes (Table 2 in Paper II), and low expression level between 
2–10 h in all cases was observed (Fig. 3 and 4). Expression of both genes 
recovered to pre-stress level at 24 h after the exposure of leaves to mild 
temperatures (37 and 41 °C). In addition, exposure to high temperatures 
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of 46 and 49 °C resulted in non-recovery of β-phellandrene synthase 
gene expression, but some recovery was observed for (E)-β-caryophyl-
lene/α-humulene synthase gene expression at 49 °C (Fig. 4). Although 
the β-phellandrene synthase is a plastidic enzyme and the (E)-β-caryo-
phyllene/α-humulene synthase is a cytosolic enzyme, expression of both 
genes through the recovery period was strongly coordinated (Fig. 5). This 
might indicate that the same transcription factor regulates their activity 
(Falara et al. 2011). Nevertheless, further studies are needed to character-
ize the pertinent transcription factor and its regulation at varying degrees 
of temperature stress, and to gain insight into the temporal kinetics of 
terpenoid gene expression elicited by heat stress.

6.6. From synthase genes to emission: importance of consideration 
of time-delays in S. lycopersicum

β-Phellandrene and (E)-β-caryophyllene synthase gene expression was 
significantly correlated with the emission rates of β-phellandrene and (E)-
β-caryophyllene especially at mild temperature treatments. However, at 
higher temperatures the gene expression and terpene emissions were neg-
atively correlated (Fig. 9 in Paper II). However, the time-delay analysis 
showed that these non-correlations resulted from a ca. 2 h delay between 
gene expression responses and emission (Table 3 in Paper II). Since the 
correlations between the emission and gene expression for leaves treated 
with 37 and 41 °C were significant (Fig. 9 and Table 3 in Paper II), the 
relevant time-delay might have been even shorter than 2 h at moderate 
heat stress. More experiments are needed for testing possible changes in 
the delay-times with the severity of heat shock treatments.

Several factors can be involved in the time-gap between gene expres-
sion and phenotype-level responses. For example, all processes from gene 
expression to protein turnover are time-consuming. To have a correla-
tion between the gene product and gene expression, there should be a 
continuous turnover of the corresponding target protein. In our study, 
the poor relationships between gene expression and emission at higher 
temperatures especially at temperatures above 46 °C might be explained 
by a certain inhibition of protein turnover at acute heat stress treatments 
(Table 3, Fig. 9 in Paper II). We cannot exclude substrate-level controls 
acting in parallel with gene expression. Thus, a synchronized reduction 
in the emission of terpenes and gene expression in tomato leaves at 49 °C 
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(Table 3 in Paper II) might simply be explained by the overall reduction 
in foliage physiological activity including RNA and protein synthesis, 
and simultaneous reduction in substrate availability for terpene biosyn-
thesis due to reduced photosynthesis.

6.7. Terpenoid volatiles in A. millefolium and contributions of 
germacrene A and β-elemene

In A. millefolium, key monoterpenes such as β-pinene, α-pinene, sab-
inene, limonene, 1,8-cineole, β-phellandrene, and ocimene and sesquit-
erpenes, such as (E)-β-caryophyllene and germacrene D are the main con-
stituents of its essential oil (Gudaityte and Venskutonis 2007; Mockute 
and Judzentiene 2003; Orav et al. 2006). A detailed chemical analyses 
showed that the aforementioned volatiles were characteristic also to the 
samples of the local yarrow genotype (Tables 2 and 3 in Paper III).

In earlier studies, germacrene A has been detected in trace levels only in 
some A. millefolium chemotypes (Gudaityte and Venskutonis 2007), but 
in some cases, presence of germacrene A was not reported at all (Lyakina 
2002; Cornu et al. 2001; Orav et al. 2006). In fact, germacrene A is unsta-
ble at high temperatures and it is converted into β-elemene through the 
Cope rearrangement upon heating (de Kraker et al. 1998; Adio 2009). 
Hence, a lack of germacrene A in the earlier A. millefolium studies can be 
related to the excessive injector temperatures of used GC-MS systems. In 
this study, A. millefolium volatiles were analyzed using different injector 
temperatures of 150 °C and 215 °C. High injector temperature of 215 °C 
led to the rearrangement of the bulk of germacrene A into β-elemene, 
whereas a higher amount of germacrene A was identified at the injector 
temperature of 150 °C (Figure 3 in Paper III), similar to previous obser-
vations (de Kraker et al. 1998). Therefore, the emission of germacrene A 
from A. millefolium can be even greater, when the modified method with 
the lower injector temperature is used.

6.8. Germacrene A synthase gene determination in  
A. millefolium and expression profiling in different organs

Germacrene A synthase has been previously identified and cloned in dif-
ferent Asteraceae family members i.e., T. parthenium (Majdi et al., 2011), 
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Chicory intybus (Bouwmeester et al. 2002), Solidago canadensis (Prosser 
et al. 2004), Helianthus annuus (Göpfert et al. 2010), Crepidiastrum son-
chifolium (Ren et al. 2006), Matricaria recutita (Irmisch et al. 2012), 
Lactuca sativa (Bennett et al. 2002), A. annua (Bertea et al. 2006) and 
Ixeris dentata (Kim et al. 2005). In this study (Paper III), we amplified 
the germacrene A synthase gene (AmGAS) from A. millefolium, cloned 
and heterologously expressed it in E. coli BL21 (DE3) and confirmed 
its presence by SDS-PAGE and western blotting (Fig. 4 in Paper III). 
Thus, a new promising plant model system was developed for study-
ing the regulation and evolution of germacrenes’ family of sesquiterpene 
synthases.

Gene expression analysis of AmGAS in A. millefolium tissues showed that 
the germacrene A synthase levels varied greatly in different plant tissues. 
The expression was the highest in leaves and flowers and low in rhizome, 
root and stem tissues (Fig. 6). Organ-specific expression of AmGAS is 
in agreement with earlier reports in other plant species with germacrene 
A synthases (de Kraker et al. 2001; Bouwmeester et al. 2002; Kim et al. 
2005).

6.9. Functional characterization of a multi-substrate enzyme, 
germacrene A synthase in A. millefolium

Achillea millefolium germacrene A synthase turned out to be a multi-sub-
strate enzyme, which successfully bound C10 (GDP and NDP) and C15 
(FDP) substrates and produced both mono- and sesquiterpenes depend-
ing on the substrate (Table 4, Figures 3, 5 in Paper III, Table 1 in Paper 
IV). A large number of terpene synthases have been functionally charac-
terized, but so far, only several terpenoid synthases have been reported to 
be able for multi-substrate use (Rajabi M et al. 2013), possibly reflecting 
the circumstance that not all studies use multiple substrates in terpene 
synthase assays (Paper IV). In addition to A. millefolium, sweet basil 
(Ocimum basilicum) the sesquiterpene α-zingiberene synthase accepted 
GDP as a substrate and formed several cyclic monoterpenes (Davidovich-
Rikanati et al. 2008). In addition, the sesquiterpene δ-selinene synthase 
and the sesquiterpene γ-humulene synthase from the conifer Abies grandis 
catalyzed the formation of monoterpenes using GDP as a substrate. In 
apple (Malus domestica), the sesquiterpene α-farnesene synthase reacted 
with GDP and produced acyclic monoterpenes, such as (E)-β-ocimene, 
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myrcene and linalool (Green et al. 2007). In fact, the latter finding seems 
to be similar to AmGAS reaction with GDP, which mainly produces 
acyclic monoterpenes (Table 4 in Paper III).

6.10. Phylogenetic analysis of terpenoid synthase

The phylogenetic analysis revealed a close relationship of germacrene A 
synthase genes among A. millefolium, T. parthenium and A. annua (Fig. 
7). Germacrene A synthase from Asteraceae family was classified into one 
single clade, which suggests a monophyletic origin of this gene. Addition-
ally, the finding is similar to the earlier observations, that the presence of 
germacrene A is restricted to this family (Bouwmeester et al. 2002; Adio 
2009) (Paper III).

Finally, phylogenetic analyses of multi-substrate enzymes showed that 
these enzymes are diffusely spread across different terpene families, which, 
in turn, shows a strong convergent nature of this trait (Fig. 8), and overall 
demonstrates a high flexibility for evolution of enzymes with new subcel-
lular compartmentalization and substrate specificity (Paper IV).

6.11. Evolution of multi-substrate terpenoid synthases

A demand for the plant hormone gibberellin production has given rise 
to the large superfamily of plant terpenoids (Peters 2010), and thus, all 
plant terpenoid synthases are believed to arise from an ancient diterpene 
synthase (Hillwig et al. 2011; Köksal et al. 2011).These old diterpene 
synthases are tri-domain, alpha-beta-gamma, proteins that contain a 
chloroplast-targeting transit peptide (Hillwig et al. 2011; Köksal et al. 
2011). Further evolutionary changes leading to product diversification 
have been associated with both changes in the active center and in some 
cases, loss of the gamma-domain and the target peptide (Köksal et al. 
2011; Hillwig et al. 2011).

Existence of proteins with mixed substrate specificity allow for developing 
novel hypotheses about the timing of major evolutionary modifications, 
the loss of γ-domain and transit peptides, in TPSs with different substrate 
specificity (Fig. 3 in Paper IV). Analysis of the structure of bi-domain, 
α-β, kaurene like diterpene synthase from Triticum aestivum (TaKSL5) 
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that can use both ent-copalyl diphosphate to form ent-kaurene and (E,E)-
FDP to form (E)-nerolidol (Hillwig et al. 2011), suggests that evolution 
of sesquiterpene synthesis could have initially occurred by the loss of 
γ-domain followed by changes in subcellular localization through the 
loss of transit peptide and further diversification and loss of the capacity 
for use of C20 substrate. Such a possibility is underscored by occurrence 
of multi-substrate (E)-nerolidol/(E,E)-geranyl linalool synthases in Vitis 
vinifera (VvPNLNGl1-VvPNLNGl4 and VvCSENerGl) that have both 
C15 and C20 substrate use capacity, but lack both the γ-domain and the 
transit peptide (Martin et al. 2010).

In TPS-e (TaKSL5) and TPS-f (VvPNLNGl1 and VvCSENerGl, Fig. 
8) subfamilies, there are three putative intermediates for the evolution 
of sesquiterpene synthases directly from diterpene synthases by losing 
γ-domain first and then followed by a loss of transit peptide. But then, 
in the TPS-d clade, three C10/C15 multi-substrate TPSs from A. grandis 
lack the transit peptide, but (E)-α-bisabolene synthase is a tri-domain, α-
β-γ, protein, while δ-selinene and γ-humulene synthases are bi-domain, 
α-β, proteins (Bohlmann et al. 1998). This suggests that in evolution-
ary process toward sesquiterpene synthesis in TPS-d family proteins, the 
transit peptide could have been lost first, followed by the loss of the γ-
domain (Fig. 3 in Paper IV).

This evidence collectively suggests that the loss of transit peptide might 
have occurred both in diterpene and monoterpene synthases. In the case 
of two-domain sesquiterpene synthases where the signal peptide loss 
occurred already in diterpene synthases either before (TPS-d multi-sub-
strate synthases) or after the loss of γ-domain (TPS-e and TPS-f multi-
substrate synthases, Fig. 3 in Paper IV), one would expect a greater degree 
of specialization toward C15 and less affinity toward other substrates. 
In contrast, sesquiterpene synthases possibly evolved from monoterpene 
synthases, where γ-domain was lost first and then followed by loss of the 
signal peptide, are evolutionarily more recent and could exhibit greater 
substrate diversity. Testing these hypotheses will require a systematic sur-
vey of functional activity of different multi-substrate synthases with vary-
ing evolutionary history using a variety of C10/C20 substrates.
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7. CONCLUSIONS

This Thesis intended to develop two model systems, tomato (Solanum 
lycopersicum) and yarrow (Achillea millefolium) for ecophysiological and 
molecular studies of terpenoid metabolism, gain quantitative insight 
into temperature stress effects on volatile emission from S. lycopersicum, 
and explore the capacity of terpene synthases to serve as multi-product 
enzymes. This Thesis advanced the understanding of terpene emission 
and regulation of terpene synthesis in three directions.

1. Impact of heat and cold stress on the (1) photosynthetic characteristics, 
emission of lipoxygenase pathway volatiles (LOX), mono-and sesquiter-
penes; and also of heat stress on the regulation of mono-and sesquiter-
pene synthase gene expression in tomato leaves. This line of work resulted 
in the following key outcomes:

• Tomato plants (S. lycopersicum cv. Mato) generally exhibited good 
tolerance to chilling stress with net assimilation rates declining less 
than 25% after mild cold stress. Further reductions in temperature 
resulted in progressively larger losses of assimilation capacity, and the 
net assimilation rate became almost zero at the severe cold stress. In 
addition, in S. lycopersicum cv. Mato, net assimilation rate was revers-
ibly reduced even upon a mild heat shock of 37 °C, but such inhibi-
tion was not present in the other cultivar S. lycopersicum cv. Pontica 
In leaves of both cultivars Mato and Pontica treated with tempera-
tures of or above 46 °C, photosynthesis was irreversibly inhibited and 
stomatal conductance decreased to close to zero.

• Differences among cultivars in the changes in net assimilation rate and 
the emissions of individual components and total emission of LOX 
under similar heat stress dose indicated significant differentiation in 
heat tolerance with the southern S. lycopersicum cultivar Pontica being 
more resistant to heat stress than the northern cultivar Mato.

• Similar effects of severe heat and cold stresses on foliage mono- and 
sesquiterpene emissions suggested that similar mechanism might be 
responsible for stress-induced emissions of mono- and sesquiterpenes, 
and also that mono- and sesquiterpenes stored in glandular trichomes 
partly contributed to the emission blend. Furthermore, changes in 
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foliage mono- and sesquiterpene emissions were also partly associated 
with their gene expression and likely also with modifications in their 
substrate contents.

• Based on the time-delay analysis of mono- and sesquiterpene syn-
thase genes, the terpene synthase gene expression and corresponding 
product emission was shifted by ca. 2 h at mild temperature treat-
ments. However, this was not the case for severe heat stress, where 
estimation of the delay from gene expression to product emission 
was less clearcut, suggesting that the severe heat stress significantly 
perturb the terpenoid metabolism.

2. Functional characterization and molecular identification of germa-
crene A synthase (GAS) in yarrow (A. millefolium) and quantification 
of germacrene A synthase gene expression in different tissues in order to 
understand the capability of multi-substrate enzymatic activity of GAS. 
This part of the Thesis resulted in the following findings:

• Germacrene A synthase gene (AmGAS) of A. millefolium is a multi-
substrate enzyme and can accept both GDP and FDP to produce 
both mono- and sesquiterpenes. Phylogenetic analysis showed that 
there is a close relationship between GAS from A. millefolium and T. 
parthenium. Expression profiling of AmGAS showed different levels 
of germacrene A synthase in different organs. Leaves and flowers 
showed the highest expression level and much lower expression level 
was observed for rhizome, root and stem tissues.

3. Study of the presence of multi-substrate terpene synthases, and their 
evolutionary relationships, and physiological significance with special 
emphasis on subcellular localization of multi-substrate TPSs. This analy-
sis concludes that:

• The ability of terpene synthases to act as multi substrate enzymes is 
more common in plants than generally thought. Therefore, further 
systematic studies are needed to map the multi-substrate use by ter-
pene synthases across plant kingdom.

• The significance of enzymatic activities of multi-substrate enzymes 
potentially depends on the enzyme specificity and relative availability 
for different substrates upon stress.
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SUMMARY IN ESTONIAN

Terpenoidide emissiooni füsioloogilised ja molekulaarsed 
kontrollmehhanismid tomati (Solanum lycopersicum) ja  

hariliku raudrohu (Achillea millefolium) näidetel

Taimed toodavad mitmeid sekundaarse ainevahetuse produkte, sealhul-
gas terpenoide. Senini on identifitseeritud üle 60000 erineva terpenoidi, 
mistõttu on nende puhul tegemist suurima ja väga laia struktuurse variee-
ruvusega sekundaarsete ainevahetuse produktide rühmaga. Lenduvaid 
terpenoide ei erita mitte ainult taimede lehed, vaid ka pungad, õied, 
viljad ja juured. Terpenoidide hulka kuuluvad näiteks isopreen, erinevad 
mono-, seskvi- ja diterpeenid ning nende emissioon toimub kas pide-
valt või on indutseeritud biootilise või abiootilise stressitekitaja poolt. 
Lenduvad terpenoidid on taimedele mitmeti kasulikud, näiteks osalevad 
nad taimedevahelises kommunikatsioonis, kaitsevad taimi biootiliste ja 
abiootiliste stressitekitajate vastu, leevendavad taimede stressi jne. Läbi-
viidud töö uuris külma- ja kuumastressi mõju fotosünteesi parameetritele 
ja lenduvate terpenoidide emissioonile, samuti mono- ja seskviterpeenide 
emissiooni ja terpeeni süntaasi geeni ekspressiooni vastusena kuuma-
stressile tomati (Solanum lycopersicum) lehtedes. Lisaks uuriti raudrohu 
(Achillea millefolium) näitel germakreen A süntaasi võimet muutuda 
multi-substraatseks ensüümiks.

Töö eesmärkideks oli

(1) uurida:
 a) külma- ja kuumastressi mõju lehe fotosünteetilistele parameetri-

tele, LOX-de ja terpenoidide emissiooni tomatil (S. lycopersicum L. 
cv. Mato.);

 b) kuumastessi mõju β-fellandreeni ja (E)-β-karüofülleeni süntaasi 
geenide ekspressioonile ja regulatsioonile tomatil (S. lycopersicum L. 
cv. Pontica);

 c) kuidas on omavahelises vastavuses mono- ja seskviterpeenide 
geeniekspressioon ja terpenoidide emissioon kuumastressile järgneva 
taastumisperioodi jooksul.
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(2) Germakreen A süntaasi (GAS) geeni molekulaarne tuvastamine ja 
funktsiooni karakteriseerimine raudrohul (Achillea millefolium). 
Lisaks germakreen A süntaasi geeniekspressiooni uurimine erinevates 
kudedes, et mõista GAS’i ensümaatilist aktiivsust. GAS on võime-
line peale oma peamise lõpp-produkti germakreen A, mis on ses-
kviterpeen, katalüüsima ka atsükliliste ja tsükliliste monoterpeenide 
biosünteesi vastavalt saadaolevatele substraatidele. 

(3) Tuua välja mitme-substraatsete terpeenisüntaaside laialdane esin-
emine ja analüüsida nende evolutsioonilist arengut ja füsioloogilist 
tähtsust, rõhuga multi-substraatsete terpeenisüntaaside rakusisesel 
asetusel ja vajalike substraatide kättesaadavusel.

Tulemused ja järeldused

Nii külma- kui kuumastress ulatus mõõdukast stressist, mis mõjutas foto-
sünteesi vaid vähesel määral, tugeva stressini, mis inhibeeris fotosünteesi 
täielikult. Kuumastressi katsetes kasutatud kahe erineva tomatisordi, 
S. lycopersicum L. cv. Mato ja S. lycopersicum L. cv. Pontica võrdlusel sel-
gus, et nende vastupidavus kuumastressile oli erinev: esimesel sordil tingis 
juba mõõdukas stress olulise fotosünteesi (A) ja õhulõhede juhtivuse (gs) 
vähenemise, kuid teise sordi fotosüntees vähenes alles tugeva kuuma-
stressi tingimustes.

Samuti selgus, et temperatuuri tõstmine tingis taimedes ka mitmete 
LOX-ühendite emissiooni. Nii külma- kui kuumastress kutsus esile suure 
mono- ja seskviterpeenide emissiooni, mis suurenes järk-järgult vastavalt 
stressi tugevusele. Monoterpeenidest kõige suurema hulga moodustas 
β-fellandreen ning seskviterpeenidest oli domineerivaks (E)-β-karüo-
fülleen. Kuumastress tõi kaasa ka järsu languse β-fellandreeni ja (E)-β-
karüofülleeni süntaaside geeni ekspressioonis, mis peale mõõdukat stressi 
täielikult taastusid.

Peamised raudrohu lehtedest ja õitest eritatavad lenduvad ühendid olid: 
β-pineen, (E)-β-karüofülleen ja germakreen D. Kodeeriva järjestuse pik-
kus germakreen A süntaasil raudrohu taimes (AmGAS) oli 1680 alus-
paari ja see kodeeris 559 aminohappe pikkust valku. AmGAS töötas 
tsütosoolis ja ensüümi funktsionaalsuse määramisel tuli välja, et inku-
beerides AmGAS’i ja FDP-d (farnesüül disfosfaat) saadi lisaks peamistele 
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produktidele: β-elemeenile ja germakreen A-le ka väiksemas koguses α- ja 
β-selineeni. AmGAS koos NDP (nerüül difosfaadiga) andis produkti-
deks peamiselt limoneeni ja terpinoleeni ning NDP ja GDP (geranüül 
difosfaat) võrdse kontsentratsiooni puhul sünteesis AmGAS ainult 
monoterpeene. Seega leiti kinnitust, et tegemist on multi-substraatse 
ensüümiga, mis võib substraadina kasutada nii GDP-d kui FDP-d ning 
katalüüsida nii mono- kui seskviterpeenide biosünteesi. Lisaks leiti, et 
terpeeni süntaaside võime käituda multi-substraatsete ensüümidena on 
laiemalt levinud kui senini arvatud. Seetõttu tuleks edaspidi põhjaliku-
malt uurida terpeeni süntaaside võimekust kasutades mitut substraati 
ning seda üle kogu taimeriigi.

Fülogeneesipuu, mis koostati kasutades 40 erinevat multi-substraatse ter-
peeni süntaasi järjestust, näitas, et u. 80% esindatud C10/C15 multi-
substraatsetest ensüümidest, millest enamik kuulub mitut terpeeni sün-
teesivate ensüümide hulka, on aktiivsed tsütosoolis. Lisaks näitas geeni-
ekspressiooni analüüs, et AmGAS esines kõigis taimeosades, kuid ekspres-
sioonitase õites ja lehtedes oli kõrgem kui juurtes, varres või risoomis.
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a b s t r a c t

Plant-generated volatiles constitute a sensitive signal of stress response, but quantitative relationships
between the stress severity and volatile emissions have been demonstrated only for a few stresses.
Among important stresses in the field, chilling and frost stress in spring and heat stress mid-season
can significantly curb productivity. We studied the effects of cold and heat shock treatments on leaf
photosynthesis and the emission of the volatile products of the lipoxygenase pathway (LOX, also called
green leaf volatiles) and mono- and sesquiterpene emissions in tomato (Solanum lycopersicum cv. Mato)
to gain quantitative insights into temperature stress-elicited volatile emissions. Both cold and heat stress
treatments ranged frommild,which onlyweakly affected foliage photosynthesis, to severe,which almost
completely inhibited photosynthesis. Under non-stressed conditions, LOX emissions were close to the
detection limit, and terpene emissions were low. Both cold and heat stress led to enhancement of LOX
emissions according to a switch-type responsewith essentially no emissions undermild stress andmajor
emissions under severe stress. The emissions of mono- and sesquiterpenes increased gradually with the
severity of stress, but cold stress resulted in higher sesquiterpene emissions at any given monoterpene
emission level.We suggest that the quantitative relationships between the stress strength and emissions
observed in this study provide an important means to characterize the severity of cold and heat stresses.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Plants in field environments are exposed towidely varying tem-
peratures during a single day, among days and during the season.
In continental environments with large temperature amplitude,
plants may sustain both cold and heat stress during a single day.
Such temperature stress effects affect plant photosynthesis and
water relations at cellular, whole leaf and plant levels, resulting in a
variety of stress responses and activating local and systemic stress
response pathways that can ultimately stimulate tolerance to these
stresses (Frank et al., 2009). Worldwide, temperature stress is one
of the key limitations of productivity of natural ecosystems (Allen
et al., 2010) and crops (Ainsworth and Ort, 2010).

Plant responses to low and high temperatures are commonly
considered antagonistic, as acclimation to low temperatures is
associated with increases in membrane fluidity, while increases
in heat stress resistance depend on increases in membrane
rigidity (Sung et al., 2003). However, there are several points of

Abbreviations: BVOC, biogenic volatile organic compound; LOX, lipoxygenase
pathway products.

∗ Corresponding author. Tel.: +372 7313207; fax: +372 7313738.
E-mail address: lucian.copolovici@emu.ee (L. Copolovici).

convergence of responses to heat and cold stresses. An increase
of concentrations of neutral osmotica such as sugars can enhance
both heat and cold stress resistance (Gusta et al., 1996). To cope
with enhanced production of reactive oxygen species after cold
and heat stress, accumulation of a variety of antioxidants, such
as water-soluble ascorbate and glutathione and lipid-soluble
tocopherols, also typically occurs in response to both types of
stresses (Camejo et al., 2006; Havaux and Kloppstech, 2001).

Apart from non-volatile antioxidants, a wide spectrum of bio-
genic volatile organic compounds (BVOCs) is produced by plants
during and after stress. Some of these induced compounds are sig-
nal molecules, while others are specific stress response pathway
products, the signaling functions of which have not yet unequiv-
ocally been established. In particular, emissions of short-chained
alcohols and aldehydes such as methanol, and products of the
lipoxygenase pathway – LOX products, consisting of various C6
aldehydes and alcohols (also called green leaf volatiles) – consti-
tute one of the first stress responses of plants (Loreto et al., 2006).
Thus far, LOX product emissions have been shown to be elicited in
response to light (Staudt and Lhoutellier, 2011), ozone (Beauchamp
et al., 2005), heat (Loreto et al., 2006), herbivory (Copolovici et al.,
2011) and pathogen (Jansen et al., 2009; Steindel et al., 2005)
stresses applied to leaves and to cold stress applied to fruits (Mao
et al., 2007). Elicitation of lipoxygenases under a variety of stresses,

0176-1617/$ – see front matter © 2012 Elsevier GmbH. All rights reserved.
doi:10.1016/j.jplph.2011.12.019
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including cold stress, has been demonstrated in leaves (Fall et al.,
2001; Nemchenko et al., 2006; Wongsheree et al., 2009). In a few
quantitative studies conducted to date, the emission rate of LOX
productshasbeen found tobequantitatively related to stress sever-
ity (Beauchamp et al., 2005; Copolovici and Niinemets, 2010; Fall
et al., 1999; Niinemets, 2010).

In addition to the ubiquitous stress volatiles, emissions of a
number of specific volatiles is often induced from stressed plants,
including mono- and sesquiterpenes and homoterpenes, with the
blend of volatiles depending on the stress type (see for review
(Niinemets, 2010). These stress-induced volatiles are typically
involved in plant-plant and plant-insect communications (see for
reviewsArimura et al., 2009; Loreto andSchnitzler, 2010), but there
is also evidence that several of the induced terpenoids may play
important role as lipid-soluble antioxidants in plant stress resis-
tance (Vickers et al., 2009). Previous studies have demonstrated
thatmonoterpenesenhanceplantheat stress resistance (Copolovici
et al., 2005; Llusià et al., 2005; Loretoet al., 1998), andheat exposure
has shown to significantly enhance terpenoid emissions (Vickers
et al., 2009). To our knowledge, no study has examined the effects
of low temperature stress on the emission of broad-spectrumstress
volatiles and volatile terpenoids.

