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Abstract

Plants emit a great variety of volatile organic compounds (VOCs) that can actively participate in plant growth and pro-
tection against biotic and abiotic stresses. VOC emissions are strongly dependent on environmental conditions; the 
greatest ambiguity is whether or not the predicted change in climate will influence and modify plant–pest interactions 
that are mediated by VOCs. The constitutive and induced emission patterns between plant genotypes, species, and 
taxa are highly variable and can be used as pheno(chemo)typic markers to distinguish between different origins and 
provenances. In recent years significant progress has been made in molecular and genetic plant breeding. However, 
there is actually a lack of knowledge in functionally linking genotypes and phenotypes, particularly in analyses of 
plant–environment interactions. Plant phenotyping, the assessment of complex plant traits such as growth, develop-
ment, tolerance, resistance, etc., has become a major bottleneck, and quantitative information on genotype–envi-
ronment relationships is the key to addressing major future challenges. With increasing demand to support and 
accelerate progress in breeding for novel traits, the plant research community faces the need to measure accurately 
increasingly large numbers of plants and plant traits. In this review article, we focus on the promising outlook of VOC 
phenotyping as a fast and non-invasive measure of phenotypic dynamics. The basic principle is to define plant pheno-
types according to their disease resistance and stress tolerance, which in turn will help in improving the performance 
and yield of economically relevant plants.

Key words:   Biomarker, non-invasive, phenotyping, plant breeding, terpenes, volatile organic compounds.

Introduction

Plants emit a great diversity of biogenic volatile organic com-
pounds (BVOCs) from flowers, fruits, leaves, bark, and roots, 
as well as specialized storage structures (Kesselmeier and 
Staudt, 1999; Loreto and Schnitzler, 2010). VOCs are a vital 
element of a plant’s phenotype and are a central character 
in the ecosystem of plants due to their role as ecological sig-
nals and their influence on atmospheric chemistry (Guenther 
et al., 1995; Fall, 1999; Fuentes et al., 2000; Guenther, 2000; 
Dicke and Loreto, 2010). BVOCs are very diverse and con-
sist of various organic classes such as isoprene, terpenes, fatty 

acid derivatives, alcohols, alkanes, alkenes, esters, and acids, 
among others (e.g. Penuelas and Llusia, 2001; Pichersky and 
Gershenzon, 2002). These compounds are formed in various 
plant tissues (see Takabayashi et al., 1994; Mumm and Hilker, 
2006; Fineschi and Loreto, 2012) and in diverse physiological 
processes (Laothawornkitkul et al., 2009).

The distinction between genotype and phenotype was intro-
duced at the beginning of the 20th century by the Danish bota-
nist Johannsen (1909). According to Johannsen, the phenotype 
develops under the influence of its genotype and environment. 
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This review will focus on the application of VOCs as bio-
markers for plant phenotyping. To the best of our knowledge, 
VOCs have remained an overlooked trait in plant phenotyping 
despite their biological importance (Paré and Tumlinson, 1999; 
Dudareva et  al., 2006; Loreto and Schnitzler, 2010; Loreto 
et al., 2014) and the strong genetic component (Degen et al., 
2004; War et al., 2012) that enables the identification of specific 
chemotypic profiles among and within species (e.g. Snoeren 
et  al., 2010). The importance of plant phenotyping provides 
a rich ground for the development of new methods and plat-
forms, and has been the pillar of many studies [e.g. automation 
and robotics, imaging technologies (hardware and software)] in 
environmental science (Granier et al., 2006; Poorter et al., 2010, 
2012), agrobiology (Cabrera-Bosquet et  al., 2012; Panguluri 
and Kumar, 2013; Yang et  al., 2013), and ecophysiology 
(Regnard et al., 2008; Donovan et al., 2009) for studying the 
relationship between plant functioning and its environment, 
linking the function of species/varieties or study plant reactions 
to the atmosphere (Walter et al., 2007; Lee et al., 2012; Granier 
and Vile, 2014). Phenotyping systems are needed to illustrate 
the full collection of genetic factors that contribute to quantita-
tive phenotypic variation across cells, organs, and tissues, evolv-
ing stages, years, atmospheres, species, and research platforms 
(Cobb et al., 2013).