Tomato (Solanum lycopersicum L.) is an annual plant native to
South America with enormous worldwide economic value. Envi-
ronmental stresses, such as high or low temperature, have large
effects on tomato physiological activity, significantly reducing the
productivity (Moretti et al., 2010). So far, much is known of the
high and low temperature stress effects on photosynthetic bio-
chemistry (Sage and Kubien, 2007) and non-volatile antioxidant
responses (Camejo et al., 2006, 2005), but stress-dependent elic-
itation of volatiles from tomato has been studied only in a few
cases, including responses to inoculation with necrotrophic fun-
gus Botrytis cinerea (Jansen et al., 2009) and feeding by cotton
leafworms (Spodoptera littoralis) (Maes and Debergh, 2003). Elic-
itation of tomato lipoxygenases has been studied in response to
Pseudomonas infection (Koch et al., 1992), but there is a surpris-
ing lack of information of emission responses to abiotic stress.
Tomato is a constitutive emitter of low amounts of mono- and
sesquiterpenes under non-stressed conditions, but these emis-
sions become greatly enhanced under stress (Jansen et al., 2009;
Maes and Debergh, 2003). According to previous studies, both
biotic and abiotic stress alters the composition of emitted ter-
penoids in different plant species, leading to higher proportion
of specific monoterpenes such as �-ocimene and linalool, and
induction of sesquiterpene emissions (Beauchamp et al., 2005;
Niinemets, 2010; Ormeño et al., 2007; Peñuelas and Staudt, 2010).
However, changes in volatile terpenoid compositions under tem-
perature stress have not been routinely studied (Staudt and Bertin,
1998).

In the current study, we investigated the responses of LOX
volatiles and mono- and sesquiterpenes to heat and cold stress
in S. lycopersicum. We hypothesized that the emission of LOX
products is elicited both by heat and cold stress and the emis-
sion of LOX products is quantitatively related to the severity of
stress. We also expected that the emissions of terpenoids, and
in particular, specific stress monoterpenes such as �-ocimene
and linalool, and sesquiterpenes are enhanced by both heat
and cold stress treatments, which would support the hypothesis
that terpenoids play a ubiquitous role in protecting membranes
against oxidative stress. From a practical perspective, there have
been surprisingly few systematic screening studies on tem-
perature stress resistance of tomato cultivars, and we believe
that this study, showing quantitative correlations between tem-
perature stress and volatile emissions, provides a promising
avenue for rapid screening of tomato varieties for heat stress
resistance.

Materials and methods

Plant material

Tomato (Solanum lycopersicum L. cv. Mato) seeds were sown in
1 L pots filled with a 1:1 mixture of quartz sand and commercial
potting soil (Biolan Oy, Finland) including slow release NPK (3–1–2
ratio) fertilizer with microelements. The plants were grown under
metal halide lamps (HPI-T Plus 400W, Philips, light intensity at
plant level of 200�molm−2 s−1) for 12h light period and day/night
temperatures of 24/18 ◦C. Theplantswerewatereddaily to soil field
capacity. In all experiments, we used similarly-sized 3-week-old
plants having on average five fully developed leaves.

Stress application

Heat stresswas applied using the procedure described by Frolec
et al. (2008). Briefly, a given temperature was prepared in a ther-
mostat with distilled water (VWR International, West Chester,
Pennsylvania, USA), and three fully expended leaves were gently
immersed in water for 5min. The temperatures were applied in
sequence 30, 37, 41, 46, 49 and 51 ◦C. Individual plants were used
for each treatment. After immersion, the leafwas left to air dry, typ-
ically for 5–10min, and the emissions were measured as detailed
below. A relatively short stabilization period was used to capture
the peak emission burst of LOX products which, according to the
preliminaryexperiments, areactivatedquicklyafter theapplication
of the stress (within 5–10min after stress application).

For low temperature stress, refrigerators and freezers with
preset temperatures were used. The temperature was applied in
sequenceof6, 3,−1,−7and−15 ◦C indim lightof 100�molm−2 s−1

provided by cold LED lamps (Keija, China). In each case, a different
plantwasused. Theplantswere incubated at the given temperature
for 5min, and stabilized analogously with heat stress experiments
for 5–10min, after which the emission measurements were con-
ducted. The control treatment used here is the plant kept at 30 ◦C
for 5min in the air, i.e., a treatment different from the control in the
heat shock treatments, where the control was also submerged in
water for 5min. Each experiment was replicated four times with a
different plant, except for controls, wherewe used eight replicates,
four for heat shock treatment and four for cold stress treatment. No
significant differences in photosynthetic characteristics, emission
rates and emission compositions were found between the controls
used for heat stress (submerged in water) and the ones used for
cold stress (kept in the air) (P>0.1, data not show).

Photosynthesis measurements

After stabilization following the stress application, the leaves
subject to stress were enclosed in the gas-exchange system
described in detail in Copolovici and Niinemets (2010) (see
Niinemets et al., 2011 for comparison of different gas-exchange
systems for VOC studies). The system has a thermostatted cham-
ber made of glass and steel particularly suitable for measurements
of VOCs at trace level (Copolovici and Niinemets, 2010). As S.
lycopersicum possesses glandular trichomes containing terpenoids
(Schilmiller et al., 2010, 2009), the part of the plant stem at
enclosure site was wrapped in Teflon tape three days before the
stress experiments. Control experiments demonstrated that no
detectable level of emissions was emitted from the control plants
due to manipulations after this time period.

The standard conditions used in these experiments were: light
intensity at leaf surface of 800�molm−2 s−1, chamber tempera-
ture of 30 ◦C (leaf temperature 30±1 ◦C), CO2 concentration of
380–400�molmol−1, and relative air humidity 50–60%. The air
used for the experiments was drawn from outside and passed
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through a custom-made ozone trap based on HCl-activated copper
tubing (residual ozone level < 1nmolmol−1) as applied previously
(Sun et al., 2012).

An infra-red dual-channel gas analyzer operated in differen-
tial mode (CIRAS II, PP-Systems, Amesbury, MA, USA) was used for
CO2 and H2O concentration measurements at the chamber in- and
outlets. The rates of net assimilation (A), transpiration (E), and sto-
matal conductance to water vapor (gs) were calculated per unit
enclosed plant leaf area according to von Caemmerer and Farquhar
(1981).

VOC sampling and GC–MS analysis

VOC sampling was performed via the cuvette outlet with a
flow rate of 200mlmin−1 for 20min using a constant flow air
sample pump (1003-SKC, SKC Inc., Houston, TX, USA). Air was
drawn through a multi-bed stainless steel cartridge described
in (Niinemets et al., 2010a). Adsorbent cartridges were analyzed
for lipoxygenase (LOX) pathway products, mono-, homo- and
sesquiterpene emissions with a combined Shimadzu TD20 auto-
mated cartridge desorber and Shimadzu 2010 Plus GC–MS system
(Shimadzu Corporation, Kyoto, Japan) as described previously
(Copolovici et al., 2009; Toome et al., 2010). Compoundswere iden-
tified by NIST spectral library and based on retention time identity
with the authentic standard (GC purity, Sigma–Aldrich, St. Louis,
MO, USA). The absolute concentrations of isoprene, terpenes and
LOX products were calculated based on calibrations with external
authentic standards consisting of known amount of isoprenoids.
The background (blank) VOC concentrationsmeasuredwith empty
cuvette were subtracted from the emission samples of the plants.

Data analyses

Treatment effects were studied by linear or non-linear regres-
sions whenever pertinent. Means among the treatments were also
compared by one-way ANOVA follow by Tukey’s post hoc test. All
statistical tests were considered significant at P<0.05.

Results

Effects of cold and heat stress on photosynthetic characteristics

Relative to the non-treated control, the low temperature treat-
ment affected all plant photosynthetic characteristics measured
after the treatment at a common temperature of 30 ◦C. Net assimi-
lation rate (A) decreased by 22% after the exposure of the plants
to 6 ◦C and by 50% after the exposure to −1 ◦C (Fig. 1a). After
very severe stress, exposure to temperature below −10 ◦C, net
assimilation rate became negative. Stomatal conductance to water
vapor (gs) decreased drastically from 375±15mmolm−2 s−1 in the
control plants to 183±23mmolm−2 s−1 for the treatment at 6 ◦C
(Fig. 1a). After exposure to 3 ◦C, stomatal conductancewas less than
100mmolm−2 s−1, and aminimumof 21.1±0.8mmolm−2 s−1 was
observed for plants treated with −15 ◦C. The intercellular CO2 con-
centration (Ci) was significantly reduced in the treatments at 6, −1
and in particular at 3 ◦C (Fig. 1b), indicating that reductions in gs
significantly curbed photosynthesis. However, in the case of the
treatment at −7, both photosynthesis and stomatal conductance
were strongly curbed such that Ci reached again the value observed
in control plants. At−15 ◦C,Ci actually increased relative to the con-
trol (Fig. 1b), demonstrating that foliage photosynthesis decreased
relatively more than gs.
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Fig. 1. Changes in net assimilation rate (A) (a and c), stomatal conductance to water vapor (gs) (a and c) and intercellular CO2 concentration (Ci) (b and d) in 3 weeks old
Solanum lycopersicum L. (cv.Mato) plants in response to cold (a and b) and heat shock (c and d) treatments. Plantswere exposed to different temperature treatments for 5min,
then stabilized for 5min at 24 ◦C, and the photosynthetic characteristics were measured thereafter at a common temperature of 30 ◦C. The other environmental conditions
during the measurement were: quantum flux density of 800�molm−2 s−1, ambient CO2 concentrations of 380±20�molmol−1, and relative air humidity 50–60%. The data
are expressed per unit projected leaf area. Each data point is the mean (± SE) of 4 independent replicate experiments with a different plant except for control plants, where
8 independent replicates (4 for cold and 4 heat stress) were used.
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In the heat shock treatments, A and gs decreased significantly
even after the treatment at 37 ◦C (Fig. 1c). After this treatment,
A was reduced by 29% relative to the control. Already the treat-
ment temperature of 46 ◦C reduced A to 39% of the assimilation
rate in the control plant, and the treatments with higher temper-
atures drastically reduced A, becoming less than 1�molm−2 s−1

(Fig. 1c). As in the case of the cold stress, gs decreased in parallel
with A (Fig. 1c). The moderate heat treatment, 37 ◦C, reduced gs
more than photosynthesis, such that Ci decreased relative to the
control treatment (Fig. 1d). However, in more severe heat stress
treatments, Ci actually increased (Fig. 1d), indicating larger reduc-
tions in photosynthesis than in gs.

Emissions of volatiles from non-stressed plants

Emission of lipoxygenase pathway volatiles (LOX, also green
leaf volatiles) was very low, close to the detection limit of
0.6pmolm−2 s−1 for both the controls of cold and heat stress
treatments (Figs. 2a and 3a). The LOX volatiles detected in these
experiments were (Z)-3-hexenol, (E)-2-hexenal, 1,4-hexadienal
and 1-hexanol.

S. lycopersicum is a constitutive monoterpene emitter under
physiological conditions, but the emissions were low in control
plants, between 0.005 and 1.000nmolm−2 s−1 (Figs. 2b and 3b).
Altogether 11 monoterpenes were observed in the emissions:
�-thujene, �-pinene, camphene, 2-carene, �-phellandrene, �3-
carene,�-terpinene, limonene,�-phellandrene, (E)-�-ocimeneand
terpinolene with 2-carene and �-phellandrene dominating the
emissions (ca. 90% of total).

Analogously with LOX, sesquiterpene emissions in the control
plants were very low at a level around the detection limit, i.e.,
lower than 1pmolm−2 s−1 (Figs. 2c and 3c). Four sesquiterpenes,
�-elemene, �-elemene, �-humulene and �-caryophyllene, were
detected in the emissions from the control plants. Sesquiterpene
emissions in control plants were dominated by �-caryophyllene
(65–70% of total) followed by �-humulene (25–30% of total).

Temperature stress and emissions of LOX volatiles

In cold shock treatments, the sum of LOX volatiles, and indi-
vidual LOX compounds significantly (P<0.01) increased only after
the treatments at −7 ◦C and −15 ◦C (Fig. 2a), but mild cold stress
treatment at 3 ◦C and 6 ◦C did not significantly induce LOX emis-
sions (P>0.1). The cold stress driven emissions were dominated
by (Z)-3-hexenol and (E)-2-hexenal with smaller contributions of
1-hexanol and 1,4-hexadienal (Fig. 2a).

In heat stress treatments, significant elicitation of LOX com-
pounds was observed starting from the treatment at 46 ◦C (Fig. 3a).
An additional increase in the treatment temperature to 49 ◦C
resulted in ca. 8-fold higher LOX product emission, and at 51 ◦C, the
emission rate was statistically not different from the rate observed
at 49 ◦C (Fig. 3a). The LOX emissions in heat-stressed plants were
dominated by (Z)-3-hexenol and (E)-2-hexenal, but 1-hexanol and
1,4-hexadienal appeared in emissions starting at temperature 49 ◦C
(Fig. 3a).

Cold stress effects on monoterpene emissions

The emissions of five dominant monoterpenes were increased
after cold stress treatment (Fig. 2b), and this enhancement relative
to the control treatment was statistically significant for all indi-
vidual monoterpenes. On the other hand, emissions of individual
monoterpenes – �-pinene, 2-carene, �-phellandrene, limonene,
and �-terpinene – did not statistically differ among the different
cold stress treatments (P>0.1). When regression analyses were
used to explore the statistical effect of treatment temperature

Fig. 2. Emissions of the lipoxygenase pathway products (LOX, green leaf volatiles)
(a),monoterpenes (b) and sesquiterpenes (c) from S. lycopersicumplants in response
to cold shock treatment. In (a), themeanswere separated by Tukey’s test and differ-
ent letters indicatemeans that are statistically differentwithP<0.05.Measurements
were conducted as in Fig. 1.

on the emissions, the emissions of most dominant monoterpene
�-phellandrene, increased exponentially with decreasing temper-
ature (Fig. 4a), and the sum of monoterpenes behaved analogously
(r2 =0.996, P<0.01). In addition, emissions of the minor monoter-
pene, (E)-�-ocimene, also exponentially increasedwith decreasing
temperature (Fig. 4a). In the case of �-pinene, 2-carene, and �-
phellandrene, the emissions also increased with decreasing stress
temperatures (for linear regressions, r>0.97).

Monoterpene emissions in response to heat stress

Evenamildheat stress treatment at 37 ◦Csignificantly enhanced
the emissions of most monoterpenes, including 2-carene, �-
phellandrene, limonene and �-phellandrene (Fig. 3b, P<0.05 for
all). However, this treatment did not increase �-pinene and �-
terpinene emissions (P>0.3), and elevated �-pinene emissions
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Fig. 3. Emissions of lipoxygenase pathway products (LOX) (a), monoterpenes (b)
and sesquiterpenes (c) from S. lycopersicum plants after heat shock. Measurement
protocol as in Fig. 1, and data presentation and statistical analyses as in Fig. 2.

were not observed before the treatment at 46 ◦C (Fig. 3b). For
most monoterpenes, the emissions peaked after treatment at
46 ◦C, being almost an order of magnitude higher than after the
treatments to 37 ◦C and 41 ◦C (Fig. 3b). However, �-phellandrene
emissions monotonically increased with increasing the treatment
temperature (Fig. 4b), and as �-phellandrene was dominating
the emissions, the sum of monoterpene emissions also increased
with increasing treatment temperature (r2 =0.973, P<0.01). The
monoterpene (E)-�-ocimene was detected only in the emission
of the plants treated with temperatures 46 ◦C and higher. In these
treatments, the emission rate for (E)-�-ocimene emissionwas very
low 0.0251±0.0043nmolm−2 s−1 with no statistical differences
between the plants treated with temperatures 46–51 ◦C.

Sesquiterpene emission responses to cold stress

Cold stress treatments increased emissions of most sesquiter-
penes, in particular, emissions of �-elemene, �-humulene and

�-caryophyllene (Fig. 2c), although the emission rate of �-
elemene and �-humulene was statistically different from controls
(P<0.05) only for cold stress treatments at −7 ◦C and −15 ◦C.
At the most severe stress, significant emissions of �-elemene
were observed (Fig. 2c). The emissions of the dominant sesquiter-
pene, �-caryophyllene (Fig. 4c), and total sesquiterpene emissions
(r2 =0.954, P<0.01) increased exponentially with increasing the
severity of cold stress (Fig. 4c). The proportion of �-caryophyllene
remained similar to control treatment throughout the cold stress
treatment (P=0.98, one-way ANOVA), but the stress treatments
were characterized by reduced �-humulene emissions P<0.05,
one-way ANOVA) and elicitation of �-elemene and �-elemene
emissions (Fig. 5a).

Sesquiterpene emission responses to heat

Elevated emission of sesquiterpenes was already observed after
mild stress of 37 ◦C, but the elevation was statistically differ-
ent only for �-humulene and �-caryophyllene (Figs. 3c and 4d).
For �-elemene, the emissions were statistically different from
control at 49 ◦C (P<0.01), and for �-elemene at 51 ◦C (P<0.01)
(Fig. 3). �-humulene emissions were elevated at higher temper-
ature treatments, but the emission rates were not statistically
different between treatments at 46, 49 and 51 ◦C (P=0.59). The
emission rate of the dominant sesquiterpene, �-caryophyllene
(Fig. 4d), and total sesquiterpene emission rate (r2 =0.943, P<0.05)
increased with increased stress severity following an exponential
model. The percentage increase of �-caryophyllene from 67% of
total sesquiterpene emission at 30 ◦C to 76% at 51 ◦C was not sta-
tistically significant (P>0.1), while the decrease of the contribution
of �-humulene from 33% in control plants to 18% in most severely
stressed plants was significant at P<0.01 (Fig. 5b).

Discussion

Temperature effects on photosynthetic characteristics

Freezing temperatures lead to degradation of biomembranes
due to excessive rigidity, and thus, to enhanced membrane leaki-
ness and reduced activity ofmembrane-bound ion pumps, changes
that collectively result in drastic reduction of foliage photosyn-
thetic activities (Beck et al., 2004). However, photosynthesis is
known to be susceptible to low temperatures far before the freez-
ing point (chilling stress). The reduction in foliage photosynthetic
activity by chilling stress in light can result from photoinhibition
due to impaired capacities of dark and light reactions of photosyn-
thesis and light interception (Duet al., 1999). Stomatal conductance
is also typically reduced by chilling stress, thereby further con-
straining foliage photosynthetic activity (Allen et al., 2000). In our
study, the plants generally exhibited good tolerance to chilling
stress with assimilation rates declining less than 25% after treat-
ments at 6 ◦C and 3 ◦C (Fig. 1a), consistent with past observations
in tomato (Ogweno et al., 2009). The reduction due to chilling tem-
peratures was primarily due to stomatal closure, as evidenced by
reductions in intercellular CO2 concentration (Fig. 1b). However,
further reductions in temperature led to progressively larger losses
of assimilation capacity and A became practically zero at the most
severe treatment at –15 ◦C (Fig. 1a). Nevertheless, the photosyn-
thetic apparatus was surprisingly resistant even to temperature as
low as –7 ◦C (Fig. 1a). Although stomatal conductance decreased in
parallel with A at freezing temperatures as well, intercellular CO2
concentrations increased, indicating damage at the biochemical
level.

Heat stress involves damage of primary photosynthesis pro-
cesses, and in particular, PSII and the oxygen-evolving complex,
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Fig. 4. Correlation of the emissions of inducedmonoterpenes �-phellandrene and E-�-ocimene (a and b) and sesquiterpene �-caryophyllene (c and d) with the temperature
of cold shock (a and c) and heat shock (b and d) treatments in plants of S. lycopersicum. Data were fitted by non-linear regressions in the form y= a · eb·x . Experimental
conditions as in Fig. 1. No significant emissions of E-�-ocimene were observed in heat stress treatments.

but also including ATPase (Camejo et al., 2006; Hüve et al., 2011,
2006), reflecting excessive fluidity of membranes. In our study,
even a moderate heat shock at 37 ◦C strongly reduced assimilation
rate (Fig. 1c), consistent with mild heat stress effects in tomato
(Ogweno et al., 2009) and other species (Zhang and Sharkey, 2009),
possibly reflecting the reduced proton gradient and reduced ATP
synthesis (Zhang and Sharkey, 2009) as well as reduced stomatal
conductance (Fig. 1d). Nevertheless, reduction in photosynthesis
remains reversible until a threshold for irreversible heat damage is
achieved, typically at temperatures 45 ◦C and more, when photo-
synthesis becomes instable in time (Hüve et al., 2011). In our study,
significant positivephotosynthesis, although strongly reduced,was
observed after exposure to 46 ◦C, similarly to previous observations
in tomato (Camejo et al., 2005), but exposure of temperatures of
49 ◦C resulted in cessation of foliage photosynthetic activity indi-
cating major damage (Fig. 1c).

Elicitation of LOX products by temperature stress

Volatile products of lipoxygenase pathway (LOX products)
originate from free fatty acids released by phospholipases from
membranes in response to stress (Liavonchanka and Feussner,
2006; Porta and Rocha-Sosa, 2002).

To date, the emissions of nine different LOX products, with
(Z)-3-hexenal, (Z)-3-hexenol, (E)-2-hexenal, 1-penten-3-ol, (Z)-3-
hexenyl-acetate being the dominants, have been observed from B.
cinerea-infected leaves of tomato (Jansen et al., 2009). The find-
ing of (Z)-3-hexenol and (E)-2-hexenal as the main LOX products
in our study suggests that these are the ubiquitous LOX products
(Figs. 2a and 3a) released in response to stress. The composition of
LOX products was not affected by the severity of stress, suggest-
ing that the principal biochemical pathway was not altered during
stress, although elicitation of different lipoxygenases under differ-
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ent types of temperature stress cannot be ruled out (Nemchenko
et al., 2006).

Althoughmechanical damage can induce LOX emissions as well
(Dicke et al., 1999; Loreto et al., 2006), the lack of significant
LOX emissions in control treatments demonstrates that treatment
effects on LOXemissionswerenot due tomechanical damage in our
study. For cold stress, significantly enhanced LOX emissions were
not observed until a severe stress of −7 ◦C and less was imposed
to the plants (Fig. 2a). Analogously, enhanced LOX emissions were
observed not before the treatment temperature reached to 46 ◦C
and higher (Fig. 3a).

Emissions of monoterpenes under stress

Tomato plants are constitutive terpene emitters under non-
stressed conditions. Emissions from non-stressed plants mostly
rely on terpenes stored in glandular trichomes that can con-
tain up to 200�g (gdw)−1 2-carene, limonene, �-phellandrene,
�-pinene and �-terpinene and more than 1000�g (gdw)−1 �-
phellandrene (Schilmiller et al., 2010, 2009). In the emissions
of control and B. cinerea-infected leaves of tomato, 16 differ-
ent monoterpenes were identified, with �-phellandrene, 2-carene,
limonene,�-phellandrene and�-pinene contributing tomore than
95% to the total emission (Jansen et al., 2009). This agrees with our
observations of the composition of the bulk of emitted monoter-
penes in non-stressed plants.

What is the basis for the enhanced emissions after application
of cold (Fig. 2b) and heat (Fig. 3b) stress? Typically, the terpene
emissions from storage pools scale exponentially with tempera-
ture (Guenther et al., 1993; Jansen et al., 2009). This primarily
reflects the temperature effects on the volatility of compounds
already synthesized in the storage tissues. In addition, de novo
synthesis of volatiles also increases due to temperature effects on
the enzymes responsible for volatile synthesis (Niinemets et al.,
2010b). Commonly, the enzyme activity increases with a Q10 of
2–4 over a temperature range corresponding to mild heat stress
(Monson et al., 1992). In addition, expression of multiple genes
is elicited after temperature stress (Frank et al., 2009; Singh and
Johnson-Flanagan, 1998). Enhanced expression of terpene syn-
thases following the stress has been shown to be responsible for
enhanced emissions after stress in some studies (Pateraki and
Kanellis, 2010). However, in our study, wemeasured the emissions
rapidly after the temperature stress at the same temperature for
all treatments, ruling out the immediate temperature effects on
volatility and enzymatic activities. Furthermore, enhancement of
emissions as the result of immediate temperature effects on enzy-
matic activities is not consistent with enhanced emissions from
plants under cold stress.

We suggest that such a rapid enhancement of emissions can
be achieved by two major mechanisms. First, temperature may
alter the cuticular permeability of glandular trichomes, leading to
enhanced emissions after stress. Such permeability changes may
be associated with partial melting of cuticular lipids under heat
stress (Gibbs, 2002) and overall increase of plasticization of cuticle
due to a phase change (Matas et al., 2004), collectively leading to
increased cuticular permeability. In fact, cuticular permeability has
been shown to be significantly enhanced already at temperatures
35–40 ◦C and was increased by more than an order of magnitude
at temperatures 45–55 ◦C (Riederer, 2006). Given further that the
vapor pressure of the terpenes strongly increaseswith temperature
(Copolovici and Niinemets, 2005), rupture of glandular trichomes
under extreme temperatures can also occur. Freezing tempera-
tures have also been shown to lead to rearrangements in cuticle
structure, implying potentially higher permeability after return to
normal temperatures (Aggarwal, 2001). Further, ice formation in
trichome cells can result in major cellular damage and exposure of

the contents of cells to ambient air.Maintenanceof the composition
of emitted monoterpenes through the stress treatments also indi-
rectly supports the suggestion that the enhanced emissions at least
partly reflected cellular damage or enhanced permeability of bar-
riers of terpene-containing structures. Analogously to our study,
enhanced monoterpene emissions in tomato following B. cinerea
infection were associated with damage due to inoculation (Jansen
et al., 2009).

Both heat and cold stress lead to major perturbations in cellular
metabolism, and it is plausible that similarly to isoprene emission
(Behnke et al., 2007), enhancement in synthesis can be at least
partly be responsible for enhanced terpene emissions following
heat and cold stress. Apart from enhanced metabolite channel-
ing, terpene synthases have a sharp pH optimum between 6 and
7 (Fischbach et al., 2000). Given that in actively photosynthesizing
chloroplasts, the pH is around 8, while the cytosol is more acidic
(Oja et al., 1999), heat and cold stress-dependent alterations in
membrane permeability can create pH conditions in plastids more
suitable for terpene synthesis. Rapid changes in terpene synthe-
sis capacity and release have been observed in developing flowers
(Nagegowda et al., 2008), and clearly more experimental work is
needed to gain insight into rapid modifications in terpene release.

Apart from enhanced emissions reflecting damage of surface
structure and possibility of changes in metabolite channeling, (E)-
�-ocimene, a monoterpene characteristically induced after stress,
was observed at levels higher than 1pmolm−2 s−1 only after severe
stress (temperatures less than 1 ◦C or bigger than 46 ◦C). For cold
stress treatments, the emission of (E)-�-ocimene was quantita-
tively correlatedwith stress temperature (Fig. 4a). Previous studies
demonstrate that (E)-�-ocimene synthase is induced by insect her-
bivory in leaves of Medicago truncatula (Navia-Gine et al., 2009)
and Alnus glutinosa (Copolovici et al., 2011) and biosynthesis of
different �-ocimene isomers are almost exclusively fuelled by
the recently assimilated photosynthetic carbon according to the
plastidial 2-C-methyl-d-erythritol 4-P pathway (Arimura et al.,
2009). Thus, changes in metabolite channeling could be responsi-
ble for elicitation of (E)-�-ocimeneflux observed immediately after
stress.

Emissions of sesquiterpenes under cold and heat stress

As with monoterpenes, certain sesquiterpene species were
emitted at low level from control plants, with �-caryophyllene,
�-humulene and �-elemene dominating the emissions. The same
keysesquiterpeneshavebeendetermined inglandular trichomesof
different tomato genotypes (Schilmiller et al., 2010). In our study,
the responses of sesquiterpene emissions were generally similar
to the emissions of monoterpenes, increasing after application of
heat and cold stress (Figs. 2–4). This broad similarity suggests that
the samemechanisms as for changes inmonoterpene emissions, in
particular, mechanical damage and enhanced channeling to iso-
prenoid biosynthesis pathway, can be responsible for enhanced
sesquiterpene emissions after stress.