Thus, during the last few years, high-throughput analysis 
methods have emerged as state-of-the-art techniques in the 
life sciences (Hartmann et  al., 2011). An automated green-
house system for high-throughput plant phenotyping is one 
of the latest developments to allow non-destructive screening 
of plants over particular time intervals by means of image 
acquisition techniques (Hartmann et al., 2011).

In this review we will describe and discuss the potential and 
different possibilities of using mass spectrometry techniques 
for non-invasive VOC analysis of plant traits.

Volatile organic compound emissions

VOC emissions from plants can be either constitutive 
(Kesselmeier and Staudt, 1999) or induced by abiotic (Loreto 
and Schnitzler, 2010) and biotic (Paré and Tumlinson, 1999; 

Arimura et al., 2005) factors, providing important informa-
tion about diverse adaptation and defence processes taking 
place in plants and the underlying biological pathways of 
formation of the structurally diverse compounds (Fig.  1). 
Constitutive levels of VOC emissions are largely controlled 
by genetic and environmental conditions (Degen et  al., 
2004; Delphia et al., 2009; Splivallo et al., 2012; Wason and 
Hunter, 2014), whereas a high phenotypic plasticity can be 
found regarding the emission of induced VOCs that can be 
significantly affected by both biotic (pathogens) (Baldwin and 
Preston, 1999; Walling, 2000; Cardoza et  al., 2002; Loreto 
and Schnitzler, 2010) and abiotic factors (drought, heat 
stress, ozone) (Tingey et al., 1980; Paré and Tumlinson, 1999; 
Sharkey and Yeh, 2001; Arimura et al., 2005).

While VOC emission patterns are genetically variable and 
phenotypically plastic (Ballhorn et  al., 2011), modern gas 
exchange cuvette systems and VOC analysis techniques (Tholl 
et al., 2006) allow measurement under highly controlled and 
environmentally constant conditions, generating normalized 
emission profiles that can then be compared under a set of 
pre-determined conditions. Thus, VOCs can be used as phe-
notypic markers which can assist with a variety of forest and 
agricultural applications.

Genetic variability of VOC emissions

The production and emission of volatile compounds is a 
developmentally regulated process. Plant VOC emissions 
from flowers, leaves, and fruits follow more or less the same 
developmental patterns; for instance, volatile emissions either 
increased (when leaves are young and growing, fruit is not yet 
ripe, or when flowers are ready for pollination) or remained 
relatively constant or were reduced over the development of 
an organ (e.g. Dudareva and Pichersky, 2000; Gershenzon 
et al., 2000). To consider these developmental constraints, it 
is important to understand the linkage between genotype and 
phenotype under different developmental and environmental 
conditions, which to date has been hindered by insufficient 
capability at both the technical and theoretical level of plant 
science (http://www.plant-phenotyping-network.eu/). Plant 

Fig. 1.  Scheme of the influence of abiotic and biotic stresses on VOC emissions that in turn play an important role in plant-insect and plant-microbe 
interactions and also affect atmospheric processes.
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growth is affected by complex interactions of genotypes 
with their respective environments and, for the understand-
ing of this phenome, it is necessary to characterize the key 
factors that determine the structure and function of plants. 
Thus, quantitative analysis of these factors and traits will 
enable the link to the genotype and thereby contribute to the 
understanding of the genetic basis of the plant–environment 
interactions.