Important differenceswere observed between the stress-driven
emissions of mono- and sesquiterpenes. The composition of
sesquiterpenes changed in response to stress with lower propor-
tions of �-humulene withmore severe heat and cold stress (Fig. 5).
This was associated with greater proportion of �-caryophyllene
underheat stress andelemenesunder cold stress (Fig. 5). Analogous
modifications in sesquiterpene composition have been observed
under continuous light stress (Maes and Debergh, 2003). These
differences may suggest that partly different storage pools are
responsible for mono- and sesquiterpene emissions. Cold stress
treatments with presumably greater damage, as evident in greater
LOX emissions, may have resulted in more extensive breakage of
primarily sesquiterpene-containing structures.
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A B S T R A C T

Plants frequently experience heat ramps of various severities, but how and to what degree plant
metabolic activity recovers from mild and severe heat stress is poorly understood. In this study, we
exposed the constitutive terpene emitter, Solanum. lycopersicum leaves to mild (37 and 41 �C), moderate
(46 �C) and severe (49 �C) heat ramps of 5min and monitored foliage photosynthetic activity,
lipoxygenase pathway volatile (LOX), and mono- and sesquiterpene emissions and expression of two
terpene synthase genes, b-phellandrene synthase and (E)-b-caryophyllene/a-humulene synthase,
through a 24h recovery period upon return to pre-stress conditions. Leaf monoterpene emissions were
dominated by b-phellandrene and sesquiterpene emissions by (E)-b-caryophyllene, and thus, these two
terpene synthase genes were representative for the two volatile terpene classes. Photosynthetic
characteristics partly recovered under moderate heat stress, and very limited recovery was observed
under severe stress. All stress treatments resulted in elicitation of LOX emissions that declined during
recovery. Enhanced mono- and sesquiterpene emissions were observed immediately after the heat
treatment, but the emissions decreased even to below the control treatment during recovery between 2
and 10h, and raised again by 24h. The expression of b-phellandrene and (E)-b-caryophyllene synthase
genes decreased between 2 and 10h after heat stress, and recovered to pre-stress level inmild heat stress
treatment by 24h. Overall, this study demonstrates a highly sensitive heat response of terpenoid
synthesis that is mainly controlled by gene level responses undermild stress, while severe stress leads to
non-recoverable declines in foliage physiological and gene expression activities.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Average global temperature has been estimated to have
increased by 0.76 �C during the 20th century and it is further
expected to increase by 1.8 � 4.0 �C by the end of this century

(Hansen et al., 2006; IPCC, 2007). Elevated temperatures constitute
a major stress for plants restricting their growth and survival,
altering the distribution of species and affecting the productivity of
natural ecosystems and crops worldwide (Allen et al., 2010;
Ainsworth and Ort, 2010). The effects of heat stress depend on the
severity of heat stress with mild stress resulting in reversible
inhibition of foliage photosynthetic characteristics, while severe
stress leading to sustained reduction in photosynthesis or even to
time-dependent decline after return to lower temperatures
(Sharkey, 2005; Schrader et al., 2007; Hüve et al., 2011; Copolovici
et al., 2012; Niinemets, 2010a). Irreversible and progressive
reduction in photosynthetic activity is also associated with the
release of volatile ubiquitous stress-induced volatiles, the products
of lipoxygenase pathway (LOX products, also called green leaf

Abbreviations: CAC, clathrin adaptor complex; DNAJ, DnaJ-like protein; GLM,
generalized linear model; HSP, heat shock protein; LOX, lipoxygenase pathway;MA,
leaf dry mass per area; MEP/DOXP pathway, 2-C-methyl-D-erythritol 4-phosphate/
1-deoxy-D-xylulose 5-phosphate pathway; MVA pathway, mevalonate pathway;
qPCR, quantitative PCR; RPL8, ribosomal protein L8; SAND, SAND family protein;
TBP, TATA-box binding protein; TPSs, terpene synthase; VOCs, volatile organic
compounds.
* Corresponding author.
E-mail address: leila.pazouki@emu.ee (L. Pazouki).
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volatiles), reflecting damage at membrane level (Copolovici et al.,
2012; Loreto et al., 2006).
Apart from stress-induced LOX-emissions, several plant species

are characterized by constitutive emissions of volatile organic
compounds including isoprene, mono- and sesquiterpenes (Shar-
key et al., 2013; Fuentes and Wang, 1999; Harrison et al., 2013;
Fineschi et al., 2013). Under non-stressed conditions, these
emissions typically consume 1–2% of photosynthetic carbon, but
these emissions can consume even more than 10% of photosyn-
thetic under stress conditions, in particular under high tempera-
ture stress (Fuentes and Wang, 1999; Sharkey et al., 2008;
Guenther et al., 1993; Niinemets, 2010b; Fatouros et al., 2012;
Copolovici et al., 2014). In fact, these constitutive emissions have
been associated with enhanced tolerance of heat stress, either
operating directly by improving membrane heat resistance
(Sharkey et al., 2008; Singsaas et al., 1997; Loreto et al., 1998;
Copolovici et al., 2005; Sharkey et al., 2001; Llusia et al., 2005) or
indirectly by serving as membrane-dissolved antioxidants that can
quench free-radicals formed upon heat stress (Possell and Loreto,
2013; Vickers et al., 2009). In addition, heat stress can not only
enhance constitutive emissions, but can itself result in induction of
volatile isoprenoid release (Staudt and Bertin, 1998; Kleist et al.,
2012; Karl et al., 2008). The blend of these induced emissions can
significantly differ from constitutive emissions, although not
always (Staudt and Bertin, 1998; Kleist et al., 2012; Niinemets,
2010a). Furthermore, short- and long-term heat effects are often
different with the emissions enhanced over the short term and
reduced over the long term (Kleist et al., 2012; Loreto et al., 1998)
due to reasons not fully understood. In fact, to our knowledge,
heat-dependent regulation of expression of terpenoid synthases,
the enzymes responsible for formation of terpenoids, has not been
studied.
Even though temperature is a primary environmental factor for

tree growth and development (Way and Oren, 2010) and for CO2
assimilation inwoody plants (Jia et al., 2016), similar to herbaceous
plants, high temperature stress also has a considerable impact on
gas exchange, and emission of volatile isoprenoid, and GLVs.
Usually, in natural habitats, high temperature stress is accompa-
nied by draught stress causing detrimental physiological effects on
woody plants where different degrees of acclamatory responses of
isoprene emission and photosynthesis, and light and dark
respiration were especially observed due to high ratio of
respiration to photosynthesis and also to higher quantity of
carbon loss upon isoprene emission (Centritto et al., 2011).
Previous studies have revealed the distribution of terpene

synthase (TPS) genes and their evolutionary relationships (Sharkey
et al., 2013) in several plant species including Arabidopsis (Aubourg
et al., 2002), poplar (Populus trichocarpa) (Tuskan et al., 2006),
apple (Malus domestica) (Velasco et al., 2010), papaya (Carica
papaya) (Ming et al., 2012), date palm (Phoenix dactylifera) (Al-
Dous et al., 2011), pear (Pyrus bretschneideri) (Wu et al., 2013),
maize (Zea mays) (Schnee et al., 2002), rice (Oryza sativa)
(Wilderman et al., 2004), and tomato (Solanum lycopersicum)
(Falara et al., 2011). The TPS gene family in S. lycopersicum consists
of at least 44 TPS genes, of which 29 have been shown to be
functional genes of corresponding TPSs (Falara et al., 2011)
involved in the synthesis of mono-, sesqui- and diterpenes (Colby
et al., 1998; Schilmiller et al., 2009; Schilmiller et al., 2010a; Falara
et al., 2011). Solanum lycopersicum TPSs have a large sequence
diversity and are distributed among all known angiosperm TPS
clades, from TPS-a to TPS-g (Falara et al., 2011). These genes are
expressed in different plant tissues (Falara et al., 2011), but not all
of the synthases have been functionally characterized and the
expression response of most genes to environmental stimuli is
unknown.

Solanum lycopersicum is a constitutive mono- and sesquiter-
pene emitter under natural conditions (Jansen et al., 2009; Maes
and Debergh, 2003), and these emissions are highly enhanced by
both biotic and abiotic stresses (Copolovici et al., 2012; Maes and
Debergh, 2003; Jansen et al., 2009). In the case of leaf terpenoid
emissions, two genes are likely of special significance, b-phellan-
drene synthase gene (TPS20, located in chromosome 8 and
belonging to the TPS-e/f clade) and (E)-b-caryophyllene/a-humu-
lene synthase gene (TPS12, located in chromosome 6, and
belonging to the TPS-a clade (Falara et al., 2011)). Both of these
genes are expressed in leaves with the activity concentrated in
glandular trichomes, especially for TPS20 (Falara et al., 2011;
Schilmiller et al., 2009). In a previous study, both constitutive and
heat-enhanced monoterpene emissions in S. lycopersicum were
dominated by b-phellandrene, while sesquiterpene emissions
were dominated bya-humulene (Copolovici et al., 2012). However,
it remained unclear how the heat-dependent changes in emissions
are associated with gene expression profiles. Furthermore, time-
dependent modifications in terpene emissions after heat stress
were not monitored in this study. In fact, there is overall limited
information of the timing of gene expression response and
resulting changes in trait expression. Cleary, there is a certain
delay between elicitation of gene-level response andmodifications
in phenotype (Li et al., 2006; Mohyedinbonab et al., 2013; Straube
et al., 2015), e.g. time-delays between biochemical elicitor
application and onset of terpenoid synthesis have been demon-
strated (Martin et al., 2003; Miller et al., 2005), but how rapidly the
heat-elicited expression response is converted to modified
terpenoid emission response has not been studied.
The aim of the present study was to investigate the effects of

heat stress on leaf photosynthesis, LOX volatile and terpenoid
emissions, and expression of b-phellandrene and (E)-b-caryo-
phyllene synthase genes in S. lycopersicum. Both the responses to
the immediate heat stress and recovery in these traits upon return
to lower temperature were monitored to gain insight into the
recovering capacity of leaves in dependence on the severity of heat
stress and time of recovery, and estimate the correspondence
between changes in gene expression and terpenoid emission
through the recovery period. The results of the study demonstrate
that short-term heat stress enhanced terpenoid emissions, but the
expression of terpenoid synthases was reduced, leading to
reduction in emissions in long-term with a certain recovery
depending on the severity of heat stress.

2. Material and methods

2.1. Plant material and growth system

Tomato (S. lycopersicum L. cv. Pontica, seed source Starsem,
Romania) seeds were sown in a commercial potting soil (Biolan Oy,
Kauttua, Finland). After germination, the seedlings were trans-
planted and grown in 1 L clay pots in a plant growth room under
controlled conditions of light intensity of 400mmolm�2 s�1 (HPI-T
Plus 400W metal halide lamps, Philips) for 12h light period, day/
night temperatures of 24/18 �C, and relative air humidity of 60%.
The plants were watered daily to soil field capacity and fertilized
once a week till completion of the experiment with a combined
NPK (5:5:6) fertilizer withmicronutrients (B (0.01%), Cu (0.03%), Fe
(0.06%), Mn (0.028%), Zn (0.007%)). Each time, 70mL of fertilizer
solution (0.5% solution of the concentrated liquid fertilizer) was
applied to every plant. The experimental treatments started when
the plants were 25days old. In all experiments, we used 25–30 cm
tall plants, with similar biomass, stem thickness and number of
fully mature leaves.

2 L. Pazouki et al. / Environmental and Experimental Botany 132 (2016) 1–15
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2.2. Experimental protocol

Two identical experiments were run in parallel, one to monitor
time-dependent changes in foliage gas-exchange rates, chlorophyll
fluorescence and emission rates of volatile organic compounds (
VOCs), and the other to estimate time-dependent changes in gene
expression. Because for gene expression, leaves had to be
destructively harvested, separate plants had to be used for the
two types of measurements.
For the experimental treatments, 3–4 fully mature leaves were

selected on each individual plant. Before the treatment, emission
rates of volatiles, dark-adapted chlorophyll fluorescence yield (Fv/
Fm), net assimilation rate (A) and stomatal conductance to water
vapor (gs) were measured (section Chlorophyll fluorescence and gas
exchange measurements). First, the measurement for volatile
emission were conducted by a gas-exchange system using all
the leaves selected, and thereaftermeasurement for Fv/Fm, A, and gs
were carried out on a single leaf selected from all the experimental
leaves.
After thesemeasurements in non-treated plants, the leaveswere

subject to theheat shock treatments of25 (control treatment), 37, 41,
46 and 49 �C for 5min by immersing them in distilled water at the
target temperature according to the procedure of Frolec et al. (2008)
and Copolovici et al. (2012). Highly stable temperature of the
immersion medium was achieved with a thermostat (VWR
International, West Chester, Pennsylvania, USA).
After the heat treatment, leaveswere left to air-dry for ca. 5min,

and all physiological measurements were repeated. The sampling
of volatiles together with stabilization of gas flows took ca. 25–
30min (see the next section), Fv/Fmmeasurements ca. 30min. (first
measurements taken in ca. 1 h since heat treatment), and A and gs
measurements 20–30min. (first measurement taken in ca.1.5 after
the heat treatment). The physiological measurements were
repeated in 2h, 6 h, 10h and 24h after the completion of the
first set of measurements. All the treated leaves were used for
volatile measurements, while the same leaf initially selected for
measurement of photosynthetic characteristics was used for Fv/Fm,
A and gs measurements.

2.3. Volatile sampling and GC–MS analyses

For volatile sampling, we used a custom-made temperature-
controlled gas-exchange system with a temperature-controlled
glass chamber described in detail by Copolovici and Niinemets
(2010). Before enclosure of leaves in the chamber, the background
volatile samples were collected from the empty chamber. After the
leaves were enclosed in the chamber, the following conditions
were established: light intensity at leaf surface of 700mmolm�2

s�1, temperature of 25 �C, and ambient CO2 concentration of 380–
400mmolmol�1. We used ambient air purified by passage through
an activated carbon filter and custom-made ozone trap as in
Copolovici and Niinemets (2010). Volatile sampling was started
after stabilization of gas flows and leaf gas-exchange rates,
typically in 5–10min after leaf enclosure. Volatiles were collected
onto a stainless steel cartridge using a constant flow air sample
pump (210-1003MTX, SKC Inc., Houston, TX, USA) with a flow rate
of 200mLmin�1 for 20min. The cartridgeswerefilledwith carbon-
based adsorbents Carbotrap C 20/40mesh, Carbopack B 40/
60mesh and Carbotrap X 20/40 adsorbents (Supelco, Bellefonte,
USA) for quantitative adsorption of volatiles in C5–C15 range (for
detail see Kännaste et al., 2014).
A Shimadzu 2010 Plus GC–MS system with Shimadzu TD20

automated cartridge desorber (Shimadzu Corporation, Kyoto,
Japan) was used for volatile analysis as described in detail in
previous papers of the team (Copolovici et al., 2009; Toome et al.,
2010; Kännaste et al., 2014). Lipoxygenase pathway volatiles (LOX),

also called green leaf volatiles, including n-pentanal, n-hexanal,
(E)-2-hexenal, and 2,4-hexadienal, n-hexanol, (Z)-3-hexenol, 5-
hexen-1-ol and mono- and sesquiterpenes were quantified. Pure
standards (Sigma-Aldrich, St. Louis, MO, USA) were used for
compound identification and GC–MS calibration.

2.4. Chlorophyll fluorescence and gas exchange measurements

Aportable gas-exchange chlorophyll fluorescence system (Walz
GSF-3000, Walz GmbH, Effeltrich, Germany) was used for the
measurements of chlorophyll fluorescence (Fv/Fm), the rate of net
CO2 assimilation (A) and stomatal conductance to water vapor (gs)
immediately after volatile measurements. The baseline conditions
used for these measurements were: leaf temperature of 25 �C,
ambient CO2 concentration of 400mmolmol�1, air humidity of 60%
and light intensity of illuminated leaves of 700mmolm�2 s�1. The
leaveswere enclosed in theWalz 3055-FL leaf chamber fluorimeter
and dark-adapted for 30min. Thereafter the minimum dark-
adapted quantum yield, F0, was measured, and an 1 s saturating
light pulse of 7000mmolm�2 s�1 was given to measure the
maximum fluorescence yield, Fm, and obtain the dark-adapted
quantum yield, Fv/Fm. Then light was switched on and net CO2
assimilation rate and stomatal conductance to water vapor were
recorded after these characteristics stabilized, in 20–30min after
switching on the light.

2.5. Estimation of leaf dry mass per unit area

After themeasurements, all leaves were harvested and scanned
at 300 dpi to determine leaf area with a custom-made software.
Leaves were further oven-dried for 48h at 70 �C and their drymass
was estimated, and leaf dry mass per area (MA) was calculated. For
comparison with other studies, the estimates of MA were used to
calculate the volatile emission rates per unit dry mass that are
sometimes the only values reported (Niinemets et al., 2011)

2.6. Leaf sampling for qPCR

Sampling of leaf material for qPCR occurred in parallel with
physiological measurements using separate plants of the same age
and size. In each case, all selected leaveswere treated, and different
plants were used for each temperature treatment. The timing of
leaf sampling for qPCR followed that of volatile measurements,
only that the first qPCR sample after heat stress exposure was
taken in 2h rather than immediately after heat stress, given that
the elicitation of gene expression is typically time-consuming
(Byun-McKay et al., 2006). The collected leaf samples were
immersed in liquid nitrogen and stored in �80 �C until RNA
extraction.

2.7. RNA extraction and cDNA synthesis

Plant RNA was extracted from leaf tissues using the RNeasy
Plant mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol after homogenization of foliage with
mortar and pestle in liquid nitrogen. The concentration of
extracted RNA was measured by Biophotometer Plus (Eppendorf;
Germany) and adjusted as needed with nuclease-free or diethyl
pyrocarbonate (DEPC)-treated water. One microgram of RNA was
reverse-transcribed using iScript cDNA Synthesis Kit (Bio-Rad
Laboratories Inc., Hercules, California, USA).

2.8. qPCR primer design

The genes included in this study are expressed in vivo in tomato
leaves (Schilmiller et al., 2010a; Schilmiller et al., 2009; Falara et al.,
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2011). Five reference tomato genes�DNAJ (DnaJ-like protein), TBP
(TATA-box binding protein), RPL8 (ribosomal protein L8), CAC
(clathrin adaptor complex) and SAND (SAND family protein)
(Table 1) were used as candidate reference genes based on the
study of Expósito-Rodríguez et al. (2008), See Table 1. Finally CAC
and SAND were used in the qPCR experiment as recommended by
Expósito-Rodríguez et al. (2008) due to most stable expression
profile. Gene-specific qPCR primers were designed for two
terpenoid synthase genes, (E)-b-caryophyllene/a-humulene syn-
thase (ECNo. 4.2.3.104) (GU647162, Schilmiller et al., 2010a), TPS12
according to Falara et al. (2011) revised nomenclature, and
b-phellandrene synthase (EC No. 4.2.3.51) (FJ797957, Schilmiller
et al., 2009), TPS20 according to Falara et al. (2011) using
Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi), with the melting temperature between 60 and
62 �C and a primer length of 20–26bp. The oligonucleotide primer
sequences are shown in Table 1.

2.9. qPCR conditions

To assay the modifications in tomato gene expression under
heat stress, qPCR was conducted with the ViiATM 7 qPCR System
(Applied Biosystems, Courtaboeuf, France). The reaction was
performed in 25mL volume containing 10mL 2� iQ SYBR Green
Supermix (Bio-Rad Laboratories Inc.), 300nM of each primer and
1mL of 5-fold-diluted cDNA. The PCR reactions were run in an ABI
Sequence Detection System (Applied Biosystems) using the
following program: 50 �C for 2min, 95 �C for 10min and 40 cycles
of 95 �C for 15 s and 60 �C for 1min. A melt curve analysis was
carried out to recognize possible non-specific amplifications. The
dissociation programwas set up as follows; 95 �C for 15 s, 60 �C for
15 s followed by 20min of slow temperature ramp from 60 �C to
95 �C. Three replicates of each reaction were performed and
ultimately two different reference genes that showed the most
stable expression profile (SAND and CAC, Table 1) were used as the
internal controls to normalize gene expression levels. Relative
changes in gene expression were quantified according to the
2�DDCT method as described by Livak and Schmittgen (2001). The
qPCR assay efficiency for (E)-b-caryophyllene synthase gene was
between 83.6-115.5% and for b-phellandrene gene was between
83.8-116.8%.

2.10. Data analyses

All temperature treatments were replicated with at least three
different plants. Generalized Linear Model (GLM) analyses based
on maximum likelihood model fitting were used to test for
individual and interactive effects of treatment temperature and

recovery time on the emission of total LOX products, total
monoterpenes, total sesquiterpenes, and separately for b-phellan-
drene and b-caryophyllene. We have log transformed the data for
GLM, whenever appropriate, to reduce the effects of inequality of
variance.
The emissions of the last two compounds were separately

analyzed to allow for comparison with their gene expression
profiles. In addition, paired samples t-tests were conducted within
temperature stress treatments to compare the averages at different
times through recovery. Correlations of net assimilation rate,
stomatal conductance, emission rates of volatiles and gene
expression vs. treatment temperature and recovery time, and
correlations among emissions and gene expression levels of
b-caryophyllene and b-phellandrene synthases were also ana-
lyzed. As a certain delay is expected between gene expression and
corresponding change in trait expression, time-delay analysis was
conducted to find the time-shift(s) at which the gene expression
and volatile release are best aligned (i.e. most strongly cross-
correlated according to the value of the correlation coefficient).
Time-delays in the emission response of 2–8h were tested.
The rate of change in gene expression was determined using

first order exponential decay model for downregulation of
b-caryophyllene and b-phellandrene synthase genes using non-
linear regression analyses. All statistical analyses were conducted
with SPSS Version 23 (IBM SPSS, Chicago, IL, WA), except for the
non-linear regressions used for estimation of the rate of change in
gene expression that were conducted with SigmaPlot Version 12.5
(Systat Software Inc, San Jose, CA, USA). All statistical effects are
considered significant at P<0.05.

3. Results

3.1. Changes in photosynthetic characteristics upon heat stress

The maximum dark-adapted photosystem II (PSII) quantum
yield estimated by chlorophyll fluorescence (Fv/Fm) was not
affected by 37 �C and 41 �C temperature treatments compared
with controls, but higher temperature treatments, 46 �C and 49 �C,
resulted in significant reductions in Fv/Fm (Fig. 1). After treatment
at these higher temperatures, there was a progressive time-
dependent reduction in Fv/Fm, with some recovery observed at
46 �C in 25h after heat stress (Fig. 1).
Similarly to Fv/Fm, net CO2 assimilation (A) was little affected by

mild heat stress of 37 �C and 41 �C, but higher temperature
treatments resulted in major reductions in A (Fig. 2A). However,
stomatal conductance towater vapor (gs) started to decline already
at less severe heat treatments, although the variability at 37 �C and
41 �C was large (Fig. 2B). Net assimilation rate was invariable

Table 1
Sequences of primers for reference genes and monoterpene b-phellandrene and sesquiterpene (E)-b-caryophyllene/a-humulene synthase genes used in this study.

Gene Primer sequences (50 !30) Amplicon length
(bp)

Reference genes
TATA-box binding protein (TBP) GCTAAGAACGCTGGACCTAATG/TGGGTGTGCCTTTCTGAATG 184
Ribosomal protein L8 (RPL8) CCGAAGGAGCTGTTGTTTGTA/ACCTGACCAATCATAGCACGA 184
DnaJ-like protein (DNAJ) GAGCACACATTGAGCCTTGAC/CTTTGGTACATCGGCATTCC 158
SAND family protein (SAND) TTGCTTGGAGGAACAGACG/GCAAACAGAACCCCTGAATC 164
Clathrin adaptor complex (CAC) CCTCCGTTGTGATGTAACTGG/ATTGGTGGAAAGTAACATCATCG 173

Target genes
b-Phellandrene synthase GTTGATGTTGATGGAGCGAG/GGCCACATATTTCATCACTTTCTAG 176
(E)-b-Caryophyllene synthase CTTCTGTCCAGACGTAGAAGTACC/CGACAGACTCAACCAGTAACG 155

Reference gene primers used are based on Expósito-Rodríguez et al. (2008). b-Phellandrene synthase gene ((FJ797957, Schilmiller et al., 2009); TPS20 according to (Falara
et al., 2011)) primer was designed on the basis of Schilmiller et al. (2009) and (E)-b-caryophyllene/a-humulene synthase gene (GU647162, Schilmiller et al., 2010a); TPS12
according to (Falara et al., 2011) revised nomenclature) primer on the basis of Schilmiller et al. (2010a).
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through the recovery period in leaves exposed to the mild heat
stress (Fig. 3A, B), but gs slightly increased through the recovery
period in leaves exposed to 37 �C (Fig. 3E). In the case of severe heat
stress, therewas a limited recovery in A and gs in leaves exposed to
46 �C (Fig. 3C, G). A certain recovery in A was observed in leaves
exposed to 49 �C, but by the end of the recovery period, A remained
much lower than that in leaves exposed to 46 �C. These low levels
of A in leaves exposed to 49 �C were accompanied by very low
values of gs (Fig. 3H).

3.2. Elicitation of lipoxygenase pathway volatiles (LOX products) after
exposure to heat stress

No significant emission of LOX volatiles was observed from
leaves in the control treatment, but heat stress induced emissions
of LOX volatiles, albeit at a low level, in all heat stress treatments
(Fig. 4A). Although the temperature effect was statistically
significant and increased LOX emissions initially after heat stress
compared to control, no clear patterns in total LOX emission were
evident among the heat stress treatments (Fig. 4A). However, while
in all temperature treatments LOX emissions were dominated by
hexanal emissions followed by pentanal, 5-hexen-1-ol, and 1-
hexanol, the emissions of (E)-2-hexenal, (Z)-3-hexenol, and 2,4-
hexadienal were observed only at higher temperatures of 46 �C and
49 �C (data not shown). LOX emissions decreased significantlywith
the time of recovery (Fig. 4A).

3.3. Responses of mono- and sesquiterpene emissions to heat stress

Foliar monoterpene emissions were dominated by b-phellan-
drene, but a-pinene, limonene, p-cymene, 2-carene, D-3-carene,
a-phellandrene, (E)-b-ocimene and traces of g-terpinene and
terpinolenewere also detected in the emission blends. The average
(�) total monoterpene emission rate of control leaves at 25 �C was
27.96�17.37pmolm�2 s�1. The only stress-induced monoterpene
was (E)-b-ocimene that was not emitted in control plants and
increased with increasing treatment temperature reaching values
of 1–4pmolm�2 s�1 (P<0.001 for the comparison of heat-stressed
and control leaves). The dominant sesquiterpene emitted was (E)-
b-caryophyllene (on average 82�83% of total sesquiterpene
emission) and the average total sesquiterpene emission of control
leaves per area was 0.23�0.20pmolm�2 s�1). Monoterpene
emissions were initially enhanced by heat stress treatment
compared to control and the effect was statistically significant,
but the emissions gradually decreased with increasing recovery
time, especially for milder heat treatments (Fig. 4B). In fact,
emissions in heat-stressed plants even decreased to below the
values in control plants at 6 and 10h after the heat stress.
Sesquiterpene emissions were also enhanced immediately after
the heat treatment and the emissions decreased during recovery,
except for 37 �C treatment and 49 �C treatment (Fig. 4C). Recovery
time did not have any statistically significant impact on total
mono-and sesquiterpene emissions (Fig. 4B and C).
Emissions of individual terpenes, the monoterpene b-phellan-

drene, and the sesquiterpene (E)-b-caryophyllene, were broadly
consistent with the total emissions of given terpene classes (cf.
Fig. 4B and Fig. 5A and B). In particular, emissions of b-phellan-
drene were enhanced immediately after the heat treatment
compared to control and the emissions decreased to a low value
in 6 and 10h after heat treatment and slightly increased again in
24h after heat treatment (Fig. 5A). Furthermore, the treatment
effect on b-phellandrene emission was statistically significant. In
the case of (E)-b-caryophyllene, after the initial enhancement, the
emissions from treated leaves were decreased in 2h, followed by
an increase for leaves treated with 37 �C and 49 �C (Fig. 5B).
Recovery time did not have any statistically significant impact

on b-phellandrene and (E)-b-caryophyllene emission (Fig. 5A and
B).

3.4. Expression profiles of studied terpenoid synthase genes in
response to heat stress

Heat treatment resulted in downregulation of expression of
both b-phellandrene (Fig. 6) and (E)-b-caryophyllene (Fig. 7)
synthase genes in 2h after the stress treatment compared to the
control plants. In the case of b-phellandrene synthase gene

Fig. 1. Maximum dark-adapted quantum yield of photosystem II (PSII) estimated
from chlorophyll fluorescence (Fv/Fm) in control (25 �C) and heat-treated (37–49 �C)
leaves of Solanum lycopersicum L. cv. Pontica after recovery for 1, 3, 7, 11, and 25h at
25 �C. In these experiments, 25-day-old plants were used and the heat treatment
consisted of 10min heating at given temperature.

Fig. 2. Net assimilation rate (A) and stomatal conductance to water vapor (B) in
relation to heat-treated (37–49 �C) and control (25 �C) leaves of Solanum
lycopersicum L. cv. Pontica after 3.5 h recovery at 25 �C. Each symbol corresponds
to an individual replicate. Data were fitted by linear regressions, whereas a
segmented regressionwas used for (A) that apparently had a breaking point at 41 �C.
Statistical significance of regressions as: * �P<0.05, *** �P<0.001.
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expression in leaves treated with 37 �C and 41 �C, this suppression
of gene expression continued for 2–10h after the heat treatment,
and the expression level reached the pre-stress level in 24h (Fig. 6).
However, no recovery was observed for leaves treated with 46 �C
and only partial recovery was observed for leaves treated with
49 �C (Fig. 6). The expression response was similar for (E)-
b-caryophyllene synthase gene expression, except that the
recovery at 24h was only partial for leaves treated with 37 �C
and 41 �C. For both terpene synthase genes, the initial rate of gene
expression was in most cases greater immediately after the heat
stress treatment at 2h than at 6 and 10h (assuming the first order
constant decay kinetics through the declining phase of gene

expression), reflecting leveling off the decrease and onset of
recovery of the gene expression response (Table 2). According to
regression analyses, expression of b-phellandrene and (E)-
b-caryophyllene synthase genes in leaves treated with different
temperatures was correlated through the recovery phase except
for the treatment with 37 �C (Fig. 8).

3.5. Expression of terpene synthase genes versus terpene emission
through heat treatments

Positive correlations among the emission rates of b-phellan-
drene and (E)-b-caryophyllene gene expression levels through

Fig. 3. Correlations of net assimilation rate (A-D) and stomatal conductance to water vapor (E-H) with the time of recovery (0.5–24h) after heat treatment (37–49 �C) in S.
lycopersicum L. cv. Pontica leaves. The treatment temperature is shown in each panel (experimental treatments as in Fig.1). Each symbol corresponds to an individual replicate
experiment. Datawere fitted by linear regressions, except for (H) where the datawere fitted by a non-linear regression. Statistically significant regressions are shown by solid
lines and asterisks (P<0.05).
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recovery period were observed for the treatments with 37 �C
(Fig. 9A, E) and 41 �C (Fig. 9B, F), while no correlationwas observed
for the treatment with 46 �C (Fig. 9C, G) and even negative
correlations were observed for the treatment with 49 �C (Fig. 9D,
H). According to the time-delay analysis, the cross-correlations
were in most cases improved by introducing shifts of 2–4h in
emission responseswith 2h shift generally providing the strongest
correlation (Table 3). In particular, introducing a lag-time between
expression and emission resulted in positive correlations among
expression and emission of both b-phellandrene and (E)-
b-caryophyllene in leaves treated with 49 �C (Table 3). Neverthe-
less, the time-delay analysis did not identify any correlations for
the 46 �C treatment (Table 3).

4. Discussion

4.1. Application of heat stress on Lycopersicum L. cv. pontica leaves

We note that heat stress affects the plants on heat dose (heat
sum) dependent manner that is dependent on both the actual
temperature and the duration of the heat episode (temperature X
exposure time above the heat stress threshold) (Bilger et al., 1984;
Kask et al., 2016). Although chronic heat stress can affect plants
quite differently due to secondary acclimation responses (Kask
et al., 2016), we consider the heat shock treatments as
representative for quantitative characterization of plant response
to different stress levels.

4.2. Response of tomato leaf photosynthetic characteristics to heat
stress

Leaf net assimilation rates typically decline at supra-optimal
temperatures, even under sustained moderate heat stress con-
ditions of 35–40 �C (Zhang and Sharkey, 2009; Zhang et al., 2009;
Hüve et al., 2012, 2006; Rasulov et al., 2015a). Such amoderate heat
stress response is reversible and characteristically results from
reductions in stomatal conductance towater vapor (gs) (Hüve et al.,
2012; Hüve et al., 2006; Copolovici et al., 2012) and ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) activity caused by
impaired Rubisco activase activity at high temperatures (Haldi-
mann and Feller, 2004; Hüve et al., 2011; Salvucci and Crafts-
Brandner, 2004; Kim and Portis, 2005) as well as from partly
impaired photosynthetic electron transport activity, mainly due to
reduced activity of photosystem (II) (Zhang and Sharkey, 2009;
Zhang et al., 2009; Rasulov et al., 2015a; Hüve et al., 2012, 2006).
Exposure of plants to high temperature stress impairs photosyn-
thetic apparatus associated with increased membrane fluidity
(Copolovici et al., 2005). In addition, exposure to higher temper-
atures can cause irreversible damage of photosystem II and the
oxygen-evolving complex ATPase (Camejo et al., 2006; Hüve et al.,
2011, 2006), leading to time-dependent reductions in photosyn-
thetic characteristics (Hüve et al., 2012). Analysis of foliage
photosynthetic characteristics indicated that in our study, 37 �C
and 41 �C treatments had aminor impact on foliage photosynthetic
characteristics with some changes in only stomatal conductance in
leaves treated with 37 �C (Figs. 1–3A, B, E, F). However, the
treatment with 46 �C was a moderately severe stress that resulted
in only a partial recovery of the maximum dark-adapted quantum
yield of PSII (Fig. 1), while the treatment with 49 �C constituted a
severe heat stress that was associated with very limited recovery
(Fig. 3D). As both Fv/Fm (Fig.1) and gs (Fig. 3H) remained lowat this
latter treatment, both biochemical and stomatal factors likely
limited net assimilation at this acute stress treatment. Overall,
these results are consistent with the previous observations that
tomato leaf resistance to shock-heating is between 49 and 51 �C
(Copolovici et al., 2012).

4.3. Emission of LOX products under elevated temperatures

LOX volatiles (green leaf volatiles) are synthesized through
lipoxygenase pathway from free fatty acids released by phospho-
lipases in response to various stresses that lead to physical
membrane damage (Matsui et al., 2012; Scala et al., 2013;
Copolovici et al., 2012; Dicke et al., 1999; Loreto et al., 2006),
including severe heat stress (Copolovici et al., 2012; Porta and
Rocha-Sosa, 2002). In S. lycopersicum, Jansen et al. (2009) reported
that biotic stress caused by necrotrophic fungus Botrytis cinerea
infection led to a rich blend of LOX product consisting of (E)-3-
hexenal, (Z)-3-hexenol, (E)-2-hexenal, 1-penten-3-ol and (Z)-3-
hexenyl acetate. However, Copolovici et al. (2012) showed that

Fig. 4. Average total emissions of lipoxygenase pathway volatiles (LOX, also called
green leaf volatiles, A), monoterpenes (B), and sesquiterpenes (C) in leaves of S.
lycopersicum L. cv. Pontica upon heat-treatment (37–49 �C) and control (25 �C)
(Fig. 1 for experimental treatments), and recovery time (0.5–24h). Error bars show
+SE. Effects of temperature treatment, recovery time and their interaction were
tested by GLM, and Wald Chi-Square (x21) statistics along with their statistical
significance are also demonstrated (* �P<0.05, *** �P<0.001).
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heat-stressed tomato emissions were dominated by three LOX
products (Z)-3-hexenol and (E)-2-hexenal, and 1-hexanol similar
to our study. However, slightly higher LOX emissions were
observed in Copolovici et al. (2012) with particularly strong
emission bursts observed between 49 and 51 �C. In our study, such
strong emission bursts were absent and the release of LOX
products was similar across the treatments (Fig. 4A), reflecting
slightly stronger heat resistance than in the previous study,
perhaps associated with the use of more southern cultivar (an
Estonian cultivar cv. Mato used in the study of Copolovici et al.
(2012) vs. a Romanian cultivar cv. Pontica used in the current
study).

4.4. Emission of monoterpenes and sesquiterpenes under elevated
temperatures

Solanum lycopersicum is a constitutive terpene emitter (Copo-
lovici et al., 2012; Jansen et al., 2009; Schilmiller et al., 2009,
2010a). These terpene emissions mainly rely on its specialized
storage tissues for terpenes, glandular trichomes, where the de
novo terpene synthesis is most active (Schilmiller et al., 2009,
2010b; Falara et al., 2011). Under non-stressed conditions, the
release of terpenoids occurs at a very low level (Fig. 4B in this
study; Copolovici et al., 2012; Jansen et al., 2009). As our study and
the study of Copolovici et al. (2012) demonstrate, heat stress result
in a major enhancement of terpenoid emissions (Fig. 4B, C).
However, while constitutive and heat-enhanced monoterpene
emissions were dominated by b-phellandrene in Copolovici et al.
(2012) and in our study, sesquiterpene emissions were dominated
by a-humulene in Copolovici et al. (2012) and by (E)-b-caryo-
phyllene in our study. Such difference might reflect different
cultivars used in these two studies as well as more severe heat
stress applied in Copolovici et al. (2012).
While Copolovici et al. (2012) looked only at the initial

enhancement of terpenoid emissions immediately after heat
stress, analysis of the recovery after heat stress demonstrated
that the immediate enhancement is transient and the emissions

Fig. 5. Emission rates of b-phellandrene (A), and (E)-b-caryophyllene (B) in
relation to heat-treated (37–49 �C) and control (25 �C) leaves of Solanum
lycopersicum L. cv. Pontica and recovery time (0.5–24h) (Fig. 1 specifics of heat
treatments). Error bars show +SE. Effects of temperature treatment, recovery time
and their interactionwere tested byGLM, andWald Chi-Square (x21) statistics along
with their statistical significance are also demonstrated (** � P<0.01).

Fig. 6. Relative expression of (E)-b-phellandrene synthase gene in S. lycopersicum L. cv. Pontica leaves as affected by treatment temperature (37–49 �C) and time of recovery
(0.5–24h) at 25 �C (Fig. 1 for heat treatments). Data are means� SE. Means with the same letter are not statistically different (P<0.05) according to paired-samples t-tests.
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decay over time (Fig. 4B, C, Fig. 5). In principle, changes in
emissions through heat treatments and the following recovery can
occur by four different mechanisms that are not mutually
exclusive. First, heat stress can either damage or increase the

permeability of epithelial and epidermal layers of glandular
trichomes, thereby resulting in enhanced emissions until the
terpenoid pools are either exhausted or the damage locations
become sealed as the result of terpenoid oxidation and

Fig. 7. Relative expression of (E)-b-caryophyllene synthase gene in S. lycopersicum leaves in relation to the treatment temperature (37–49 �C) and time of recovery (0.5–24h)
at 25 �C (heat treatments as in Fig. 1). Data presentation and statistical analysis as for Fig. 6.

Table 2
Rate of change in relative gene expression of b-phellandrene and (E)-b-caryophyllene/a-humulene synthase genes at different temperatures and different times of recovery.

Temperature Time after exposure to heat stress (h) Mean� SE rate of change
b-Phellandrene
37 �C 2 �0.85�0.17a

6 �0.24�0.08b
10 �0.144�0.022b

41 �C 2 �0.75�0.14a
6 �0.16�0.06b
10 �0.157�0.021b

46 �C 2 �0.63�0.20a
6 �0.23�0.07a
10 �0.163�0.026a

49 �C 2 �1.15�0.11a
6 �0.242�0.025b
10 �0.089�0.027b

(E)-b-Caryophyllene/a-humulene
37 �C 2 �0.70�0.13a

6 �0.115�0.049b
10 �0.108�0.032b

41 �C 2 �0.84�0.33a
6 �0.122�0.055a
10 �0.097�0.017a

46 �C 2 �0.65�0.36a
6 �0.20�0.07a
10 �0.164�0.040a

49 �C 2 �0.84�0.13a
6 �0.162�0.014b
10 �0.086�0.002b

Figures 6 and 7 show time-dependent changes in gene expression. The rate of change in gene expressionwas calculated according to a first-order decay model using in each
case the measurements in the control treatment at t =0 as the reference gene expression level. Means within treatment temperatures were compared with one-way ANOVA
followed by Tukey’s test and different letters indicate means that are statistically different at P<0.05.
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polymerization (e.g., Loreto et al., 2000). Although plausible, such
an explanation is not consistent with the correlations observed
between gene expression and emission rate (see below, Fig. 9 and
Table 3). Moreover, a physical damage exposing the trichome
contents to ambient air is expected to result in amuch stronger and
sustained emission response.
Second, synthesis of monoterpenes scales positively with

temperature due to the positive effects of temperature on the
enzymatic activity of monoterpene synthases (Fischbach et al.,
2000; Grote et al., 2006; Niinemets 2010a). Thus, faster synthesis
of monoterpenes during the heat period could explain the higher
emission rate immediately after the heat stress. However,
monoterpene synthases typically have a relatively low optimum
temperature, at around 40 �C (Niinemets et al., 2002b for a review),
and given the short duration of the heat treatment, it seems
unlikely that temperature-dependent transient speeding-up of
synthase activities alone was responsible for the heat enhance-
ment of the emissions right after the heat treatment.
Third, heat treatments could have altered the substrate

availability for terpenoid synthesis. Given that monoterpenes
are synthesized in plastids, including the monoterpenoids in
tomato glandular trichomes (Schilmiller et al., 2009, 2010b; Falara
et al., 2011), via the plastidial 2-C-methyl-D-erythritol 4-phos-
phate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) pathway, and
sesquiterpenes in cytosol via mevalonate (MVA) pathway, sub-
strate-level regulation can differ among the different terpenoid
classes. In fact, monoterpene emission was more variable during
the recovery phase than sesquiterpene emission (cf. Fig. 4B and C),
possibly reflecting this circumstance. As the plastidial monoter-
pene synthesis typically relies on substrates provided by photo-
synthetic metabolism (Rajabi Memari et al., 2013; Rosenkranz and
Schnitzler, 2013), the rates of monoterpene emission and
photosynthesis are often correlated (Kesselmeier et al., 1996;
Loreto et al., 1996; Staudt and Lhoutellier, 2011; Niinemets et al.,
2002a), possibly reflecting the control of MEP/DOXP by the

availability of plastidic NADPH and ATP (Niinemets et al., 2002a;
Rasulov et al., 2009, 2015b). However, because photosynthesis was
not affected, a reduction in substrate supply due to reduced foliage
photosynthesis clearly cannot explain reduced monoterpene
emissions during the recovery in leaves treated with 37 �C and
41 �C (cf. Figs. 1–3 and Fig. 4B). Furthermore, given that the
photosynthetic potential of glandular trichomes is likely very low
due to low expression of key photosynthetic enzymes (Schilmiller
et al., 2010a), it is even not clear to what extent monoterpene
synthesis in glandular trichomes relies on immediate photosyn-
thetic metabolites. On the other hand, MEP/DOXP pathway
products are also used for larger isoprenoids such as carotenoids
and phytol residue of chlorophyll, and cytosolic MVA pathway
products for phytosterols, inhibition of synthesis of these larger
isoprenoids could havemade the substrates available immediately
after the heat stress in both plastids and cytosol.
Fourth, modified gene expression patterns could have led to

changes in enzyme amounts. Indeed, heat stress was associated
with major changes in gene expression patterns (Figs. 6 and 7),
suggesting that such a control is plausible (see next section). In
fact, similar modifications in mono- and sesquiterpene emissions
upon treatments and recovery suggest that the same mechanism
may be responsible for the alterations in the emissions of mono-
and sesquiterpenes in tomato. A gene-expression level control can
provide such a common regulatory mechanism.
Apart from herbaceous plants, thermal stress affects woody

plants almost similarly. Application of heat stress on some woody
species showed that, above certain threshold temperatures,
constitutive de novo monoterpene emissions decrease largely
when enhanced temperatures act as thermal stress. In the case of
monoterpenes emitted from storage pools, higher rate of
monoterpene emission was observed that was due to the damage
of membranes surrounding the resin ducts and such monoterpene
emission was associated with a pulse of LOX emissions. Moreover,
application of thermal stress above heat stress threshold declined

Fig. 8. Correlations among the relative expression levels ofb-phellandrene and (E)-b-caryophyllene synthase genes at different treatment temperatures (37–49 �C) through
recovery times (0.5–24h). Each data point corresponds to an average estimate at different recovery time (Fig.1 for heat treatments, and Figs. 6 and 7 for variation in expression
levels of both synthase genes with treatment temperature and time of recovery). Statistical significance as: *P<0.05, **P<0.01.
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de novo sesquiterpene emission suggesting that heat induces
irreversible effects on de novo emissions of mono-and sesquiter-
penes (Kleist et al., 2012).
Volatile isoprenoids such as isoprene (Sharkey and Singsaas,

1995; Singsaas et al., 1997) and monoterpenes (Loreto et al., 1998;
Delfine et al., 2000) improves thermotolerance of plants such that
they protect membranes during heat stress by enhancing stability
of membrane liquid-crystalline phase (Copolovici et al., 2005;
Sharkey and Singsaas, 1995; Sharkey, 1996) Furthermore, heat
stress also acts as an oxidative stress and in this case, isoprene and
monoterpenes acting as antioxidents protect plants from heat

associatedwith oxidative stress (Copolovici et al., 2005; Loreto and
Velikova, 2001).

4.5. Expression profiles of key mono- and sesquiterpene synthase
genes in response to heat stress

Heat stress treatment and time-dependent changes in b-phel-
landrene emission (Fig. 5A) were similar to changes in total
monoterpene emission (Fig. 4B), and changes in (E)-b-caryophyl-
lene emission (Fig. 5B) were similar to modifications in total
sesquiterpene emissions and in particular, comparing Fig. 4B and
Fig. 5A, and Fig. 4C and Fig. 5B, we found that b-phellandrene

Fig. 9. Relationships among the relative gene expression and product emission forb-phellandrene (A-D) and (E)-b-caryophyllene (E-H) in S. lycopersicum L. cv. Pontica leaves
at different treatment temperatures (37–49 �C) through recovery times (0.5–24h) (Fig.1 for treatments, Fig. 5A and C for emissions and Fig. 6 and 7 for gene expressions). Each
symbol corresponds to a different replicate. Data were fitted by linear regressions and the statistical significance as: * �P<0.05; ** �P<0.01; *** �P<0.001.
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emission contributes to a larger portion of total monoterpene
emission and (E)-b-caryophyllene emission contributes to a larger
portion of total sesquiterpene emission indicating that these two
terpenoids were representative to the corresponding terpene
classes. Thus, we analyzed the transcript abundance of S.
lycopersicum b-phellandrene synthase gene (TPS20) and (E)-
b-caryophyllene/a-humulene synthase gene (TPS12) to test
whether the expression of these two genes is altered by heat
stress treatment through the recovery period. We observed a rapid
reduction in the expression of both of these genes after heat stress
treatments (Table 2), and low expression level between 2 and 10h
in all cases (Figs. 6 and 7). In the case of lower treatment
temperatures of 37 and 41 �C, there was almost a full recovery of
gene expression levels by 24h after heat treatment (Figs. 6 and 7).
In the case of more severe heat stress, the recovery was absent,
except for partial recovery of (E)-b-caryophyllene/a-humulene
synthase gene expression at 49 �C (Fig. 7). Although the
b-phellandrene synthase is a plastidic enzyme and the (E)-
b-caryophyllene/a-humulene synthase is a cytosolic enzyme,
expression of both genes through the recovery period was highly
coordinated (Fig. 8). This suggests that the same transcription
factor is regulating their activity, which is not surprising given the
co-localization of their expression activity in S. lycopersicum leaves,
in particular in leaf Type VI glandular trichomes (Falara et al.,
2011). Further work is needed to characterize the pertinent
transcription factor and its regulation by different temperatures to
gain insight into the temporal kinetics of terpenoid gene
expression elicited by heat stress.
Heat stress induces the transcriptional regulation of some

important genes involved in heat stress responses. Thermal stress
triggered heat stress signalling (Schoffl et al., 1998) and
upregulated protective heat shock protein (HSPs) genes, HSP18
andHSP21, in the roots and leaves of Populus alba�Populus tremula
var. glandulosa saplings (Jia et al., 2016). However, certain types of
HSP genes such as HSP40, HSP60, HSP70 and HSP80 were
downregulated in response to heat stress suggesting that HSPs
act differently (Song et al., 2014). In addition, heat stress

downregulated some primary metabolism genes involved in light
reaction, calvin cycle, and photorespiration (see Song et al. (2014)
for further details). Overall, these findings suggest that the
downregulation of secondary metabolism genes such as (E)-
b-caryophyllene synthase and b-phellandrene genes studied here
seem to follow the response for the downregulation HSP genes and
primary metabolism genes in response to heat stress.

4.6. From synthase genes to emission: importance of consideration of
time-delays

In a steady-state, there is evidence of a strong relationship
between the product abundance in the blend of volatile terpenoids
of S. lycopersicum and the level of expression of respective genes,
e.g., a correspondence between the transcript abundance and the
abundance of their products has been observed for TPS3
(camphene synthase) and TPS12 (Falara et al., 2011). In our study,
in transient conditions after the heat stress when both the gene
expression and the emission rates varied, the overall correlation
between gene expression and emission rate was poor, especially at
higher temperatures where the gene expression and product
emission were even negatively correlated (Fig. 9). However, the
time-delay analysis indicated that these non-correlations reflected
delays between gene responses and emission with the delay of 2h
providing the best correspondence between gene expression and
emission (Table 3). In fact, given the significant correlations
between the emission and gene expression for leaves treated with
37 and 41 �C (cf. Fig. 9 and Table 3), the pertinent time-delaymight
have been even shorter in the case of mild heat stress. Higher
resolution gene expression data are needed to test for possible
changes in the delay-times with the severity of heat stress.
What factors can control the delay time between gene-level and

phenotype-level responses? First, all steps from gene to protein,
signal transduction, gene expression and protein synthesis, are
time-consuming. Second, for a correlation between the gene
product and gene expression to occur, there should be a continuous
turnover of the corresponding target protein. In the case of terpene

Table 3
Time-delay analysis of the relationship between the emission and gene expression of (E)-b-caryophyllene and b-phellandrene.

Treatment temperature Time shift in gene ex-pression (h) Regression statistics

b-Phellandrene (E)-b-Caryophyllene
r P r P

37 �C
2 0.98 <0.001 0.56 ns
4 0.97 <0.001 0.23 ns
6 0.87 <0.01 0.08 ns
8 0.47 ns 0.36 ns

41 �C
2 0.75 <0.01 0.71 <0.05
4 0.54 ns 0.08 ns
6 0.05 ns 0.23 ns
8 0.38 ns 0.27 ns

46 �C
2 0.38 ns 0.40 ns
4 0.50 ns 0.44 ns
6 0.03 ns 0.54 ns
8 0.55 ns 0.64 ns

49 �C
2 0.72 <0.05 0.82 <0.01
4 0.66 <0.05 0.82 <0.01
6 0.2 ns 0.02 ns
8 0.64 ns 0.50 ns

Both terpenoid emission and gene expression were measured at the same time after the heat stress, and in this analysis, time-shifts of 2–8h were introduced in the gene
expression data to consider the circumstance that a change in gene expression comes first and emission response followswith a certain time delay. After each time-shift, data
were fitted by linear regressions. r is the correlation coefficient for the cross-correlation and P the statistical probability.

12 L. Pazouki et al. / Environmental and Experimental Botany 132 (2016) 1–15



89

synthases, there is limited information of the rate of turnover, but
herbivory studies have shown that elicitation of synthesis of
terpenes occurs within hours after start of herbivory feeding, and
the terpenoid emissions reach to background level also within
hours after removal of herbivores (Copolovici et al., 2011, 2014),
supporting the continuous turnover of terpene synthase enzymes.
Thus, the way heat stress affects the scaling between the
expression of terpenoid synthases and the content of given
terpene synthase enzymes depends on heat effects on time-delays
between gene expression and protein synthesis and heat effects on
protein turnover. A certain inhibition of protein turnover at severe
heat stress might explain the weaker relationships of gene
expression and emission observed at higher treatment temper-
atures, especially at 46 �C (Table 3, Fig. 9). However, we cannot also
rule out substrate-level controls that can be operative simulta-
neously with gene-level controls. In fact, simultaneous reduction
in emission and gene expression in leaves treated with the highest
temperature of 49 �C (Table 3) might simply result from the overall
reduction in foliage physiological activity, including RNA and
protein synthesis and simultaneous reduction in substrate
availability due to curbed photosynthesis rather than reflect a
control by gene expression on emission.

5. Conclusion

This study demonstrated that both mild heat stress that did not
affect foliage photosynthetic characteristics and severe heat stress
that lead to irreversible photosynthetic reductions resulted in
changes in emissions of mono- and sesquiterpenes in S.
lycopersicum leaves immediately after heat stress and during
recovery. Heat stress also lead to a sharp decline in the expression
ofb-phellandrene and (E)-b-caryophyllene/a-humulene synthase
activity followed by a full recovery in leaves treated by mild heat
stress. A time-delay of ca. 2 h was identified between gene
expression and emission responses, but the relationships between
gene expression and emission through recovery became increas-
ingly weaker with increasing treatment temperature. This study
overall underscores the complexity of linkages between gene-level
and emission-level responses, especially in the case of severe heat
stress that results in non-recoverable perturbation of leaf
physiological activity. Such complexity can be partly considered
in process-based emission models simulating terpenoid emissions
in dependence on gene expression (e.g., Grote et al., 2013) by
introducing a “delay factor”. However, further studies are needed
to gain insight into what controls heat-dependent regulation of
transcription activity of terpenoid synthases, and how the delay
between gene expression and phenotypic response scales with the
severity of heat stress.
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Terpenoid synthases constitute a highly diverse gene family producing a wide range of
cyclic and acyclic molecules consisting of isoprene (C5) residues. Often a single terpene
synthase produces a spectrum of molecules of given chain length, but some terpene
synthases can use multiple substrates, producing products of different chain length. Only
a few such enzymes has been characterized, but the capacity for multiple-substrate use
can be more widespread than previously thought. Here we focused on germacrene A
synthase (GAS) that is a key cytosolic enzyme in the sesquiterpene lactone biosynthesis
pathway in the important medicinal plant Achillea millefolium (AmGAS). The full length
encoding gene was heterologously expressed in Escherichia coli BL21 (DE3), functionally
characterized, and its in vivo expression was analyzed. The recombinant protein catalyzed
formation of germacrene A with the C15 substrate farnesyl diphosphate (FDP), while
acyclic monoterpenes were formed with the C10 substrate geranyl diphosphate (GDP)
and cyclic monoterpenes with the C10 substrate neryl diphosphate (NDP). Although
monoterpene synthesis has been assumed to be confined exclusively to plastids,
AmGAS can potentially synthesize monoterpenes in cytosol when GDP or NDP become
available. AmGAS enzyme had high homology with GAS sequences from other Asteraceae
species, suggesting that multi-substrate use can be more widespread among germacrene
A synthases than previously thought. Expression studies indicated that AmGAS was
expressed in both autotrophic and heterotrophic plant compartments with the highest
expression levels in leaves and flowers. To our knowledge, this is the first report on the
cloning and characterization of germacrene A synthase coding gene in A. millefolium, and
multi-substrate use of GAS enzymes.

Keywords: Achillea millefolium, cytosolic terpene synthesis, enzyme assay, gene expression, germacrene A
synthase gene, mixed substrate specificity, monoterpenes, sesquiterpenes

INTRODUCTION
A large variety of volatile organic compounds (VOCs) are syn-
thesized and released into the environment by plants (Pichersky
and Gershenzon, 2002). Although VOCs include a wide range of
hydrocarbons and oxygenated hydrocarbons, terpenoids consist-
ing of isoprene, monoterpenes and sesquiterpenes constitute the
largest class of VOCs in ambient atmosphere (Guenther et al.,
1995, 2000; Fineschi et al., 2013). Overall, over 60,000 terpenes
and derivatives are found in nature (Cheng et al., 2007; Bohlmann
and Keeling, 2008). Terpenoids are synthesized by a variety of
terpenoid synthases that are characterized by variation in sub-
strate and product specificity and expression level in different
tissues (Christianson, 2006, 2008; Cheng et al., 2007; Bohlmann
and Keeling, 2008; Nagegowda, 2010; Rajabi et al., 2013). During
recent decades, there has been major progress in identification
and functional characterization of volatile terpenoid biosynthesis
genes, enzymes and in metabolic engineering of terpenoid

synthesis, and this has contributed greatly to improved under-
standing of basic mechanisms and variability of terpenoid biosyn-
thesis (Keeling and Bohlmann, 2006; Bohlmann and Keeling,
2008; Degenhardt et al., 2009; Nagegowda, 2010; Chen et al.,
2011; Rajabi et al., 2013). However, we still lack information of
gene structure, expression regulation and catalysis mechanisms
for a large number of biologically and economically important
terpenoid synthases.
Sesquiterpenes are synthesized by sesquiterpene synthases

and play a variety of ecological roles in higher plants. Many
sesquiterpenes are volatile compounds that are commonly emit-
ted from flowers serving as attractants to pollinators (Morse
et al., 2012), but also as repellents against nectar thieves (Junker
and Bluethgen, 2008). In addition, sesquiterpene emissions from
leaves of several plant species play important roles in direct
and indirect chemical defense against pathogens and herbivores
(Schnee et al., 2002; Cheng et al., 2007; Chappell and Coates,
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2010). They can serve both as repellents (Huang et al., 2012; Scala
et al., 2013) or as attractants of herbivore predators and para-
sitoids (Schnee et al., 2002). Sesquiterpenes are also synthesized
and accumulated in underground organs like rhizomes and roots
(De Kraker et al., 1998; Kovacevic et al., 2002; Rasmann et al.,
2005) where they participate in attracting nematode predators
(Rasmann et al., 2005).
Sesquiterpenes, including germacrenes, are particularly abun-

dant in the Asteraceae family. In several species belonging to
Asteraceae, germacrenes fulfill a central role in the formation
of different sesquiterpene derivatives, in particular, sesquiterpene
lactones (Adio, 2009a). Sesquiterpene lactones exhibit important
pharmacological, physiological and ecological features. For exam-
ple, artemisinin is an antimalarial sesquiterpene lactone produced
by Artemisia annua (Ro et al., 2006; Keasling, 2012; Paddon et al.,
2013). Production of this important pharmaceutical has recently
been commercialized in heterologous systems (Ro et al., 2006;
Keasling, 2012; Paddon et al., 2013). Sesquiterpene lactones also
have antimigraine, antifungal and antibacterial properties and
can protect against pests and herbivores (Picman, 1986). Recently,
some important biofuels have been developed from sesquiterpene
derivatives (Mcandrew et al., 2011).
Among Asteraceae, the genus Achillea contains over 100 herba-

ceous species spread throughout the northern hemisphere. The
aerial parts of species from this genus are widely used in herbal
medicine for preparation of infusion with antiphlogistic and spas-
molytic activity (Nemeth and Bernath, 2008). Different groups
of sesquiterpene lactones have been reported from this genus,
eudesmanolides, and guaianolides being the most common (Si
et al., 2006). Aerial parts of Achillea millefolium L., one of the
most wide-spread and important medicinal species, have long
been used as a drug in traditional and modern medicine and
in herbal teas, curing inflammation and gastrointestinal spasms
(Chandler et al., 1982). Sesquiterpene lactones have been iden-
tified as major compounds in A. millefolium (Montsko et al.,
2008) and a number of germacranolides and guaianolides has
already been identified in this species (Glasl et al., 2002). Some
other sesquiterpene lactones such as 8-α-angeloxy–artabsin, 8-
α-tigloxy–artabsin, 8-α-angeloxy-3-oxa-artabsin, 8-α-tigloxy–3-
oxa-artabsin, 8-desacetyl-matricarin and santonin have also been
detected in A. millefolium by LC-MS (Montsko et al., 2008).
Sesquiterpene lactones are derived from sesquiterpene (+)-

germacrene A in many plant species, including Asteraceae (De
Kraker et al., 2001). Among germacrene A derived lactones, there
are a number of pharmaceutically important compounds such as
parthenolide in feverfew (Tanacetum parthenium) (Majdi et al.,
2011), tenulin (yellow sneezeweed, Helenium amarum) and hele-
nalin (sneezeweed, Helenium autumnale) (Bouwmeester et al.,
2002). Furthermore, germacrene A itself and in particular its
rearrangement product β-elemene have been shown to possess
anticancer activity (Adio, 2009b).
Germacrene A is formed from farnesyl diphosphate (FDP) by

germacrene A synthase (GAS) (De Kraker et al., 1998). The gene
structure of GAS and the enzyme functional activity have been
studied only in a few species (De Kraker et al., 1998; Bouwmeester
et al., 2002; Majdi et al., 2011), and there is thus, limited infor-
mation on biological variation in sequence structure, expression

and catalysis. Furthermore, there is overall limited information
on key sesquiterpene synthases involved in physiological pro-
cesses, in particular, on factors determining the substrate profiles
of these enzymes. Recently, it has been demonstrated that some
sesquiterpene synthases can catalyze both formation of sesquiter-
penes with C15 substrate and monoterpenes with C10 substrate
(Davidovich-Rikanati et al., 2008; Gutensohn et al., 2013; Rajabi
et al., 2013), but it is unclear how general this finding is. The
synthesis of hemiterpenes (C5), monoterpenes (C10) and diter-
penes (C20) has been thought to occur in plastids, while that of
sesquiterpenes (C15) and triterpenes (C30) to occur in cytosol
(Cheng et al., 2007; Davidovich-Rikanati et al., 2008; Gutensohn
et al., 2013; Rajabi et al., 2013). However, recent evidence sug-
gests that multiple-substrate sesquiterpene synthases can catalyze
monoterpene formation in cytosol (Davidovich-Rikanati et al.,
2008; Gutensohn et al., 2013), providing a hugely exciting way
of regulation of compound profiles, sesqui- vs. monoterpenes,
by alterations in cytosolic pool sizes of different substrates.
Alteration of product profiles as the result of substrate changes
can have important consequences for terpenoid accumulation
in aromatic species lacking specialized storage structures. Use of
multiple substrates in functional characterization of terpenoid
synthases is by far not a routine procedure (Davidovich-Rikanati
et al., 2008; Gutensohn et al., 2013; Rajabi et al., 2013), and there
is, as yet, no evidence of monoterpene synthase activity for GAS
enzymes.
To gain insight into terpenoid synthesis in A. millefolium

and its regulation, the objectives of this study were molecular
identification and functional characterization of germacrene A
synthase in A. millefolium and quantification of germacrene A
synthase gene expression in different tissues. The results of this
study demonstrate that A. millefolium GAS enzyme is a multi-
substrate enzyme catalyzing formation of germacrene A, but
also acyclic and cyclic monoterpenes depending on the substrate
available.

MATERIALS AND METHODS
PLANT MATERIAL
Field-grown yarrow (A. millefolium) plants of local genotype
(Tartu, Estonia, 58◦23�N, 27◦05�E) were transplanted in clay pots
of 3 L and grown under controlled conditions in a growth cham-
ber (16 h day length and day/night temperature of 25/18◦C,
incident quantum flux density of 400µmol m−2 s−1). Flowers,
leaves, roots, rhizomes and stems were collected and immedi-
ately frozen in liquid nitrogen and stored at −80◦C for gene
expression analysis (three biological replicates for each tissue were
used). Fresh yarrow flowers (4 g dry weight) and leaves (7 g dry
weight) were harvested for the analysis of volatiles from the field
in August 2013.
Germacrene A has been previously found to accumulate in

chicory (Cichorium intybus L.) roots (De Kraker et al., 1998). Due
to lack of germacrene A as a reference standard we also analyzed
chicory roots to get a baseline estimate of the sensitivity of germa-
crene A detection by our laboratory setup. Fresh roots of chicory
were harvested in the field in October 2013. In the laboratory,
chicory roots were cleaned and stored at −80◦C until chemical
analyses.
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IN VIVO SAMPLING OF VOLATILES FOR GAS-CHROMATOGRAPH
MASS-SPECTROMETER (GC-MS) ANALYSES
Fresh flowers and leaves of A. millefolium were enclosed in a
35× 43 cm ovenproof polyethylene terephthalate bag (PEFT)
(Stewart-Jones and Poppy, 2006; Niinemets et al., 2011), and con-
ditioned at 30◦C for 3–4 h under a light intensity of 1000µmol
m−2 s−1. A solid-phase microextraction (SPME) fiber of 65µm
of polydimethylsiloxane/divinylbenzene (PDMS/DVB, Supelco,
Bellefonte, PA, USA) was then inserted in the headspace for
sampling of volatiles. Sampling with SPME has been previ-
ously demonstrated to provide excellent means to assess the
composition of volatiles in A. millefolium (Cornu et al., 2001).
After 20min of sampling, the fiber was removed from the bag
and immediately transferred to the injection port of the gas-
chromatograph mass-spectrometer (GC-MS; GC 2010 and QP
2010 Plus, Shimadzu Corporation, Kyoto, Japan). Three biolog-
ical replicates were used for collection of volatiles.
Roots of chicory (C. intybus) (1 g dry mass) were homoge-

nized, and the homogenate was inserted in an ovenproof 10×
15 cm PEFT bag for 1 h at 30◦C. The SPME fiber was inserted
into the headspace for 20min and then immediately transferred
into the injector of the GC-MS.
Separate samples were used to estimate dry (oven-drying at

70◦C to a constant mass) to fresh mass ratio of each analyzed
plant fraction.

GC-MS ANALYSIS
Volatiles collected onto SPME-fiber were analyzed using the
Shimadzu GC-MS system. A GC column ZB5-MS (0.25mm
i.d. × 30m, 0.25µm film Zebron, Phenomenex, Torrance, CA,
USA) was employed for separating the volatiles using the follow-
ing temperature program: 40◦C for 3min, ramp of 7◦C min−1
to 220◦C followed by a 5min hold. When developing the GC-
MS protocol, various injector temperatures between 215◦C and
120◦Cwere tested. As demonstrated previously, high temperature
caused the bulk of germacrene A to be converted into β-elemene
through Cope rearrangement (De Kraker et al., 1998; Adio,
2009a). However, too low temperatures resulted in incomplete
desorption. Thus, throughout the study we used an optimized
GC-MS injector temperature of 150◦C.
The mass spectrometer was operated in electron-impact mode

at 70 eV and in the scan range m/z of 30–400 amu. The transfer
line temperature was set at 240◦C and ion-source temperature at
150◦C. Terpenes were identified by comparing their mass spectra
and retention indices (RIs) for ZB5-MS to the spectra avail-
able in the NIST library (National Institute of Standards and
Technology) and using a catalog of essential oil components
(Adams, 2001). Commercially available reference compounds
were purchased from Sigma-Aldrich (St. Louis, MO, USA) at the
highest purity available (>98%). Based on serial dilution of stan-
dards, we estimated that the analytical detection threshold for
sesquiterpenes in headspace was better than 0.1 nmol ml−1, and
the minimum emission rate that could be detected was lower than
2 ng g−1 DW h−1 (ca. 50-fold lower than the typical detection
threshold of ca. 0.1µg g−1 DW h−1). Thus, the analytical pre-
cision of our setup was suitable to detect emissions through the
high to low emission range.

AMPLIFICATION OF GERMACRENE A SYNTHASE GENE AND RAPID
AMPLIFICATION OF cDNA ENDS (RACE-PCR)
Total RNAwas extracted from different tissues using RNeasyMini
Kit (Qiagen, Venlo, The Netherlands). The RNA was checked by
agarose gel electrophoresis (Sigma-Aldrich, St. Louis, MO, USA)
and the quality was evaluated by Bioanalyzer 2100 (Agilent, Santa
Clara, CA, USA). The reverse transcription reaction for cDNA
synthesis was carried out using iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA, USA). Based on a comparison of sequences
of germacrene A synthases, three degenerate primer pairs GAS1,
GAS2, and GAS3 (Table 1), were designed for six conserved
regions and the polymerase chain reaction (PCR) was performed.
The amplicons were either run on agarose gel, or checked by
agarose gel electrophoresis and they showed fragments of approx-
imately 894 bp, 567 bp and 402 bp for GAS1, GAS2 and GAS3
fragments, respectively. The PCR product from GAS2 (green
boxes in Figure 2) was purified and inserted into a pTZ57R/T vec-
tor and transformed to E. coli using InsTAclone PCR Cloning Kit
(Thermo Scientific, Pittsburgh, PA, USA). Fourteen individual
transformants were bidirectionally sequenced and finally assem-
bled by MEGA 5 software (Tamura et al., 2011). Two rounds
of 5� and 3� RACE were done using the 5�/3� RACE Kit (Roche
Diagnostics, Indianapolis, IN, USA) according to the manufac-
turer’s protocol. The single strand cDNA for 3� and 5� ends were
synthesized from 1000 ng of total RNA extracted from yarrow
flowers. Based on the partial coding sequence (CDS) of AmGAS,
nested primers were designed (Table 1, RACE-GAS). PCR was
conducted as specified in the previous section and the PCR prod-
ucts were sequenced, assembled by MEGA 5 software and full
length cDNA of A. millefolium germacrene A synthase (AmGAS)
was established (Tamura et al., 2011). The full length sequence of
A. millefolium germacrene A synthase (AmGAS) was registered in
GenBank, http://www.ncbi.nlm.nih.gov/ with accession number
KC145534 and integrated into UniProtKB/TrEMBL, http://www.

uniprot.org/ with accession number L7XCQ7.

PHYLOGENETIC TREE OF GERMACRENE A SYNTHASES AND MULTIPLE
SEQUENCE ALIGNMENT
Germacrene A cDNA from A. millefolium was translated to
the corresponding amino acid sequence and aligned and com-
pared with other related terpenoid synthase gene sequences for
Asteraceae and GAS-like sequences in phylogenetically distant
angiosperms in UniProtKB/TrEMBL, http://www.uniprot.org/. A
phylogenetic tree (Figure 1) was generated by MEGA 5 soft-
ware using the UPGMA method (Tamura et al., 2011). Multiple
sequence alignment was done to visualize conserved sequences
among germacrene A amino acid sequences in Asteraceae
(Figure 2) with BioEdit software ver. 7 (http://www.ebi.ac.uk/
Tools/clustalw2/index.html).

GENE CLONING AND CONSTRUCTION OF THE EXPRESSION VECTOR
The AmGAS gene was amplified using specific primers contain-
ing restriction sites. Primer pairs were designed for amplifica-
tion and cloning of full length AmGAS (∼1700) gene (Table 1).
Plasmid pET-26b (+) (Novagen, Madison, WI, USA) was used
as the expression vector for AmGAS. The AmGAS PCR prod-
uct and pET-26b (+) expression vector were digested with
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Table 1 | Sequence of primers used in this study.

Primer namea Sequence (5�—3�) Product size (bp)

GAS1 GAS1-F: AGACCATTYCATCARGGGATGC 894
GAS1-R: CTCGTTDATATCYTTCCAYGCATTYTC

GAS2 GAS2-F: TTYCCTCCTTCDGTATGGGGTGA 567
GAS2-R: TGG CAT CCC TTG ATG RAA TGG TC

GAS3 GAS3-F: GCATCATTTCCDGAGTAYATGAAG 402
GAS3-R: CCTGTAYACVACATCTATCATTC

RACE-GAS RACE-GAS-F: GATGAAGCCTCGGTTTTCATCGAAGG 1150
RACE-GAS-R: CACAAG GTAGTTTGTAACCAAGGTGTCG

AmGAS AmGAS-F: AATTCCATGGCAGCGGTTCAAGCTACTACTGGTATC 1680
NcoIb

AmGAS-R: GATGCTCGAGTTAGTGGTGGTGGTGGTGGTGCACGGGTAGAGAATCCACAAAC
XhoIc

GAPDH GAPDH-F: ACTGGTGTCTTCACTGACAAGGA 135
GAPDH-R: GTA TCCCCATTCGTTGTCGTACCA

β-actin β-actin-F: ATGGAGAAGATCTGGCATCA 130
β-actin-R: GGAAGCTGCTGGTATTCATGAGAC

RtGAS RtGAS-F: CTCGGGTACTTTCAAGGAATCC 123
RtGAS-R: CTTCGATGAAAA CCGAGGCTTC

aGAS1, GAS2, GAS3, degenerate primers for germacrene A synthase (GAS); RACE-GAS, GAS nested primer for rapid amplification of cDNA based on partial

sequence of AmGAS; AmGAS, Achillea millefolium germacrene A synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase (GenBank asscession number

KF286432); β-actin (GenBank accession number JX679606); RtGAS, real time PCR primer for AmGAS.
b,cSequence of restriction enzymes.

FIGURE 1 | Phylogenetic tree analysis. Tree was built on the basis of
germacrene A synthase (GAS) gene in A. millefolium with other germacrene
A synthase genes, and two sesquiterpene synthases from the family

Asteraceae and terpene synthases from other more distant families included
as an outgroup (Vitis vinifera, Camellia sinensis and Populus trichocarpa x
P. deltoides).

NcoI and XhoI restriction enzymes according to the manu-
facturer’s protocol (New England Biolabs, Ipswich, MA, USA).
The digested fragments were gel-purified and then AmGAS
fragment was cloned into pET-26b (+) expression vector and
transformed to E. coli BL21 (Novagen) using the calcium chlo-
ride transformation method (Sambrook and Russell, 2001). The
lines were screened by culturing on a LB agar medium con-
taining 50µg ml−1 kanamycin. The obtained colonies were
used in a colony PCR assay using AmGAS-specific primers
(Table 1). The plasmids from positive colonies according to the
PCR screening were digested with the same restriction enzymes
used for cloning (NcoI and XhoI). The recombinant strains
were selected and expression plasmid confirmed by sequencing
analysis.

EXPRESSION OF RECOMBINANT GERMACRENE A SYNTHASE IN
ESCHERICHIA COLI
A recombinant strain colony containing AmGAS gene was used
in the protein expression experiment. A E. coli BL21 (DE3) strain
containing pET-26b (+) vector was used as a control. To induce
expression, isopropyl-β-D-thiogalactoside (IPTG) was added to a
final concentration of 1mM to cultures with OD600 (optical den-
sity at a wavelength of 600 nm) of 0.4. Cultures were incubated at
37◦C for 2, 4, and 6 h.

ELECTROPHORETIC ANALYSIS OF RECOMBINANT GERMACRENE A
SYNTHASE
Expression of AmGAS was confirmed by SDS-PAGE and
western blotting. Bacterial samples were collected before
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FIGURE 2 | Multiple sequence alignment of germacrene A synthases.
Amino acid sequence alignment of AmGAS with other germacrene A
synthases from the Asteraceae family. The green boxes show position of

degenerate GAS primers used. The red boxes highlight conserved sequences
(see Discussion). The alignment was conducted with BioEdit software ver. 7
(http://www.ebi.ac.uk/Tools/clustalw2/index.html).

(control) and after induction, and lysed in the sample buffer
(100mM Tris-HCl, pH = 8, 20% glycerol, 4% sodium
dodecyl sulfate (SDS), 2% β-mercaptoethanol, 0.2% boromo
phenol blue). BlueStar prestained protein marker (Nippon
Genetics Europe, Düren, Germany) was used as a size

standard. Samples were analyzed by 12% sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
on a Bio-Rad Mini Protean electrophoresis unit. Protein
bands were visualized by staining with Coomassie brilliant
blue R-250.
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Proteins were also transferred to a nitrocellulose membrane
(Bio-Rad), for western blot analysis with 3, 3�-diaminobenzidine
(DAB) liquid substrate system tetrahydrochloride (Sigma–
Aldrich). The recombinant AmGAS has a His-tag in the
C-terminus, and thus, the expression can be detected by anti
His-tag peroxidase.

FUNCTIONAL CHARACTERIZATION OF GERMACRENE A SYNTHASE
For in vitro germacrene A production, cultures of pET-26b (+)
plus AmGAS were grown to an OD600 of 0.4, induced using
IPTG (1mM) and grown for 6 h. These cultures were pelleted
by centrifugation for 5min at 10,000 rpm and kept at −80◦C.
Frozen pellets were suspended in 1mL of assay buffer selected
for optimum pH 7 and ionic strength (25mM Hepes pH 7.2,
100mM KCl, 10mM MnCl2, 10% glycerol, and 5mM DTT)
(Fischbach et al., 2001; Reiling et al., 2004; Rajabi et al., 2013)
and lysed on ice by sonication for 1min. Lysates were cen-
trifuged at 17,530 RCF for 30min at 4◦C. A 200µL of the
supernatant was added into 800µL of assay buffer in a 4mL
serum vial. We tested the use of C15 substrate farnesyl diphos-
phate (C15) and cis-configured C10 substrate neryl diphosphate
(NDP) and trans-configured C10 substrate geranyl diphosphate
(GDP). Four serum vials were considered for different sub-
strates and then 2µL of (1mg mL−1 aqueous solution) sub-
strate (either FDP, GDP, mixture of FDP and GDP, mixture
of FDP and NDP, mixture of GDP, NDP or NDP (Echelon
Biosciences, Salt Lake City, UT, USA) was added to vials to
start the reaction, and the vials were sealed. The vials were
kept at 30◦C for 50min until collection of volatiles from the
headspace.
To collect volatiles, a SPME fiber was inserted through the cap

of the vial into the headspace for 1min. After removal from the
headspace, the fiber was transferred immediately into the injector
of GC-MS and the analysis of volatiles was carried out as detailed
in the section GC-MS analyses.

ISOLATION OF HOUSEKEEPING GENES AND PRIMER DESIGN FOR
REAL-TIME PCR
Real-time PCR measurements for expression of genes of interest
need to be normalized with respect to the housekeeping genes that
are constitutively expressed in nearly all tissues and all physio-
logical stages of an organism (Nicot et al., 2005; Maloukh et al.,
2009). Two housekeeping genes, β-actin and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), were used for this study.
Based on comparison of sequences of β-actin and GAPDH of
related species, two primer pairs were designed on the basis of
conserved regions (Table 1). Two PCR products were purified and
inserted in pTZ57R/T vector and transformed to E. coli using
InsTAclone PCR Cloning Kit. Four individual transformants were
sequenced and assembled by MEGA 5 software. The sequences
of β-actin and GAPDH were registered in GenBank, http://
www.ncbi.nlm.nih.gov/, with accession number JX679606.1 and
KF286432, respectively.
The real-time PCR primers for AmGAS (Table 1, RtGAS)

and housekeeping genes (Table 1) were designed on the basis of
their sequences through GenScript real-time PCR primer design,
https://www.genscript.com/ssl-bin/app/primer.

GENE EXPRESSION ANALYSIS OF GERMACRENE A SYNTHASE IN
DIFFERENT TISSUES
RNA was extracted with three independent biological replicates
from different tissues (flowers at different stages of develop-
ment, leaf, stem, rhizome, and root) and quantified using a
BioPhotometer plus (Eppendorf, Hamburg, Germany). First-
strand cDNA was synthesized using iScript cDNA Synthesis Kit
(Bio-Rad).
Quantitative PCR (qPCR) was performed with the Applied

Biosystems Viia™ 7 real-time PCR system for different tissues
using a qPCR iQ SYBR Green Supermix kit (Bio-Rad) accord-
ing to manufacturer’s instructions and using appropriate real-
time PCR protocol for AmGAS (RtGAS) and housekeeping genes
(Table 1). Every sample was run in three parallel reactions and
the amplification specificity of primers was evaluated by melting
curve analysis.
The relative gene expression levels were calculated using the

comparative Ct (��Ct) method (Schmittgen and Livak, 2008).
According to this method, the relative gene expression is calcu-
lated as 2−��Ct , where Ct represents the threshold cycle.

RESULTS
COMPOSITION OF VOLATILE BLEND OF A. MILLEFOLIUM FLOWERS
AND LEAVES
The volatiles of A. millefolium detected in the emission blends
were mostly monoterpenes (67% of total emissions for flow-
ers and 59% of total emissions for leaves, and 21 compounds
were above the detection threshold) and sesquiterpenes (17% for
flowers and 19% for leaves, and 18 compounds were above the
detection threshold, Table 2). In addition, lipoxygenase pathway
volatiles (2% of total emissions for flowers and 11% of total emis-
sions for leaves) and benzenoids, aliphatic compounds and their
derivatives were found inminor proportions (Table 2). Among all
the emitted compounds, β-pinene (36% of monoterpenes), (E)-
β-caryophyllene and germacrene D (Table 3) were the main floral
and leaf volatiles.

DETERMINATION OF GERMACRENE A IN A. MILLEFOLIUM VOLATILE
BLEND
Germacrene A is heat-labile and is converted to β-elemene upon
heating (De Kraker et al., 1998). First, we used the roots of chicory
(C. intybus) known to contain and emit germacrene A for opti-
mization of sampling and GC analysis protocols. Based on this
work, a GC injector temperature of 150◦C was used in all GC-MS
analyses, resulting in a significantly increased fraction of germa-
crene A detected compared to β-elemene, although a large part
of germacrene A was still converted to β-elemene (Figure 3).
Germacrene A mass-spectrum of in vitro analyses of AmGAS
with FDP as substrate matched with the published spectrum,
except for differences in the proportions of mass-fragments of 79
and 81 (Figures 3C,D). In earlier studies we have noticed similar
differences with the identification of some sesquiterpenes using
authentic standards, e.g., identification of germacrene D, sug-
gesting that these minor differences were specific to the GC-MS
device used.
Average germacrene A emission was between ca. 0.4 and

2.3% of total sesquiterpene emission in A. millefolium (Table 3).
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Table 2 | Relative proportions of volatiles (%) detected in the

emissions of yarrow (Achillea millefolium) flowers and leaves.

Volatile Retention Flower Leaf

indexa mean ± SE mean ± SE

n = 3 n = 3
Lit. Calc.b

LIPOXYGENASE PATHWAY PRODUCTS

1-Hexanol 871 858 0.047±0.038 0.67± 0.38

(3Z )-Hexenol 859 863 0.39± 0.26 0.84± 0.63

(3Z )-Hexenyl
acetate

1005 1008 1.32±0.67 8.6± 4.1

(3Z )-Hexenyl
pentanoate

1237 – 1.08± 0.88

MONOTERPENOIDS

Santolina triene 909 902 1.02± 0.83 1.29± 1.06

α-Thujene 930 926 0.309± 0.095 0.262± 0.098

α-Pinene 939 932 4.93± 0.73 3.31± 0.67

Camphene 954 949 0.28± 0.17 0.073± 0.030

Sabinene 975 975 13.5± 3.9 15.4± 8.7

β-Pinene 979 980 23.1±1.9 11.9± 2.5

Myrcene 991 988 1.22± 0.34 1.33± 0.32

α-Phellandrene 1003 1007 0.45± 0.37 0.91± 0.30

Limonene 1029 1029 2.41± 0.19 2.46± 0.14

β-Phellandrene 1030 1033 1.19± 0.32 1.62± 0.42

1,8-Cineole 1031 1036 7.8± 2.2 0.79± 0.56

(Z )-β-Ocimene 1037 1035 2.92± 0.57 3.65± 1.61

(E)-β-Ocimene 1050 1046 5.4± 2.1 12.5± 6.9

γ-Terpinene 1060 1058 1.39± 0.54 1.89± 0.70

cis-Sabinene
hydrate

1070 1075 0.210± 0.088 –

Terpinolene 1089 1085 0.121± 0.015 0.157± 0.069

trans-Pinocarveol 1139 1147 0.121± 0.099 0.155± 0.080

Camphor 1146 1153 0.064±0.012 0.29± 0.14

Pinocarvone 1165 1168 0.164± 0.069 0.104± 0.051

Borneol 1169 1179 0.191± 0.059 0.075± 0.062

α-Terpineol 1189 1197 0.415± 0.088 0.29± 0.13

SESQUITERPENES

δ-Elemene 1338 1340 – 0.29± 0.24

α-Cubebene 1351 1352 0.065±0.053 –

α-Copaene 1377 1382 0.138± 0.031 0.311± 0.059

β-Bourbonene 1388 1391 0.56± 0.16 0.29± 0.11

β-Cubebene 1388 1394 0.16±0.13 0.044± 0.036

β-Elemene 1391 1390 0.107± 0.087 0.44± 0.35

α-Isocomene 1388 1397 – 0.111± 0.057

(E)-β-Caryophyllene 1419 1428 6.7±1.4 7.78± 3.03

trans-α-
Bergamotene

1435 1434 1.88±0.99 0.226± 0.052

(Z )-β-Farnesene 1443 1455 0.53±0.32 0.51± 0.13

α-Humulene 1455 1464 0.71± 0.13 0.77± 0.17

cis-Muurola-4(14),5-
diene

1467 1470 0.111±0.011 0.064± 0.028

Germacrene D 1485 1489 4.8± 1.4 6.8± 3.4

α-Zingiberene 1494 1499 0.16±0.13 –

Bicyclogermacrene 1500 1504 0.203± 0.055 0.26± 0.10

(E,E)-α-Farnesene 1506 1506 0.37±0.22 0.65± 0.22

(Continued)

Table 2 | Continued

Volatile Retention Flower Leaf

indexa mean ± SE mean ± SE

n = 3 n = 3
Lit. Calc.b

SESQUITERPENES

Germacrene A 1509 1512 0.074±0.057 0.22±0.15

γ -Cadinene 1514 1521 0.057±0.031 0.062±0.051

δ-Amorphene 1512 1525 0.39±0.22 0.41±0.23

β-Sesquiphellan-
drene

1523 1529 0.042±0.020 0.246±0.085

OTHER VOLATILES

3-Methylbutanoic
acid

853 1.47±1.04 –

2-Methylbutanoic
acid

862 0.59±0.45 –

1-Nonene 893 7.7±2.3 5.4±3.8

Benzaldehyde 960 967 1.61±0.73 –

p-Cymene 1025 1028 2.40±1.01 1.75±0.66

4,8-Dimethyl-1,3-
E,7-nonatriene
(DMNT)

1115 0.110±0.079 2.49±1.32

Methyl salicylate
(MeSA)

1192 1198 0.101±0.015 1.23±0.56

aRetention indices (Adams, 2001).
bRetention indices calculated by injecting the hydrocarbon standard of C8 to C20
(Sigma-Aldrich, St. Louis, MO, USA) to GC-MS.

Assuming further that β-elemene detected in the emission blend
is the conversion product of germacrene A, the emission estimates
are ca. 1% for flowers and 7% for leaves (Table 3), suggesting
that germacrene A is a minor component in the volatile blend of
flowers, and a moderately high component in leaf sesquiterpene
emissions (Table 3).
Next to the emissions we evaluated also the chemical composi-

tion and content of terpenoids in bud, flower and leaf extracts of
A. millefolium. We observed statistically similar amounts (10.6 ±
2.4µg g−1 DW) of germacrene A in bud, flower and leaf extracts
of A. millefolium.

CLONING OF GERMACRENE A SYNTHASE IN A. MILLEFOLIUM
AmGAS partial sequence was amplified by degenerate primers
(green boxes in Figure 2 show position of the degenerate primers)
and then the full length was obtained by 5� and 3� amplifi-
cation of cDNA ends (RACE-PCR). The length of the coding
sequence of AmGAS is 1680 bp, and it encodes a protein of 559
AA residues with the predicted molecular weight of 62 kD and
isoelectric point (pI) of 5.24 http://web.expasy.org/compute_pi/).
The overall length and lack of the characteristic chloroplast-
targeting signal peptide suggests that AmGAS is functional in the
cytosol.
The blast searches in NCBI and UniProtKB showed that

AmGAS belongs to terpenoid synthase (TPS) gene subfamily
TPS-a (Bohlmann et al., 1998), and has a high similarity with
germacrene A synthases of two other members of Asteraceae,
T. parthenium (F8UL80) and A. annua (I3WAC7) (Figure 1).
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Table 3 | Relative proportions (%) of sesquiterpenes detected in the

emission of flowers and leaves of yarrow (Achillea millefolium).

Volatile Retention Flower Leaf

indexa mean ± SE mean ± SE

n = 3 n = 3
Lit. Calc.

δ-Elemene 1338 1340 0.98± 0.81

α-Cubebene 1351 1352 0.33± 0.27

α-Copaene 1377 1382 0.79±0.27 1.71± 0.20

β-Bourbonene 1388 1391 3.18± 0.82 1.50± 0.52

β-Cubebene 1388 1394 0.82± 0.67 0.15± 0.12

β-Elemene 1391 1390 0.61±0.49 4.8± 3.8

α-Isocomene 1388 1397 0.51± 0.29

(E)-β-Caryophyllene 1419 1428 38.7± 5.8 37.3±14.2

trans-α-Bergamotene 13.0±7.4 1.22± 0.18

(Z )-β-Farnesene 1455 3.8± 2.4 2.63± 0.43

α-Humulene 1455 1464 3.87± 0.42 4.07± 0.46

cis-Muurola-4(14),5-diene 1467 1470 0.69±0.14 0.26± 0.11

Germacrene D 1485 1489 27.0±7.1 32.4± 9.8

α-Zingiberene 1494 1499 0.83± 0.68

Bicyclogermacrene 1500 1504 1.15±0.28 1.87± 1.1

(E,E)-α-Farnesene 1506 1506 2.2±1.2 5.1± 2.9

Germacrene A 1509 1512 0.42±0.32 2.3± 1.7

γ -Cadinene 1514 1521 0.30± 0.16 0.21± 0.17

δ-Amorphene 1512 1525 2.09±0.99 1.8± 0.6

β-Sesquiphellandrene 1523 1529 0.220± 0.099 1.1± 0.4

Total emission of sesquiterpenes 100 100

aRetention indices as in Table 2.

Multiple sequence alignment of AmGAS amino acid sequences
for several additional Asteraceae family members further showed
conserved motifs of terpenoid synthases (Figure 2). Nevertheless,
AmGAS also has a relatively high homology with other sesquiter-
pene synthases from Asteraceae, while the similarity is much less
with other TPS-a gene subfamily members in other angiosperms
(Figure 1).

GENE CLONING AND EXPRESSION OF GERMACRENE A SYNTHASE
Recombinant protein expression after induction was analyzed by
SDS-PAGE and western blotting. Analysis of the recombinant
protein expression by SDS-PAGE demonstrated a protein band
at around 62 kD in induced recombinant strain samples contain-
ing pET-26b (+) plus AmGAS. This band corresponding to the
calculated molecular mass of AmGAS protein was not observed
in negative control and non-induced samples (Figure 4A). The
western blotting also confirmed the expression (Figure 4B).

FUNCTIONAL CHARACTERIZATION OF RECOMBINANT GERMACRENE A
SYNTHASE
Functional characterization of AmGAS in vitro was carried out
by incubation with farnesyl diphosphate (FDP), the substrate
for sesquiterpenes, and geranyl diphosphate (GDP) and neryl
diphosphate (NDP), the substrates for synthesis of monoter-
penes. Incubation with FDP yielded β-elemene and germacrene A
as the main volatiles in the headspace with minor contributions

of α- and β-selinene (Table 3, Figure 3). The percentage of ger-
macrene A detected was greater for lower injector temperature
(Figure 3), again suggesting that the bulk of β-elemene might
reflect the heat conversion of germacrene A.
Incubation of AmGAS with GDP produced mainly aliphatic

monoterpenes myrcene and Z- and E-β-ocimene, but cyclic
monoterpenes limonene and terpinolene were also produced at
moderately high levels (Figure 5A, Table 4). AmGAS with NDP
produced mainly limonene and terpinolene (Figure 5B, Table 4).
When equimolar concentrations of GDP and NDP were

provided, AmGAS produced only monoterpenes (Figure 5C).
With GDP and FDP or NDP and FDP, AmGAS produced both
mono- and sesquiterpenes, whereas monoterpene production
was favored over sesquiterpene production (Figures 5D,E).

RNA PROFILING OF GERMACRENE A SYNTHASE IN DIFFERENT
TISSUES
Quantitative (real-time) PCRmeasurements ofAmGASwere con-
ducted with different tissues, including leaf, rhizome and root,
and for flowers at different stages of development (bud, early
flowering, full flowering and senescence). AmGAS was expressed
in all organs, but the relative expression level was higher in flow-
ers and leaves than in roots, stems and rhizomes (Figure 6A).
However, flower developmental stage did not significantly alter
the relative expression of AmGAS, although the variability was
large (Figure 6B). The results were quantitatively identical by
using the expression level of either β-actin or glyceraldehyde 3-
phosphate dehydrogenase, the housekeeping genes selected, to
normalize the AmGAS expression.

DISCUSSION
TERPENOID VOLATILES IN A. MILLEFOLIUM AND CONTRIBUTIONS OF
GERMACRENE A AND β-ELEMENE
Content and composition of secondary metabolites in A. mille-
folium tissues has been addressed in several publications (Orav
et al., 2006; Gudaityte and Venskutonis, 2007; Raal et al., 2012;
Dias et al., 2013). These studies have demonstrated occurrence
of multiple chemotypes with varying chemical composition of
the essential oil, although monoterpenes β-pinene, α-pinene,
sabinene, limonene, 1,8-cineole, β-phellandrene and ocimenes
and sesquiterpenes (E)-β-caryophyllene and germacrene D have
often been observed as the main constituents of yarrow essential
oil (Mockute and Judzentiene, 2003; Orav et al., 2006; Gudaityte
and Venskutonis, 2007; Judzentiene and Mockute, 2010; Raal
et al., 2012) agreeing with our observations (Tables 2, 3).
Germacrene A has been detected in past studies in trace level

in only some chemotypes (Gudaityte and Venskutonis, 2007),
and some studies have not detected germacrene A (Cornu et al.,
2001; Lyakina, 2002; Orav et al., 2006; Raal et al., 2012). On
the other hand, β-elemene was observed in all tested A. mille-
folium chemotypes at a significant level in the study of Gudaityte
and Venskutonis (2007). However, all these past studies have
used high GC injector temperatures of 230 to 250◦C. Given
that germacrene A is heat labile and is converted to β-elemene
through the Cope rearrangement upon heating (De Kraker
et al., 1998; Adio, 2009a), lack of germacrene A identification
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FIGURE 3 | Confirmation of the recombinant germacrene A synthase
(GAS) activity of heterologously expressed GAS synthase of
A. millefolium in vitro. Comparison of the formed product profiles using the
injector temperatures of 215◦C (upper chromatogram) and 150◦C (lower

chromatogram). Germacrene A synthase (GAS) activity was assayed with C15
farnesyl diphosphate (FDP) and the volatiles were analyzed in the headspace.
Published (A,B; Adams, 2001) and observed (B,D) mass spectra of
β-elemene (A,B), and germacrene A (C,D) are also shown.

FIGURE 4 | Heterologus expression of AmGAS. (A) sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the numbers
indicate—1: protein marker, 2: induced recombinant strain containing
pET-26b (+) plus AmGAS gene after 6 h, 3, after 4 h; 4, after 2 h; 5,
non-induced and 6, E. coli BL21 (DE3) without plasmid, and (B) western
blotting, the numbers denote—1, non-induced recombinant strain
containing pET-26b (+) plus AmGAS gene; 2, induced protein after 2 h; 3,
after 4 h; 4, after 6 h and 5, protein marker. Arrows show the band that
belongs to the recombinant protein of AmGAS.

in several past studies can have resulted from excessive injector
temperatures.
Here we analyzedA. millefolium volatiles in two different injec-

tor temperatures of 150◦C and 215◦C. Similarly to earlier findings

(De Kraker et al., 1998), moderately high injector temperature
of 215◦C caused the rearrangement of the bulk of germacrene A
into β-elemene, while at the injector temperature of 150◦C, much
greater germacrene A detection yield was achieved (Figure 3).
In fact, considering that β-elemene is the rearrangement prod-
uct of germacrene A, the predicted contribution of germacrene A
emission to total sesquiterpene emission was ca. 1% for flowers
and 7% for leaves, indicating that germacrene A is a moder-
ately important sesquiterpene in the emissions of A. millefolium
(Table 3). However, the sum of germacrene A and β-elemene at
the injector temperature of 150◦Cwas less than that at the injector
temperature of 215◦C (Figure 3), suggesting imperfect desorp-
tion at this temperature. Thus, the release of germacrene A from
A. millefolium can be even higher than detected by the modified
procedure with mild injector temperature.

IDENTIFICATION OF GERMACRENE SYNTHASE GENE IN A.
MILLEFOLIUM AND RNA PROFILING IN DIFFERENT TISSUES
Germacrene A synthase has been previously amplified in differ-
ent Asteraceae family members (Figure 1) including T. parthe-
nium (Majdi et al., 2011), C. intybus (Bouwmeester et al., 2002),
Solidago canadensis (Prosser et al., 2002), Helianthus annuus
(Göpfert et al., 2009, 2010), Crepidiastrum sonchifolium (Ren
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FIGURE 5 | Terpenoids detected in the vapor phase of in vitro analysis.
AmGAS was fed with geranyl diphosphate (GDP) (A), neryl diphosphate
(NDP) (B), the mixture (1:1) of neryl diphosphate (NDP) and geranyl
diphosphate (GDP) (C), geranyl diphosphate (GDP) and farnesyl
diphosphate (FDP) (D) or neryl diphosphate (NDP) and farnesyl diphosphate
(FDP) (E) at gas chromatograph mass spectrometry injector temperature of
150◦C. 1, α-thujene; 2, α-pinene; 3, myrcene; 4, 2-carene; 5, α-phellandrene;
6, α-terpinene; 7, limonene; 8, (Z)-β-ocimene; 9, (E)-β-ocimene; 10,
γ-terpinene; 11, terpinolene; 12, β-elemene; 13, germacrene A.

et al., 2006), Matricaria recutita (Irmisch et al., 2012), Lactuca
sativa (Bennett et al., 2002), A. annua (Bertea et al., 2006) and
Ixeris dentata (Kim et al., 2005). Here we further amplified the
germacrene A synthase gene (AmGAS) from important medicinal
plant A. millefolium, cloned and expressed AmGAS in E. coli BL21
(DE3) and confirmed the bacterial expression by SDS-PAGE and
western blotting (Figure 4). Thus, a new promising plant model
system was developed to investigate the regulation and evolution
of germacrenes’ family of sesquiterpene synthesis.
RNA profiling of AmGAS in A. millefolium tissues showed dif-

ferent levels of germacrene A synthase in different tissues with
the highest expression level observed in leaves and flowers and
much lower expression level in rhizome, root and stem tissues
(Figure 6). Organ-specific expression profile of AmGAS is in
agreement with previous observations in other species having ger-
macrene A synthases (De Kraker et al., 2001; Bouwmeester et al.,
2002; Kim et al., 2005; Nguyen et al., 2010). Nevertheless, in some
plant species such as T. parthenium even a more specialized GAS

Table 4 | Terpenoids detected in the headspace of in vitro analysis of

recombinant A. millefolium germacrene A synthase (AmGAS) fed

with geranyl diphosphate (GDP), neryl diphosphate (NDP) or farnesyl

diphophate (FDP) at gas chromatograph mass spectrometry (GC-MS)

injector temperature of 150◦C.

Substrate Product Retention index Relative

proportion (%)
Lit. Calc.

FDP β-elemene 1391 1390 47.5

β-selinene 1490 1493 4.9

α-selinene 1498 1500 7.1

germacrene A 1509 1512 40.5

GDP α-thujene 926 926 <0.1

α-pinene 939 932 1.2

Camphene 954 949 0.2

myrcene 991 988 51.8

α-terpinene 1017 1016 0.6

limonene 1029 1029 11.5

(Z )-β-ocimene 1037 1035 8.8

(E)-β-ocimene 1050 1046 12.2

γ-terpinene 1060 1058 0.6

terpinolene 1089 1085 11.6

linalool 1097 1099 0.8

α-terpineol 1189 1197 0.3

NDP α-thujene 926 926 0.2

α-pinene 939 932 0.2

α-fenchene 953 941 <0.1

camphene 954 949 <0.1

myrcene 991 988 0.8

2-carene 1002 997 2.1

α-phellandrene 1003 1004 0.4

α-terpinene 1017 1016 2.9

limonene 1029 1029 62.5

(Z )-β-ocimene 1037 1035 0.5

(E)-β-ocimene 1050 1046 0.2

γ-terpinene 1060 1058 1.0

terpinolene 1089 1085 29.1

α-terpineol 1189 1197 <0.1

expression pattern has been found with the expression mainly
confined to flowers and very low expression level or none in leaves
and roots (Majdi et al., 2011). Future studies are needed to gain
insight into regulatory elements responsible for organ-specific
expression pattern and species differences in organ-specificity of
expression.

ENZYME ASSAY OF GERMACRENE A SYNTHASE IN A. MILLEFOLIUM
AmGAS analysis with different substrates indicated that it is a
multi-substrate enzyme that is capable of binding either C10 sub-
strates GDP or NDP to form monoterpenes, or C15 substrate
FDP to form sesquiterpenes (Table 4, Figures 3, 5). Although
multiple substrates are not routinely used in functional char-
acterization of terpenoid synthases, it has been demonstrated
that several terpenoid synthases are capable of using multiple
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FIGURE 6 | Relative gene expression of germacrene A synthase (GAS)
in plant. The flower stages separated in (B) were from left to right: bud,
early flowering, full flowering, and senescence. The expression of GAS is
normalized with respect to the expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene. Data are means ± SE. Means with the
same letter in (A) are not statistically different (P < 0.05) according to
paired-samples t-tests. No statistical differences were found for (B)
(separate-samples t-tests).

substrates (Rajabi et al., 2013). For example, Steele et al. (1998a)
showed that sesquiterpene δ-selinene synthase and γ-humulene
synthase from conifer Abies grandis could produce monoter-
penes when incubated with GDP in vitro. Analogously, sweet
basil (Ocimum basilicum) α-zingiberene synthase can catalyze for-
mation of several cyclic monoterpenes when GDP is provided
as substrate (Davidovich-Rikanati et al., 2008). In apple (Malus
domestica) sesquiterpene α-farnesene synthase formed monoter-
penes, in particular acyclic monoterpenes, E-β-ocimene, myrcene
and linalool when GDPwas given as substrate (Green et al., 2007).
This latter result is analogous to AmGAS reaction with GDP
where mainly acyclic monoterpenes were produced in our study
(Table 4).
It is interesting that AmGAS incubation with NDP resulted

in production of cyclic monoterpenes, while incubation with
GDP mainly resulted in production of acyclic monoterpene. This

indicates that substrate structure importantly drives the product
profiles of AmGAS. It is plausible that the trans-substrate, GDP,
ionizes mainly to linalyl cation, resulting in production of acyclic
products, while the cis-substrate, NDP, ionizes to neryl cation and
further to terpinyl cation leading to production of cyclic monoter-
penes (Schilmiller et al., 2009). The linalyl cation can further
isomerize to neryl cation, but the reverse, cis-trans-isomerization
is likely sterically restricted as no acyclic monoterpenes were
formed with NDP.
Despite AmGAS has the monoterpene synthase activity simi-

larly to some other sesquiterpene synthases, the functional signif-
icance of this finding, especially the finding of the use of potential
use of NDP, is not fully clear. Traditionally, monoterpene synthe-
sis has been considered to occur in plastids, while sesquiterpene
synthesis in cytosol (Dudareva et al., 2004, 2006; Pichersky et al.,
2006; Tholl, 2006; Bohlmann and Keeling, 2008; Chen et al.,
2011; Gutensohn et al., 2013; Rajabi et al., 2013). This under-
standing stems from the evidence of subcellular localization of
pertinent terpenoid synthases and distribution of GDP (assumed
to be mainly in chloroplasts) and FDP (assumed to be mainly
in cytosol). Chloroplastic monoterpene synthases have a typical
transit peptide at the N-terminal position which is responsible
for chloroplast targeting. Thus they are 50–70 amino acids longer
(600–650 amino acids) than sesquiterpene synthases which lack
a transit peptide and contain 550–580 amino acids (Bohlmann
et al., 1998; Rajabi et al., 2013). Lack of the transient peptide
and overall length of AmGAS (559 amino acids), suggest that
AmGAS is functionally active in the cytosol. As in our study,
a greater affinity to GDP than to FDP has been observed for
some other sesquiterpene synthases. For instance, a sesquiterpene
synthase (LaBERS) from lavender, used GDP with a higher affin-
ity than FDP and also produced monoterpenes, albeit with low
rates (Landmann et al., 2007). It has been suggested that LaBERS
has probably evolved from a monoterpene synthase by the loss
of the plastidial signal peptide and by broadening its substrate
spectrum.
On the other hand, there is recent evidence that multiple-

substrate sesquiterpene synthases in cytosol can function as
monoterpene synthases in cytosol when GDP becomes avail-
able (Davidovich-Rikanati et al., 2008; Gutensohn et al., 2013),
presumably through the export of GDP from chloroplasts
(Gutensohn et al., 2013). Previously, the cross-talk among chloro-
plastic and cytosolic isoprenoid synthesis pathways has been
thought to occur at the level of C5 intermediate isopentenyl
diphosphate (IDP) (Hemmerlin et al., 2003; Laule et al., 2003).
However, the experimental evidence suggests that as yet uniden-
tified IDP-transporter can also transport GDP (Bick and Lange,
2003). In fact, 13C-labeling suggests that chloroplast-derived GDP
can be used in cytosolic sesquiterpene synthesis in chamomile
(M. recutita), close relative of A. millefolium, (Adam and Zapp,
1998; Adam et al., 1999), suggesting that GDP can be available for
cytosolic monoterpene synthesis in Asteraceae.
In transgenic tomato that expresses multiple-substrate

sesquiterpene α-zingiberene synthase in cytosol, monoterpene
synthesis in cytosol was relatively small unless chloroplastic GDP
pool was strongly enhanced by overexpressing plastidic GDP syn-
thase (Gutensohn et al., 2013). This evidence opens up an exciting
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opportunity that physiological conditions leading to buildup of
chloroplastic GDP can enhance GDP transport to cytosol, leading
to major enhancement of cytosolic monoterpene synthesis. In
fact, our study indicated that AmGAS affinity to GDP is greater
than to FDP as more monoterpenes were produced when both
substrates were given in equimolar concentrations (Figure 5D).
Clearly the substrate affinity, C10 vs. C15, can depend onmultiple
factors such as the concentration of metal cations and pH of the
reaction medium (Green et al., 2007), but nevertheless this result
suggests that the balance between sesqui- and monoterpenes
can be importantly altered by GDP availability. Ocimene-type
aliphatic sesquiterpenes synthesized by AmGAS when GDP is
provided as substrate are classic stress-induced monoterpenes
(Rodriguez-Saona et al., 2001; D’ Alessandro and Turlings, 2005;
Arimura et al., 2009; Copolovici et al., 2011, 2012) that in the case
of some stresses are induced almost instantaneously in response
to stress (Copolovici et al., 2012). Possible regulation of chemical
profiles by enzyme substrate availability, FDP vs. GDP, provides a
potential important control point for physiological regulation of
cytosolic terpene synthesis.
There is also a long-standing enigma of how monoterpene

synthesis proceeds in heterotrophic compartments of aromatic
plants lacking specialized storage structures. Plastidic monoter-
pene synthesis, especially in leaves, is classically strongly linked
to photosynthetic carbon metabolism (Niinemets et al., 2010;
Li and Sharkey, 2013). In the case of aromatic plants such as
A. millefolium, mono- and sesquiterpene contents of the essen-
tial oil are strongly correlated (Mockute and Judzentiene, 2003;
Orav et al., 2006; Gudaityte and Venskutonis, 2007; Judzentiene
and Mockute, 2010) and not necessarily correlated with the rate
of carbon assimilation. Thus, the finding ofmixed substrate speci-
ficity of AmGASmight indicate amore important role of cytosolic
monoterpene synthesis in aromatic plants.
What could be the physiological significance of cis- vs. trans-

isomers of substrates? Recently, a tomato monoterpene synthase
has been sequenced that uses neryl diphosphate, the cis-isomer
of GDP, as a substrate instead of GDP, to form several cyclic
monoterpenes in trichomes (Schilmiller et al., 2009). Sallaud et al.
(2009) further reported that a sesquiterpene synthase in tomato
uses Z,Z-FDP instead of the usual E,E-FDP for the biosynthesis
of type II sesquiterpenes in the trichome secretory cells. Clearly
more work is needed to gain insight into the possible use of
cis-substrates in species other than tomato.

PHYLOGENETIC ANALYSIS OF GERMACRENE A SYNTHASE
Multiple sequence alignment of AmGAS amino acid sequences
with germacrene A synthases from other Asteraceae species
showed high sequence similarity (Figure 2). The phylogenetic
analysis showed a particularly close relationship between GAS
from A. millefolium and T. parthenium and A. annua which
is in accordance with high phylogenetic relatedness among
these species (Figure 1). Germacrene A synthase from Asteraceae
grouped in one single clad, which suggests a monophyletic origin
of the gene. This is in agreement with the observation that occur-
rence of germacrene A is restricted to this family (Bouwmeester
et al., 2002; Adio, 2009a; Majdi et al., 2011).
Germacrene A synthase is a two-domain, α-β-terpenoid syn-

thase with the active center in α-domain (C-terminus, 234–558

AA) exhibiting class I terpene synthase activity (Christianson,
2008; Rajabi et al., 2013). β-domain in N-terminus (32–245
AA) has lost the catalytic activity in mono- and sesquiter-
pene synthases, and seems to play a role in tertiary confor-
mation of α-β-terpenoid synthases (Christianson, 2006; Aaron
and Christianson, 2010). Thus, the 5� end of the GAS gene
(N-terminus for the protein) shows considerable variation in gene
structure and sequence which is in agreement with other two-
domain, α-β-terpenoid synthase genes (Aubourg et al., 2002).
A number of conserved sequences of AmGAS with high

homology to germacrene A synthase amino acids in other
Asteraceae family members was detected. The second red box
in Figure 2 shows the conserved aspartate-rich motif of DDxxD
(DDTYD Asteraceae family, position 316–320 AA) which is con-
served in all plant terpenoid synthases (Steele et al., 1998a). The
occurrence of this aspartate-rich motif (DDxxD) at the catalytic
site is crucial in positioning the substrate for catalysis. Another
metal binding motif is located on the opposite side of the active
site (Christianson, 2006). This motif, designated as NSE/DTE
motif, has apparently evolved from a second aspartate-rich motif
conserved in prenyl transferases, although this NSE/DTE motif is
less conserved in sesquiterpene synthases. In grand fir (A. grandis)
sesquiterpene δ-selinene and γ-humulene synthases, this motif is
replaced by a second DDxxD motif (Steele et al., 1998a). Here
we show that this motif is replaced by DDxxx (DDVMT) in ger-
macrene A synthases of Asteraceae (the forth red box, position
460–464, Figure 2). This second DDxxD (or DDxxx) motif is also
involved in catalysis (Steele et al., 1998b; Little and Croteau, 2002)
and the formation ofmultiple productsmight be enhanced by this
motif (Degenhardt et al., 2009).
In addition to these motifs, about 35 amino acids upstream of

the first DDxxD motif there is a highly conserved arginine-rich,
RxR (RDR in Asteraceae)motif (the first red box in Figure 2), that
plays a role in the complexing of the diphosphate group after ion-
ization of FDP (Starks et al., 1997). Also the third red box shows a
conserved motif of TSA (position 416–418) that plays a substan-
tial role in cyclization (Chang et al., 2005). High conservation of
these motifs in germacrene A synthases from Asteraceae suggests
that they have the same catalytic mechanism and are potentially
mixed-substrate terpene synthases. Clearly further work with
protein crystal structure is needed to gain insight into the catal-
ysis of germacrene A synthases with different substrates and into
the determinants of substrate specificity and product profiles with
different substrates.
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Multi-Substrate Terpene Synthases:
Their Occurrence and Physiological
Significance

Leila Pazouki 1* and Ülo Niinemets 1, 2*

1 Department of Plant Physiology, Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences,

Tartu, Estonia, 2 Estonian Academy of Sciences, Tallinn, Estonia

Terpene synthases are responsible for synthesis of a large number of terpenes

in plants using substrates provided by two distinct metabolic pathways, the

mevalonate-dependent pathway that is located in cytosol and has been

suggested to be responsible for synthesis of sesquiterpenes (C15), and

2-C-methyl-D-erythritol-4-phosphate pathway located in plastids and suggested

to be responsible for the synthesis of hemi- (C5), mono- (C10), and diterpenes (C20).

Recent advances in characterization of genes and enzymes responsible for substrate and

end product biosynthesis as well as efforts in metabolic engineering have demonstrated

existence of a number of multi-substrate terpene synthases. This review summarizes the

progress in the characterization of such multi-substrate terpene synthases and suggests

that the presence of multi-substrate use might have been significantly underestimated.

Multi-substrate use could lead to important changes in terpene product profiles upon

substrate profile changes under perturbation of metabolism in stressed plants as well as

under certain developmental stages. We therefore argue that multi-substrate use can

be significant under physiological conditions and can result in complicate modifications

in terpene profiles.

Keywords: monoterpene synthesis, multi-substrate terpene synthases, prenyltransferases, sesquiterpene

synthesis, subcellular compartmentalization, terpene engineering, terpene metabolites

INTRODUCTION

Plants synthesize a vast array of secondary metabolites, many of which have been used by humans
due to their medicinal, culinary, and cosmetic properties (Balandrin et al., 1985). Terpenoids
with different molecular size and very high structural diversity constitute the largest group of
plant secondary metabolites with more than 60,000 (http://dnp.chemnetbase.com) representatives
(Cheng et al., 2007; Xie et al., 2012). Terpenes are synthesized in all known organismal groups where
they fulfill a plethora of functions ranging from primary metabolism to antioxidative and structural
functions (Pontin et al., 2015). They are extensively explored for their diverse applications as
agricultural chemicals, flavors and fragrances, medicines and industrial chemicals (Pontin et al.,
2015).

All terpenes are derived from C5 building blocks, isopentenyl diphosphate (IDP) and
dimethylallyl diphosphate (DMADP). They are produced by two distinct pathways, the mevalonate
(MVA) pathway, which functions in archaea and in some bacteria and in the cytosol
of plants, animals and fungi, and the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway
present in most bacteria and in plant plastids and affiliated organelles such as apicoplasts
in Apicomplexa (Smit and Mushegian, 2000; Degenhardt et al., 2009; Nagegowda, 2010;
Lombard and Moreira, 2011). IDP and DMADP are further condensed by enzymes called



114

Pazouki and Niinemets Multi Substrate Terpene Synthases

prenyltransferases resulting in a multitude of intermediates
with different chain length including geranyl diphosphate
(GDP, C10), farnesyl diphosphate (FDP, C15), geranylgeranyl
diphosphate (GGDP, C20), and squalene (C30; Koyama and
Ogura, 1999; Lange et al., 2000; Rodríguez-Concepción,
2006). These intermediates are further used by a large
class of enzymes called terpene synthases (TPSs) including
hemiterpene synthases responsible for formation of
hemiterpenes isoprene and 2-methyl-butenol (C5), monoterpene
synthases for monoterpenes (C10), sesquiterpene synthases
for sesquiterpenes (C15), and diterpene synthases for
diterpenes (C20; Bohlmann and Croteau, 1999; Chen
et al., 2011). A peculiar feature of TPSs is that they
first form a highly reactive substrate carbocation that
is further rapidly converted to different carbocation
intermediates, typically giving rise of multiple terpene
products (Bohlmann and Keeling, 2008; Christianson, 2008).
The product specificity of different terpenoid synthases
is very variable and primarily depends on how well the
substrate carbocation can be stabilized in the enzyme active
center (Bohlmann and Keeling, 2008; Christianson, 2008).

KEY CONCEPT 1 | Product specificity.

Capacity to form specific reaction products. Terpene synthases typically

form multiple products, but the diversity of products varies for different

terpene synthases with some catalyzing synthesis of a limited number of

products (high product specificity) and others catalyzing a large variety of

different terpenes (low product specificity). Multi-substrate enzymes always

form different products with different substrates, but this concept refers to the

diversity of products formed with given substrate.

Recent progress in cloning of multiple terpene
biosynthesis genes, expression in heterologous systems,
and functional characterization of corresponding enzymes
have greatly contributed to improve understanding of
functions of TPSs and regulation of genes involved in
terpene synthesis pathways both in angiosperms and
gymnosperms (Martin et al., 2004; Keeling and Bohlmann,
2006; Degenhardt et al., 2009; Chen et al., 2011; Pazouki
et al., 2015). In plants harboring two largely independent
pathways for production of terpene precursors, MVA and
MEP pathways, recent work has opened up an exciting
novel and so far hidden aspect of regulation of terpene
synthesis that challenges the current consensus on the
compartmentalization and regulation of terpene synthesis. In
particular, there is evidence that several TPSs aremulti-substrate

KEY CONCEPT 2 | Multi-substrate terpene synthases.

TPSs that can use prenyl diphosphates with different chain length or different

cis/trans configuration as substrates.

enzymes, capable of synthesizing terpenes of different chain
length depending on corresponding substrate availability
(Davidovich-Rikanati et al., 2008; Gutensohn et al., 2013;
Pazouki et al., 2015). Among such multi-substrate enzymes,
some can form monoterpenes with GDP as the substrate

and sesquiterpenes with FDP as the substrate (Davidovich-
Rikanati et al., 2008; Gutensohn et al., 2013; Pazouki et al.,
2015).

The biological significance of the finding of multi-substrate
use has been debated as according to the current consensus,
hemiterpene, monoterpene, and diterpene syntheses are confined
to plastids and rely on substrates provided by the MEP
pathway, while sesquiterpene synthesis is confined to cytosol
and relies on substrates provided by the MVA pathway
(Figure 1; Dudareva et al., 2004, 2006; Keeling et al., 2008).
However, there has been significant progress in understanding
the subcellular distribution of substrates with differing chain
length and cross-talk between the two pathways for substrate
formation (Gutensohn et al., 2013; Rasulov et al., 2015;
Dong et al., 2016). Since in plants both pathways (MEP
and MVA) synthesize the same substrates, DMADP and
IDP, there has been a long-standing enigma as to whether
the two pathways can exchange metabolites (Rodriguez-
Concepcion and Boronat, 2002). A certain exchange of
IDP between cytosolic and plastidic compartments has been
considered as the most likely point of convergence of the
two pathways (Schwender et al., 2001; Bick and Lange,
2003). Although the overall intercompartmental exchange of
terpene substrates from one compartment to pathway flux
in the other subcellular compartment is minor under non-
stressed conditions, the importance of cross-talk among the
pathways might increase under stress conditions that particularly
suppress terpene synthesis in one pathway or under certain
developmental stages (Dudareva et al., 2005; Maya et al.,
2013; Rasulov et al., 2015). Furthermore, substrate exchange
at the level of larger isoprenoids such as GDP has been
also shown to be possible (Bick and Lange, 2003; Dong
et al., 2016). In fact, several recent reports demonstrate
that monoterpenes can be synthesized by multi-substrate
sesquiterpene synthases in the cytosol (Davidovich-Rikanati
et al., 2008; Gutensohn et al., 2013). Such a multi-substrate
use capacity can provide an alternative means for regulation of
mono- and sesquiterpene production through modification of
cytosolic pool sizes of different substrates. On the other hand
there is evidence of sesquiterpene production in plastids (Van
Schie et al., 2007; Nagegowda, 2010). Furthermore, mitochondria
could potentially contribute to both mono- and sesquiterpene
synthesis (Figure 1, Tholl and Lee, 2011; Dong et al., 2016).

KEY CONCEPT 3 | Cross-talk among plastidic and cytosolic isoprenoid

synthesis pathways.

Plants have two isoprenoid synthesis pathways, 2-C-methyl-D-erythritol 4-

phosphate pathway (MEP pathway) and mevalonate (MVA) pathway that were

assumed to operate independently. There is now evidence that the pathway

products, in particular, C5 intermediate isopentenyl diphosphate (IDP), and C10

intermediate geranyl diphosphate (GDP) and possibly also C15 intermediate

farnesyl diphosphate (FDP) can be exchanged between plastids and cytosol,

indicating that the two pathways are not totally independent.

A possible multi-substrate use in both plastids and
cytosol opens up a previously non-considered opportunity
of modification of terpene product profiles by changes in pool
sizes of substrates with different chain length. This could be of

Frontiers in Plant Science | www.frontiersin.org 2 July 2016 | Volume 7 | Article 1019
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FIGURE 1 | Terpene biosynthetic pathways and their subcellular compartmentalization in plants. Thick arrows denote the classical understanding of

terpenoid synthesis compartmentalization among cytosol and plastid (Bohlmann et al., 1998b; Chen et al., 2011; Tholl and Lee, 2011), reflecting the circumstance

that monoterpene and diterpene synthases harboring a chloroplast-targeting peptide are functionally active in plastids and sesquiterpene synthases lacking the target

peptide are active in cytosol. However, recent findings of the capacity for multi-substrate use of several mono, sesqui-, and, diterpene synthases suggest that when

substrate becomes available, several cytosolic “sesquiterpene” synthases could also operate as monoterpene synthases, and analogously, multi-substrate

“monoterpene” and “diterpene” synthases could operate as sesquiterpene synthases in plastids (denoted by thin arrows). In addition, terpenoid synthesis can also

potentially occur in mitochondria (Nagegowda, 2010; Tholl and Lee, 2011; Dong et al., 2016). For instance, targeting linalool/(E)-nerolidol synthase (FaNES1) from

Fragaria ananassa (Table 1 for protein specifics) to the mitochondria led to the production of (E)-nerolidol and homoterpene 4,8-dimethyl nona-1,3,7-triene (DMNT) in

transgenic Arabidopsis thaliana plants (Kappers et al., 2005). DMADP, dimethylallyl diphosphate (C5); MEP pathway, 2-C-methyl-D-erythritol

4-phosphate/1-deoxy-D-xylulose 5-phosphate pathway; IDP, isopentenyl diphosphate (C5); FDP, farnesyl diphosphate (C15); GDP, geranyl diphosphate (C10); GGDP,

geranylgeranyl diphosphate (C20); NDP, neryl diphosphate (C10).

particular importance for aromatic plants that lack specialized
terpene storage structures. Because no time-consuming gene
expression is needed, only changes in substrate pool sizes
could result in rapid alteration of the small bouquets in
such species. In fact, a capacity of multi-substrate use can
be more widespread than currently recognized, because so
far, functional characterization of TPSs is often conducted
with only a single substrate or limited range of substrates
(Rajabi et al., 2013).

This focused review highlights the widespread presence
of multi-substrate terpenes, analyzes their evolutionary
relationships, and physiological significance with special
emphasis on subcellular localization of multi-substrate TPSs
and the possible availability of corresponding substrates. We
argue that this understudied facet of terpenoid metabolism
plays a significant role in determining terpene profiles in natural
conditions.

WIDESPREAD MULTI-SUBSTRATE USE OF
TPSs IN PLANTS

The first multi-substrate enzyme described was a (E,E)-β-
farnesene synthase from the aromatic herb Mentha x piperita
(Crock et al., 1997). It is one of the simplest sesquiterpene
synthases that uses FDP to produce mainly (E,E)-β-farnesene
(85%) and lower amounts of (Z)-β-farnesene (8%) and δ-
cadinene (5%). It can also use GDP as substrate and produce
several different cyclic monoterpene products such as limonene
(48%) and terpinolene (15%) and the acyclic monoterpene
myrcene (15%), but this enzyme lacks a N-terminal transit
peptide (Crock et al., 1997). Shortly afterwards, α-bisabolene
synthase from the gymnosperm tree Abies grandis was isolated
that catalyzes synthesis of sesquiterpene E-α-bisabolene with
FDP and monoterpene (+)-limonene with GDP (Bohlmann
et al., 1998b). This enzyme also lacked the transit peptide

Frontiers in Plant Science | www.frontiersin.org 3 July 2016 | Volume 7 | Article 1019
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and had a greater sequence similarity to other A. grandis
sesquiterpene synthases, δ-selinene synthase and γ-humulene
synthase, than to A. grandis monoterpene synthases, suggesting
that (E)-α-bisabolene synthase gene encodes a sesquiterpene
synthase (Bohlmann et al., 1998b). In contrast, A. grandis δ-
selinene synthase and γ-humulene synthase are similar to E-α-
bisabolene synthase in their capacity to produce monoterpenes
when incubated with GDP (Table 1; Steele et al., 1998).
Analogously, germacrene C synthase from Solanum lycopersicum
clone pLE11.3 was also shown to accept more than one
substrate, producing germacrene C (64%), germacrene A (18%),
germacrene B (11%), and germacrene D (7%) with FDP, and
limonene with GDP (Colby et al., 1998).

After these first reports of multi-substrate use, knowledge
of plant TPSs capable of forming terpenes of different chain
length depending on substrate has been steadily increasing,
and to our knowledge, there are by now at least 40 confirmed
cases of multi-substrate use among plant terpenoids (Table 1).
Additionally enzymes that can use C10 and C15 substrates as all
the synthases mentioned above, there are enzymes that can use
C5 and C10 substrates (simultaneous hemi- and monoterpene
synthase activities), C10–C20 substrates (simultaneous mono-,
sesqui,- and diterpene synthase activities), and C15 and C20
activity (simultaneous sesqui- and diterpene synthase activities;
Table 1, Figure 2). Among these different synthases, about 80%
belong to C10/C15multi-substrate enzymes (Figure 2), andmost
seem to be functionally active in the cytosol as the chloroplast-
targeting peptide (or mitochondrial-targeting peptide) is present
only in less than one third of the proteins (12 proteins, Table 1,
Figure 2). Although the putative transit peptidemight be present,
the homology of transit peptides is generally low, making it
difficult to predict the actual subcellular targeting, and thus,
its presence does not constitute the absolute proof or protein
targeting to plastids (Aharoni et al., 2004). Immunolabeling and
generation of fluorescent fusion proteins can ultimately solve
the issue with localization, but such studies have been rare in
multi-substrate enzymes (Huang et al., 2009; Carrie and Small,
2013).

TPSs with confirmed capacity of multi-substrate use
are widely divergent coming from six terpene synthase
families (TPS-a, TPS-b, TPS-d, TPS-g, TPS-e, TPS-f) further
underscoring that the capacity for multi-substrate use could
be much more widespread than previously thought. For
instance, detailed examination of TPS substrate specificities

KEY CONCEPT 4 | Substrate specificity.

Enzyme affinity for different substrates. Enzymes with high substrate specificity

can use only one or a few very similar substrates, while enzymes with broad

substrate specificity can use a range of substrate molecules. Although the

enzymes with broad substrate specificity can use multiple substrates, the

enzyme affinities for different substrates typically vary as indicated by varying

reaction rates with different substrates.

have indicated existence of at least 9 multi-substrate TPSs in
Vitis vinifera, out of which, two are C10/C15/C20 and the
others C10/C15 synthases (Table 1). Analogously, in Santalum
species, there are seven confirmed C10/C15 multi-substrate TPSs

(Table 1), and we argue that the capacity for multi-substrate use
is likely widespread across TPS families in multiple species.

Previously, multi-substrate use has been associated with
the lack of RRx8W motif (Aharoni et al., 2004) that is a
conserved motif associated with monoterpene formation, in
particular with isomerization of GDP to 3S-linalyl diphosphate
and formation of cyclic products (Dudareva et al., 2003; Chen
et al., 2011). However, among the multi-substrate enzymes,
11 enzymes, one C5/C10, and the others C10/C15 multi-
substrate enzymes contained this motif (Figure 2). All of the
RRx8W motif-containing TPSs belonged to TPS-b terpene clade
with the exception of one synthase that was in TPS-a clade
(Figure 2). Lack of RRx8W motif in a large number of TPSs
with C10 activity, many of which do form cyclic products,
suggests important modifications in catalytic mechanisms in
these multi-substrate enzymes.

Although multi-substrate use is likely widespread, not all
TPSs are multi-substrate synthases. In fact, steric limitations and
configuration of the active center and overall protein flexibility
as driven by the tertiary protein structure might rule out the
use of multiple substrates. For instance, incubation of gray
poplar (Populus x canescens) isoprene synthase with the larger
substrate GDP demonstrated that the active center was too small
to use GDP as a substrate for monoterpene production, although
GDP was a competitive inhibitor of isoprene synthesis (Köksal
et al., 2010). The only known enzyme capable of using both C5
and C10 substrates is a myrcene synthase in Humulus lupulus
that can produce both monoterpenes and isoprene (Sharkey
et al., 2013). In P. x canescens isoprene synthase, there are
two phenylalanine (Phe) residues, F338 and F485 that play an
important role in the functioning of the protein as obligate
isoprene synthase (Sharkey et al., 2005; Köksal et al., 2010). This
second Phe residue in P. x canescens isoprene synthase seals the
H-helix side of the active site, thereby making the active site
effectively smaller and avoiding the catalytic activity with GDP
(Gray et al., 2011). The myrcene synthase from H. lupulus only
possess a Phe residue homologous to F338 in P. x canescens
and does not possess the second Phe residue homologous to
F485 and instead of it, there is a Val residue (V502), allowing
for accommodation of both DMADP and GDP (Sharkey et al.,
2013).

Analysis of active site volumes of different TPSs based on
available crystal structures does demonstrate that the active
center cavity size and substrate and product sizes are closely
related (Köksal et al., 2011b). Nevertheless, the active site is
generally somewhat larger than the corresponding substrate
molecules; in several cases, the active site cavity volume is
much greater than substrate and product molecules (Köksal
et al., 2011b). Obviously, enzymes with cavities tailored to their
correspondent substrates can unlikely use larger substrates, while
enzymes with a too large cavity might not initiate the first steps
of catalysis with smaller substrates. As with the myrcene synthase
in H. lupulus (Sharkey et al., 2013), the capacity to use multiple
substrates might be associated with replacement of one or a
few amino acid residues in conserved region(s), allowing for the
active site of the enzyme to accept more than one substrate in
alternative conformations.
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TABLE 1 | Overview of plant terpene synthases with confirmed multi-substrate activity.

Terpene

synthase

GenBank

accession

number

Species TPS

family

Presence of

transit

peptidea

Substrateb Terpenoid productsc References

Germacrene A

synthase

(AmGAS)

KC145534 Achillea millefolium TPS-a N (E,E)-FDP Germacrene A, β-elemene, β-selinene,

α-selinene

Pazouki

et al., 2015

GDP Myrcene, (E)-β-ocimene, (Z)-β-ocimene,

limonene, terpinolene, α-pinene, camphene

NDP 2-Carene, γ-terpinene, α-terpinene,

α-fenchene, α-thujene

Myrcene

synthase

EU760349 Humulus lupulus TPS-b Y DMADP Isoprene Sharkey

et al., 2013

GDP Myrcene

Linalool synthase

(LeMTS1)

JN408286 Solanum
lycopersicum

TPS-b Y GDP Linalool Van Schie

et al., 2007

(E,E)-FDP (E)-Nerolidol

Nerolidol

synthase

(FaNES1)

AX528996 Fragaria ananassa TPS-g N (E,E)-FDP (E)-Nerolidol

GDP Linalool

Nerolidol

synthase

(FaNES2)

AX529067 Fragaria ananassa TPS-g Y (E,E)-FDP (E)-Nerolidol Aharoni

et al., 2004

GDP Linalool

Nerolidol

synthase

(FvNES1)

AX529002 Fragaria vesca TPS-g Y (E,E)-FDP (E)-Nerolidol Aharoni

et al., 2004

GDP Linalool

α-farnesene

synthase

AY787633 Malus × domestica TPS-b N (E,E)-FDP α-farnesene, β-farnesene Green et al.,

2007

GDP Linalool, (Z)-β-ocimene, (E)-β-ocimene,

β-myrcene

GDP and

IDP

α-farnesene

Santalene

synthase (SaSSy)

HQ343276 Santalum album TPS-b N (E,E)-FDP α-Santalene, β-santalene, epi-β-santalene,
α-exo-bergamotene, α-farnesene (traces),

β-farnesene (traces)

Jones et al.,

2011

(Z,Z)-FDP α-endo-Bergamotene, α-santalene,

(Z)-β-farnesene, epi-β-santalene, β-santalene

GDP Linalool, geraniol, terpineol, α-pinene (traces),

camphene (traces)

Santalene

synthase

(SspiSSy)

HQ343278 Santalum spicatum TPS-b N (E,E)-FDP α-Santalene, β-santalene, epi-β-santalene,
α-exo-bergamotene, α-farnesene (traces),

β-farnesene (traces)

Jones et al.,

2011

GDP Linalool, geraniol, terpineol, α-pinene (traces),

camphene (traces)

Santalene

synthase

(SauSSy)

HQ343277 Santalum
austrocaledonicum

TPS-b N (E,E)-FDP α-Santalene, β-santalene

epi-β-santalene, α-exo-bergamotene,

α-farnesene (traces), β-farnesene (traces)

Jones et al.,

2011

GDP Linalool, geraniol, terpineol, α-pinene (traces),

camphene (traces)

β-Bisabolene

synthase

HQ343279 Santalum
austrocaledonicum

TPS-a N (E,E)-FDP β-Bisabolene, α-bisabolol (traces) Jones et al.,

2011

GDP Limonene, terpineol

Sesquiterpene

synthase

(SspiSesquiTPS)

HQ343282 Santalum spicatum TPS-a N (E,E)-FDP β-elemol, guaiol, bulnesol Jones et al.,

2011

(Continued)
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TABLE 1 | Continued

Terpene

synthase

GenBank

accession

number

Species TPS

family

Presence of

transit

peptidea

Substrateb Terpenoid productsc References

GDP Linalool (traces)

Sesquiterpene

synthase

(SauSesquiTPS)

HQ343281 Santalum
austrocaledonicum

TPS-a N (E,E)-FDP α-Humulene, δ-cadinene, β-elemene Jones et al.,

2011

GDP Linalool (traces)

Monoterpene

synthase

(SaMonoTPS1)

JF746815 Santalum album TPS-b N (E,E)-FDP β-Bisabolene, α-bisabolol (traces) Jones et al.,

2008

GDP Limonene, α -terpineol

(E)-β-farnesene
synthase

AF024615 Mentha x piperita TPS-a N (E,E)-FDP (E)-β-farnesene, (Z)-β-farnesene, δ-cadinene Crock et al.,

1997

GDP Limonene, terpinolene, myrcene

(E,E)-α-farnesene
synthase

AY640154 Cucumis sativus TPS-a Y (E,E)-FDP (E,E)-α-farnesene Mercke

et al., 2004

GDP (E)-β-ocimene

α-Zingiberene

synthase (ZIS)

AY693646 Ocimum basilicum TPS-b N (E,E)-FDP α-Zingiberene, (Z)-α-bergamotene,

(E)-α-bergamotene, 7-epi-sesquithujene,
sesquithujene, β-sesquiphellandrene,

(Z)-β-farnesene, (E)-β-farnesene, β-bisabolene,

α-acoradiene, β-curcumene

Davidovich-

Rikanati

et al., 2008;

Gutensohn

et al., 2013

GDP α-Thujene, α-pinene, β-phellandrene,

γ-terpinene, p-cymene

Nerolidol/linalool

synthase

(AmNES/LIS1)

EF433761 Antirrhinum majus TPS-g N (E,E)-FDP (E)-Nerolidol, β-farnesene, α-farnesene,

α-bisabolol

Nagegowda

et al., 2008

GDP Linalool, (E)-β-ocimene, myrcene, α-pinene

Nerolidol/linalool

synthase

(AmNES/LIS2)

EF433762 Antirrhinum majus Y (E,E)-FDP (E)-Nerolidol, β-farnesene, α-farnesene,

α-bisabolol

Nagegowda

et al., 2008

GDP Linalool, (E)-β-ocimene, myrcene, α-pinene

(E)-α-
Bergamotene

synthase

(LaBERS)

DQ263742 Lavandula
angustifolia

TPS-b N (E,E)-FDP (E)-α-Bergamotene, (E)-nerolidol,
(Z)-α-bisabolene, (E)-β-farnesene,
β-sesquiphellandrene

Landmann

et al., 2007

GDP α-Pinene, sabinene, limonene, β-pinene,

camphene, β-myrcene

α-Bisabolene

synthase

AF006194 Abies grandis TPS-d N (E,E)-FDP (E)-α-Bisabolene Bohlmann

et al., 1998b

GDP (+)-Limonene

Germacrene C

synthase (clone

pLE11.3)

AF035630 Solanum
lycopersicum cv.

VFNT

TPS-a N (E,E)-FDP Germacrene C, germacrene A, germacrene B,

germacrene D

Colby et al.,

1998

GDP Limonene

δ-Selinene

synthase

AGU92266 Abies grandis TPS-d N (E,E)-FDP 34 different sesquiterpenes with δ-selinene,

germacrene B, guaia-6,9-diene, germacrene A

and δ-amorphene as the main products

Steele et al.,

1998

GDP Limonene, (Z)-β-ocimene, myrcene,

terpinolene, (E)-β-ocimene, α-terpinene,

γ-terpinene, α-pinene, β-pinene, sabinene

γ-Humulene

synthase

AGU92267 Abies grandis TPS-d N (E,E)-FDP 52 different sesquiterpenes with γ-humulene,

sibirene, longifolene, b-himachalene,

γ-himachalene and α-himachalene as the main

products

Steele et al.,

1998

(Continued)
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TABLE 1 | Continued

Terpene

synthase

GenBank

accession

number

Species TPS

family

Presence of

transit

peptidea

Substrateb Terpenoid productsc References

GDP Limonene, terpinolene, myrcene,

(E)-β-ocimene, camphene, α-pinene, β-pinene,

sabinene, α-thujene, α-terpinene

Kaurene synthase

like (TaKSL5)

AB597958 Triticum aestivum TPS-e Y ent-CDP ent-Kaurene Hillwig et al.,

2011

(E,E)-FDP (E)-Nerolidol

Terpene synthase

(PlTPS2)

KC012520 Phaseolus lunatus TPS-g Y (E,E)-FDP (E)-Nerolidol Brillada

et al., 2013

GDP Linalool

GGDP (E,E)-Geranyllinalool

Terpene synthase

(MtTPS3)

AY766249 Medicago
truncatula

TPS-g Y (E,E)-FDP (E)-Nerolidol Arimura

et al., 2008

GDP Linalool

GGDP (E,E)-Geranyllinalool

Sesquiterpene

synthase

(Os08g07100)

EU596452 Oryza sativa cv.

Nipponbare

TPS-b N (E,E)-FDP 14 sesquiterpenes with zingiberene,

β-sesquiphellandrene and (E)-γ-bisabolene as

main products

Yuan et al.,

2008

GDP several monoterpenes with β-myrcene as main

product

Terpene synthase

(At3g25810)

BT053763 Arabidopsis
thaliana

TPS-b Y (E,E)-FDP (E,E)-α-farnesene, (E)-β-farnesene,
(E)-α-bergamotene

Chen et al.,

2003

GDP α-Pinene, sabinene, β-pinene, β-myrcene,

limonene, (E)-β-ocimene

β-ocimene

synthase

(AtTPS02)

At4g16730 Arabidopsis
thaliana

TPS-b Y (E,E)-FDP (E,E)-α-farnesene Huang et al.,

2010

GDP (E)-β-ocimene

(E,E)-α-farnesene
synthase

(AtTPS03)

At4g16740 Arabidopsis
thaliana

TPS-b N (E,E)-FDP (E,E)-α-farnesene Huang et al.,

2010

GDP (E)-β-ocimene

Linalool/Nerolidol

synthase

(VvPNLinNer1)

HM807391 Vitis vinifera TPS-g N (E,E)-FDP (E)-Nerolidol Martin et al.,

2010

GDP Linalool

Linalool/Nerolidol

synthase

(VvPNLinNer2)

HM807392 Vitis vinifera TPS-g N (E,E)-FDP (E)-Nerolidol Martin et al.,

2010

GDP Linalool

Linalool/Nerolidol

synthase

(VvCSLinNer)

HM807393 Vitis vinifera TPS-g N (E,E)-FDP (E)-Nerolidol Martin et al.,

2010

GDP Linalool

Linalool/(E)-
nerolidol/(E,E)-
geranyllinalool

synthases

(VvPNLNGl1-

VvPNLNGl4)

HM807394 Vitis vinifera TPS-g N (E,E)-FDP (E)-Nerolidol Martin et al.,

2010

(E)-
Nerolidol/(E,E)-
geranyllinalool

synthase

(VvCSENerGl)

HM807400 Vitis vinifera TPS-f N (E,E)-FDP (E)-Nerolidol Martin et al.,

2010

(Continued)
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TABLE 1 | Continued

Terpene

synthase

GenBank

accession

number

Species TPS

family

Presence of

transit

peptidea

Substrateb Terpenoid productsc References

GGDP (E,E)-Geranyllinalool

(E)-
Nerolidol/(E,E)-
geranyllinalool

synthase

(VvPNENerGl)

HM807401 Vitis vinifera TPS-f N (E,E)-FDP (E)-Nerolidol Martin et al.,

2010

GGDP (E,E)-Geranyllinalool

(E)-β-
ocimene/(E,E)-α-
farnesene

synthase

(VvGwbOciF)

HM807388 Vitis vinifera TPS-b N (E,E)-FDP (E,E)-α-farnesene Martin et al.,

2010

GDP Linalool

(E)-β-
ocimene/(E,E)-α-
farnesene

synthase

(VvCSbOciF)

HM807389 Vitis vinifera TPS-b N (E,E)-FDP (E,E)-α-farnesene Martin et al.,

2010

GDP Linalool

Linalool/Nerolidol

synthase

(VvRILinNer)

JQ062931 Vitis vinifera TPS-g Y (E,E)-FDP (E)-Nerolidol Zhu et al.,

2014

GDP Linalool

aY, transit peptide is present; N, transit peptide is absent.
bDMADP, dimethylallyl diphosphate (C5); IDP, isopentenyl diphosphate (C5); GDP, geranyl diphosphate (C10); FDP, farnesyl diphosphate (C15); NDP, neryl diphosphate (C15); CDP,

copalyl diphosphate (C20); GGDP, geranylgeranyl diphosphate (C20).
cproducts synthesized from given substrates are ordered according to the relative importance in the product blend.

SPECIFICITY OF USE OF DIFFERENT
SUBSTRATES AMONG MULTI-SUBSTRATE
ENZYMES

Among the multi-substrate enzymes, there is a significant
variation in enzyme affinity toward different substrates and
overall specific activity. The C5/C10 myrcene synthase of
H. lupulus has a lower isoprene synthase activity than other,
only isoprene synthesizing enzymes (Sharkey et al., 2013),
suggesting a less optimal active site structure for isoprene
synthesis. In the case of C10/C15 multi-substrate S. lycopersicum
germacrene C synthase, the sesquiterpene synthase activity
exceeded the monoterpene synthase activity by a factor of ten
when measured in the same enzyme preparation at saturating
levels of the prenyl diphosphate substrates and Mg2+ cations
(Colby et al., 1998). On the other hand, cucumber (Cucumis
sativus) (E,E)-α-farnesene synthase catalyzed the formation of
(E)-β-ocimene from GDP with similar efficiency as formation
of (E,E)-α-farnesene from FDP (Mercke et al., 2004). In
addition, both the cytosolic (FaNES1) and chloroplastic or
mitochondrial (FaNES2) nerolidol synthases in strawberry
(Fragaria ananassa) produced almost similar amounts of the
monoterpene linalool and the sesquiterpene nerolidol from their
corresponding substrates (Aharoni et al., 2004). Furthermore,
two sesquiterpene synthases, (E)-α-bergamotene synthase from

lavender (Lavandula angustifolia; Landmann et al., 2007), and
yarrow (Achillea millefolium) (AmGAS; Pazouki et al., 2015)
had greater affinities to GDP than to FDP when both substrates
were provided in equimolar concentrations. In the case of
two C10/C15/C20 enzymes, Phaseolus lunatus TPS (PlTPS2)
and MtTPS3 from Medicago truncatula (Table 1), substrate
specificities also widely differed. For equimolar substrate
mixtures of GDP, FDP, and GGDP, the rate of product formation
for PlTPS2 was the largest for the C10 compound linalool,
followed by the C15 compound (E)-nerolidol (82% of the rate of
linalool synthesis), and the C20 compound (E,E)-geranyllinalool
(16% of the rate of linalool synthesis; (Brillada et al., 2013)). In
contrast, for MtTPS3, the rate of formation was the greatest for
(E)-nerolidol, followed by (E,E)-geranyllinalool (65% of the rate
of (E)-nerolidol synthesis) and linalool (5% of the rate of (E)-
nerolidol synthesis; Arimura et al., 2008). Such differences in the
affinity for different substrates further indicate that the active
center size and structure and protein tertiary structure likely
importantly drive the capacity for multi-substrate use of different
proteins.

Within a given substrate size class, several enzymes can accept
also different substrates. Besides to FDP, the AmGAS can use
both GDP and NDP (neryl diphosphate), whereas with GDP
resulted in formation of acyclic monoterpenes, and with NDP
in formation of cyclic monoterpenes (Pazouki et al., 2015).
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FIGURE 2 | Phylogenetic tree of terpene synthases (TPS) with confirmed capacity for multi-substrate use (Table 1 for details of product and substrate

specificities). The red branch denotes TPS with C5/C10 activity, the black branches with C10/C15 activity, the blue branches with C10/C15/C20 activity, and the

green branches with C15/C20 activity. These 40 multi-substrate terpene synthase are from different TPS families including TPS-a, TPS-b, TPS-g, TPS-d, TPS-e, and

TPS-f. The tree was constructed by MEGA5 software by UPGMA method (Tamura et al., 2011). The asterisks denote the presence of the conserved arginine-rich

RRx8W motif at the N-terminal of the protein that is common in many monoterpene synthases (Chen et al., 2011). The underlined enzymes demonstrate the presence

of transit peptide.

Thus, substrate structure importantly controlled the product
profiles of AmGAS (Pazouki et al., 2015). Analogously, santalene
synthase (SaSSy) from Santalum album was able to accept
both (E,E)-FDP (trans isomer), (Z,Z)-FDP (cis isomer), and
GDP as substrates (Jones et al., 2011). However, differently
from AmGAS, sesquiterpene mixture produced with (E,E)-
FDP and (Z,Z)-FDP differed only moderately (Jones et al.,
2011; Table 1). There are monoterpene synthases that can
use NDP instead of GDP, e.g., a tomato (S. lycopersicum)
monoterpene β-phellandrene synthase expressed in glandular
trichomes (Schilmiller et al., 2009). Sesquiterpene synthases that
can use Z,Z-FDP instead of the usual E,E-FDP, e.g., a santalene

and bergamotene synthase in wild tomato (S. habrochaites)
have also reported (Sallaud et al., 2009). However, these cis-
substrate using enzymes cannot use the trans-substrates. Thus,
the capacity to use both the cis-and trans-substrate isomers in
the two multi-substrate enzymes, AmGAS and SaSSy suggests
a very high plasticity of the active centers of these enzymes.
Such a high active center plasticity might be a more general
feature of multi-substrate enzymes, but non-canonical substrates,
NDP and (Z,Z)-FDP are less frequently used in functional
assays than GDP and (E,E)-FDP. Clearly more work is needed
to gain insight into the possible use of cis-substrates across
TPSs.
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EVOLUTION OF MULTI-SUBSTRATE USE
AND SUBCELLULAR
COMPARTMENTALIZATION OF
MULTI-SUBSTRATE ENZYMES

Phylogenetic analyses indicate that the confirmedmulti-substrate
enzymes are diffusely spread across different terpene families,
indicating a strong convergent nature of this trait (Figure 2),
and overall demonstrating a high flexibility for evolution
of enzymes with new subcellular compartmentalization and
substrate specificity. It has been suggested that the demand for
gibberellin production has given rise to the large superfamily
of plant terpenoids (Peters, 2010), and thus, all plant terpenoid
synthases are believed to originate from an ancient diterpene
synthase (Hillwig et al., 2011; Köksal et al., 2011b; Rajabi
et al., 2013). These phylogenetically old diterpene synthases
are tri-domain, alpha-beta-gamma, proteins that contain a
transit peptide (Figure 3; Hillwig et al., 2011; Köksal et al.,
2011b; Rajabi et al., 2013). Further evolutionary modifications
leading to diversification of product profiles have not only
been associated with changes in active center structure, but
isoprene and monoterpene synthases have lost the gamma-
domain, while sesquiterpene synthases the target peptide

KEY CONCEPT 5 | Target peptide.

Only a minority of proteins functionally active in the chloroplast are encoded

by the chloroplast genome, while the majority of them is encoded by the

nuclear genome. These latter proteins are translated in the cytosol, and

transported into the chloroplast. These proteins typically have an N-terminal

peptide that targets these proteins to chloroplast. Analogously, proteins

might carry a targeting signal peptide that targets them to mitochondria.

Various computer models have been constructed to predict actual subcellular

targeting of given protein based on target peptide sequence, e.g. Predotar

(https://urgi.versailles.inra.fr/predotar/predotar.html).

and in most cases the gamma-domain (Hillwig et al., 2011;
Köksal et al., 2011b; Rajabi et al., 2013). Existence of proteins
with mixed substrate specificity allows for developing novel
hypotheses about timing of major evolutionary modifications,
the loss of γ-domain and transit peptide, in TPSs with different
substrate specificity (Figure 3). Analysis of the structure of bi-
domain, α-β, kaurene like diterpene synthase from Triticum
aestivum (TaKSL5) that can use both ent-copalyl diphosphate
to produce ent-kaurene and (E,E)-FDP to produce (E)-nerolidol
(Hillwig et al., 2011), suggests that evolution of sesquiterpene
synthesis can occur first by loss of γ-domain followed by
changes in subcellular localization by loss of transit peptide
and further diversification and loss of capacity for use of C20
substrate. Such a possibility is underscored by occurrence of
multi-substrate (E)-nerolidol/(E,E)-geranyllinalool synthases in
V. vinifera (VvPNLNGl1-VvPNLNGl4 and VvCSENerGl) that
have both C15 and C20 substrate use capacity, but lack both the
γ-domain and the transit peptide (Martin et al., 2010).

In TPS-e (TaKSL5) and TPS-f (VvPNLNGl1 andVvCSENerGl,
Figure 2) clades, there are three putative intermediates of
evolution of sesquiterpene synthases directly from diterpene
synthases by γ-domain loss predicted to occur first followed by
loss of transit peptide. On the other hand, in the TPS-d family,

all the three A. grandis C10/C15 multi-substrate TPSs lack the
transit peptide, but (E)-α-bisabolene synthase is a tri-domain,
α-β-γ, protein, while δ-selinene and γ-humulene synthases are
bi-domain, α-β, proteins (Bohlmann et al., 1998a). This suggests
that in evolution toward sesquiterpene synthesis in TPS-d family
proteins, the transit peptide could have been lost first, followed
by the loss of the γ-domain (Figure 3).

In TPS-a, TPS-b and TPS-g families, there is evidence
of evolution of sesquiterpene synthases from monoterpene
synthases (Figures 2, 3). It has been suggested that L. angustifolia
(E)-α-bergamotene synthase (LaBERS) has evolved from a
monoterpene synthase by the loss of the plastidial signal peptide
and by broadening its substrate spectrum (Landmann et al.,
2007). LaBERS is similar to an α-zingiberene synthase of sweet
basil (Ocimum basilicum) in that the latter has greater similarity
to monoterpene synthases than to sesquiterpene synthases in
the TPS-a group (Landmann et al., 2007). Analogously, a
vestigial activity of santalene synthases with GDP suggests
that these enzymes may have evolved from a monoterpene
synthase ancestor through loss of the plastid signal peptide and
then adaptation of the active site to (E,E)-FDP (Jones et al.,
2011). Furthermore, snapdragon (Antirrhinum majus) has two
C10/C15 (E)-nerolidol/linalool synthases (AmNES/LIS-1 and
AmNES/LIS-2) (Nagegowda et al., 2008), Arabidopsis thaliana
has two C10/C15 (E,E)-α-farnesene/(E)-β-ocimene synthases
(AtTPS02 and AtTPS03 (Huang et al., 2010) and F. ananassa
has two C10/C15 (E)-nerolidol synthases (FaNES1 and FaNES2;
Aharoni et al., 2004). In all these three cases, one synthase
protein lacks the target peptide in the N terminus (AmNES/LIS-
1, AtTPS03, FaNES1), while the other has it (AmNES/LIS-
2, AtTPS02, FaNES2) further suggesting that sesquiterpene
synthases might have evolved from monoterpene synthases
(Figure 3).

This evidence collectively suggests that the loss of transit
peptide might have occurred both in diterpene and monoterpene
synthases. In the case of two-domain sesquiterpene synthases
where the signal peptide loss occurred already in diterpene
synthases either before (TPS-dmulti-substrate synthases) or after
the loss of γ-domain (TPS-e and TPS-f multi-substrate synthases,
Figure 3), one would expect a greater degree of specialization
toward C15 and less affinity toward other substrates. In contrast,
sesquiterpene synthases possibly evolved from monoterpene
synthases where γ-domain was lost first and then followed by
loss of the signal peptide, are evolutionarily more recent and
could exhibit greater substrate diversity. Testing these hypotheses
will require a systematic survey of functional activity of different
multi-substrate synthases with varying evolutionary history using
a variety of C10-C20 substrates.

WHAT IS THE PHYSIOLOGICAL
SIGNIFICANCE OF MULTI-SUBSTRATE
USE FOR CYTOSOLIC AND PLASTIDIC
ENZYMES?

For C5/C10 substrate TPSs like myrcene synthase from H.
lupulus that is localized in plastids where both DMADP and GDP
are available, the situation is obviously simple as such enzymes
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FIGURE 3 | Hypothesis of the evolution of multi-substrate enzymes according to two potential routes. Ancient terpenoid synthases underlying the diversity

of terpene synthases in plants are tri-domain, α-, β,- and γ-domain proteins with two active sites, one in the α-domain (class I activity) and the other in the β-domain

(class II activity) (Christianson, 2006, 2008; Köksal et al., 2011a,b). The γ-domain without an active site is inserted between the first and second helices of the

β-domain (Köksal et al., 2011a,b). These ancient proteins also carry a transit peptide (TP) at the N terminus targeting these proteins to chloroplasts. Through evolution,

these complex enzymes have undergone considerable simplification, resulting in changes in catalysis, enzyme subcellular localization, and product and substrate

specificities. Class II activity seems to have been lost first (not shown in the figure) and is missing in all confirmed multi-substrate enzymes. A tri-domain terpene

synthase functionally active in the cytosol is formed through the loss of the transit peptide from a diterpene synthase. This can be eventually followed by γ-domain

loss, resulting in formation of a bi-domain cytosol-active synthase (left). While the transit peptide is maintained, γ-domain loss can first lead to formation of a bi-domain

diterpene synthase (e.g., ent-kaurene synthase like synthase in Triticum aestivum, Figure 2, Table 1) and ultimately to a monoterpene synthase. Loss of the transit

peptide can further lead to a cytosol-active enzyme (e.g., β-ocimene synthase, AtTPS02, and (E,E)-α-farnesene synthase, AtTPS03, from Arabidopsis thaliana that

differ in the subcellular localization due to presence or lack of the transit peptide; Figure 2, Table 1). Changes in substrate specificity are typically also associated with

changes in active center size (Köksal et al., 2011b), and thus, the capacity for the use of multiple substrates will critically depend on whether the active center cavity

can accommodate substrates of varying size.

can produce both C5 and C10 products under physiological
conditions with the product share depending on the relative
enzyme affinity to different substrates and on the ratio of
substrate availabilities. Analogously, for plastidic enzymes with
C10/C20 activity as the P. lunatus TPS, PlTPS2, and its homolog
MtTPS3 in M. truncatula (Table 1), presence of both substrates
GDP and GGDP in plastids implies that these enzymes can form
both C10 and C20 products in vivowithout any need for substrate
exchange between chloroplasts and cytosol.

The situation is less clear for C10/C15 and C15/C20
multi-substrate enzymes due to differences in subcellular
localization of TPSs and corresponding substrates. Although
the evidence summarized indicates that synthases capable of
making monoterpenes in cytosol and sesquiterpenes in plastids
are available, the key question is whether the substrates for their
synthesis are available or could become available under certain
conditions. If the answer is positive, the major physiological
implication is that the product specificity of terpenes in vivo
is determined by the TPS activities and relative sizes of their
respective substrate pools. So far, the possibility of production of
monoterpenes in cytosol and sesquiterpene synthesis in plastids
by multi-substrate enzymes has been considered physiologically
irrelevant due to low cytosolic pools of GDP and low plastidic
pools of FDP (Tholl et al., 2004). However, there are several lines
of evidence suggesting that the current consensus might need
revision (Gutensohn et al., 2013; Rasulov et al., 2015; Dong et al.,
2016).

In particular, there is now evidence of a certain GDP
availability and consumption in each relevant compartment,
cytosol, plastids and mitochondria (Dong et al., 2016). Although
GDP is presumably synthesized only in plastids, it can be
transported from plastids to cytosol and to mitochondria (Bick
and Lange, 2003; Dong et al., 2016). A 13C-labeling study
has demonstrated that chloroplast-derived GDP can be used
in cytosolic sesquiterpene synthesis in chamomile (Matricaria
recutita; Adam and Zapp, 1998; Adam et al., 1999), but
the question is whether it can be also used for synthesis
of monoterpenes in cytosol? In fact, overexpression of the
multi-substrate α–zingiberene synthase (ZIS) in tomato fruits
led to unpredicted formation of monoterpenes (Davidovich-
Rikanati et al., 2008). Since the ZIS gene sequence is
without a transit peptide, and thus, is present in the
cytosol, the production of monoterpenes in the transgenic
tomatoes suggests that a cytosolic GDP pool for monoterpene
formation must be available (Davidovich-Rikanati et al., 2008).
However, monoterpene synthesis in cytosol was relatively
low unless chloroplastic GDP pool was strongly enhanced
by overexpressing plastidic GDP synthase (Gutensohn et al.,
2013). This evidence suggests that accumulation of chloroplastic
GDP can enhance GDP transport from chloroplast to cytosol,
thereby increasing the synthesis of cytosolic monoterpenes.
Such an enhanced availability can be particularly relevant
given the competitive inhibition of monoterpene synthase
activity by cytosolic FDP that shifts the TPS reaction toward
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sesquiterpene synthesis in conditions of low cytosolic GDP
availability.

Both biotic and abiotic stresses can potentially significantly
perturb the isoprenoid metabolism, especially when MVA and
MEP pathways are differently affected by given stress, potentially
altering the cross-talk between isoprenoid synthesis pathways
(Rasulov et al., 2015). There is some evidence demonstrating
certain cooperativity between two terpene synthesis pathways
under conditions leading to decreases in the activity of one
of them (Piel et al., 1998; Jux et al., 2001; Page et al.,
2004; Rodríguez-Concepción, 2006), but the capacity for such
a substitution of function and regulation is insufficiently
understood. In fact, several multi-substrate enzymes are stress-
inducible, including herbivore-inducible rice (Oryza sativa)
C10/C15 cytosolic enzyme Os08g07100 that forms zingiberene
and β-sesquiphellandrene with FDP and β-myrcene with GDP
as the main products (Yuan et al., 2008). Enhancement of
terpene synthesis in secretory cells of aromatic plants is a
common response to a variety of abiotic stresses such as drought
that curbs the rate of plant growth and reduces the sink
activity (Gershenzon, 1984). Capacity to form monoterpenes
in the cytosol could be especially advantageous when the
plastidial supply of substrate is limited due to reduced rate of
photosynthesis in stressed plants. In fact, inmany aromatic plants
such as A. millefolium, mono- and sesquiterpene contents of the
essential oil are strongly correlated (Mockute and Judzentiene,
2003; Orav et al., 2006; Gudaityte and Venskutonis, 2007;
Judzentiene and Mockute, 2010). Such a correlation might partly
rely on the mixed substrate specificity of cytosolic enzymes,
and consequently reflect a more important role of cytosolic
monoterpene synthesis in aromatic plants (Pazouki et al., 2015).

While several pieces of evidence, in particular, cytosolic
availability of GDP, suggest that cytosolic C10/C15 enzymes
could produce monoterpenes under physiological conditions, the
situation is less clear with potential sesquiterpene production
by plastid- and mitochondria-localized C10/C15 TPSs. Such
synthases are less frequently observed than corresponding
C10/C15 cytosolic enzymes (Table 1), and furthermore, the
information of possible FDP availability in different subcellular
compartments is limited. Initially, FDP synthesis was presumed
to occur only in cytosol, but there is increasing evidence
of widespread occurrence of FDP synthases targeted to
mitochondria in different organisms including plants (Cunillera
et al., 1997; Martín et al., 2007). An immunocytochemical
study has also localized FDP synthases in chloroplasts of O.
sativa, T. aestivum, and Nicotiana tabacum (Sanmiya et al.,
1999). However, a plastidic FDP is apparently not present
in several other species (Cunillera et al., 1997; Hemmerlin
et al., 2003). Chloroplasts can exchange IDP, GDP, and
FDP (Bick and Lange, 2003; Rolland et al., 2012), but the
IDP/GDP/FDP transporter discovered has been suggested to
support only unidirectional, chloroplasts to cytosol transport
(Bick and Lange, 2003). Yet, other evidence suggests that at
least the exchange of IDP is completely bidirectional (De-
Eknamkul and Potduang, 2003; Laule et al., 2003; Bartram
et al., 2006; Rodríguez-Concepción, 2006; Rasulov et al., 2015).
Furthermore, uptake of exogenous FDP and use for chloroplastic

diterpene synthesis and prenylation of chloroplast proteins
has been demonstrated (Nabeta et al., 1995; Parmryd et al.,
1999; Karunagoda and Nabeta, 2004). This evidence and the
evidence of GDP transport summarized above suggest that
there might be additional bidirectional or unidirectional cytosol-
to-chloroplast transporters for GDP and FDP. Transport of
corresponding alcohols, geraniol, and farnesol and presence of
a chloroplastic alcohol phosphorylating system has also been
considered plausible (Parmryd et al., 1999).

On the other hand, existence of bi-functional FDP/GGDP
synthases is widespread across multiple organisms (Szkopinska
and Plochocka, 2005; Ling et al., 2007; Jordão et al., 2013).
In the case of plants, a bi-functional FDP/GGDP synthase was
discovered in Zea mays (Cervantes-Cervantes et al., 2006) that,
however, seems to be targeted to cytosol. On the other hand,
mutational studies indicate that the product specificity, GGDP
vs. FDP, of plastidic GGDP synthases can be achieved by only
minor changes in protein sequence (Kojima et al., 2000). Indeed,
big sagebush (Artemisia tridentata) has a plastidial bifunctional
multi-substrate prenyltransferase, FDS-5, that is homologous
to other FDP synthases (Hemmerlin et al., 2003). However, it
does not form FDP, but catalyzes the formation of C5 and C10
substrates (Hemmerlin et al., 2003). At any rate, information
about FDP synthases is surprisingly limited for many important
plants, calling for further systematic studies on prenyltransferase
subcellular distribution and substrate specificity.

Although the information of FDP availability in chloroplasts
is limited, several pieces of evidence suggest that sesquiterpene
synthesis can potentially occur in plastids. Dudareva et al. (2005)
demonstrated that in fosmidomycin-treated snapdragon (A.
majus) petals, not only monoterpene emission was inhibited, but
also nerolidol emission, although the inhibitory effect was not as
rapid as that for monoterpenes. This is relevant as fosmidomycin
is a specific inhibitor of the plastidial MEP pathway enzyme,
1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR;
Kuzuyama et al., 1998). On the other hand, snapdragon flowers
treated by mevinolin, a specific inhibitor of 3-hydroxy-3-methyl
glutaryl-CoA reductase (HMGR), the key enzyme of the
mevalonate pathway, had almost no influence on the quantity
of emitted nerolidol, suggesting that the mevalonate pathway
does not contribute to nerolidol production in snapdragon
flowers (Dudareva et al., 2005). Given the presence of two
C10/C15 enzymes, the cytosolic AmNES/LIS1 and plastidic
AmNES/LIS2 (Table 1), these results could be interpreted
as indicative of transport of plastidic isoprenoid precursors
to the cytosol and sesquiterpene synthesis by the cytosolic
enzyme. However, with purified snapdragon leucoplasts,
presence of both linalool/nerolidol synthase activities of
AmNES/LIS2 (Table 1) in plastids was shown (Nagegowda
et al., 2008), indicating that sesquiterpene synthesis does
not necessarily require transport of plastidic metabolites to
cytosol.

In addition, activation of multi-substrate plastidic
C10/C15/C20 TPSs PlTPS2 in P. lunatus and MtTPS3 in
M. truncatula in herbivore-infected leaves was associated with
the release of both 4,8-dimethyl nona-1,3,7-triene (DMNT),
which is produced from the C15 precursor (E)-nerolidol,
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and 4,8,12-trimethyl trideca-1,3,7,11-tetraene (TMTT), which
is produced from the C20 precursor (E,E)-geranyllinalool
(Arimura et al., 2008; Tholl et al., 2011; Brillada et al., 2013).
This again suggests that the C15 precursor (E)-nerolidol was
formed in the plastids. On the other hand, wounding and
methyl jasmonate induction of the tomato (S. lycopersicum)
plastidic TPS LeMTS1 that has both linalool synthase (GDP)
and (E)-nerolidol synthase (FDP) activities was only associated
with increased linalool emissions but did not change nerolidol
levels (Van Schie et al., 2007), again suggesting that substrate
availability for sesquiterpene synthesis might ultimately limit
sesquiterpene synthesis by plastidic C10/C15 TPSs.

CONCLUSIONS

Our analysis suggests that multi-substrate use is more common
in plants than generally thought and advocates for conduction
of further systematic studies using multiple substrates across
phylogenetically different plant groups harboring TPSs from
different clades to gain an insight into the existence of the
capacity for multi-substrate use across plant kingdom. While
C5/C10 and C10/C20 multi-substrate plastidic enzymes can
readily catalyze formation of multiple products because their
C5, C10, and C20 substrates are available in the plastids, this
review also challenges the widespread consensus that presence
of GDP and monoterpene synthesis is confined to the plastids,
and presence of FDP and sesquiterpene synthesis is confined to
the cytosol. In particular, recent evidence suggests that plastidic
GDP can support monoterpene synthesis in cytosol (Davidovich-
Rikanati et al., 2008; Gutensohn et al., 2013; Pazouki et al.,
2015; Dong et al., 2016) and potentially even in mitochondria

(Dong et al., 2016). The situation with the presence of FDP
and sesquiterpene synthesis in plastids is less clear, reflecting
the limited information of subcellular localization of FDP
synthases in plants and existence of a capacity for formation of
products of different chain length in plant prenyltransferases.
Nevertheless, several pieces of evidence suggest that FDP could
at least be transported from cytosol into plastids, potentially
supporting sesquiterpene synthesis by multi-substrate enzymes
there. The overall significance of alternative activities of multi-
substrate enzymes will critically depend on the enzyme specificity
and relative availability for different substrates. Perturbation
of terpenoid metabolism under stress conditions can lead
to enhanced substrate exchange between cytosol and plastids
(Rasulov et al., 2015) as well as modifications in the expression
of enzymes responsible for product pool sizes (Steele et al.,
1998), and thus, favor synthesis of terpenoids according to non-
conventional pathways.
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