VOC emissions not only reflect environmental suitability, 
they also reflect the genetic quality of a plant (Gouinguené 
and Turlings, 2002). Many studies have shown that the pro-
duction of VOCs is strongly regulated by genetics, making 
VOC emissions highly species specific (e.g. Guenther et al., 
1995; Kesselmeier and Staudt, 1999; Degen et  al., 2004; 
Delphia et al., 2009; Splivallo et al., 2012; Wason and Hunter, 
2014). Also several studies have shown the variability among 
VOC emissions with genotypes (Table  1) of cultivated and 
wild plants (Takabayashi et  al., 1994; Gouinguene et  al., 
2001; Degen et al., 2004; Hare, 2007; Köllner et al., 2008). In 
a recent example, Farneti and colleagues (2014) demonstrated 
that fruits of different apple accessions group into distinct 
clusters according to their VOC profiles. Similarly, the same 
authors (Farneti et  al., 2012) demonstrated earlier that the 
odour profile of tomato varieties allowed separation between 
the tomato types. Chemotypic diversity in VOC emissions is 
also observed in trees. In poplar hybrids collected from field 
sites, the genotype as well as the parental cross predicted the 
isoprene and monoterpene emission potential (Eller et  al., 
2012). Also Arabidopsis thaliana L. accessions across Eurasia 
differ in quantity and blend of VOCs as well as in their 
response to VOC induction by herbivores or jasmonic acid 
(Snoeren et al., 2010).

Wason and Hunter (2014) investigated the intraspecific vari-
ability among VOC emissions in natural populations of plants 
(e.g. Delphia et al., 2009; Kariyat et al., 2012; Steinbrecher 
et al., 2013). In order to consider the intraspecific variation 
in VOC emissions and their role in plant defence, Wason and 
Hunter (2014) studied naturally growing and common gar-
den milkweed plants (Asclepias syriaca L.). The genetic varia-
tion from a single population of native milkweeds in terms of 
total concentration and blend of (constitutive and induced) 
VOCs appear to unite into similar phenotypes with regard 
to magnitude of induction and natural enemy attraction. 
Species and genotypic variations in VOC blends are not only 
restricted to plants. Splivallo et al. (2012) reported in fungi 
(truffles) that variation in C8-VOC biosynthesis (2-butanone; 
1-octen-3-ol, 3-octanone, 3-octanol, 2-octen-1-ol, and trans-
2-octenal) is associated with genotypic variation. Following 
this, a recent study (Müller et al., 2013) described the possi-
bility of identifying the functional groups of root-associated 
fungi (ectomycorrhizal, pathogenic, and saprophytic species) 
based on VOC (mainly sesquiterpenes) emissions.

Constitutive VOCs

Constitutive VOC emissions are those which are always 
expressed in plants regardless of the experience of any 
stress, and the emission rates change significantly with basic 

environmental conditions, such as light or temperature (Dicke 
and Loreto, 2010; Holopainen, 2011; Holopainen and Blande, 
2012). Constitutive VOC emission rates vary from leaf to leaf, 
plant to plant, season, age, and between community level, gen-
otypes, and so on (e.g. Dicke, 1999; Paré and Tumlinson, 1999; 
Holopainen et al., 2010; Niinemets et al., 2010; Grote et al., 
2013; Alves et al., 2014). Well known examples are the glandu-
lar trichomes of mints or the resin ducts of pines which store 
large amounts of mono- and sesquiterpenes (Farmer and Ryan, 
1990; Langenheim, 1994). Depending on leaf temperature 
and compound volatility, there is a constant release of VOCs 
from these organs (Monson et al., 2012; Grote et al., 2013), 
varying within the diurnal course (Pio et al., 2005; Grabmer 
et al., 2006). The presence or absence of storage pools affects 
the tissue-internal concentration of VOCs, and the diffusive 
resistance for VOC species. This diffusive resistance, however, 
depends largely on leaf anatomy (Niinemets et al., 2004) and 
is important for the release from internal pools such as resin 
ducts rather than from external compartments (such as glan-
dular trichomes) (Peñuelas and Llusia, 2001).

Beside these plants with storage structures, there are many 
plant species with no storage structures nevertheless emitting 
large quantities of VOCs from their foliage. These species, in 
particular shrubs and trees, release isoprenoids (isoprene and 
monoterpenes) from their leaves in response to light intensity and 
leaf temperature, and closely linked to the photosynthetic activ-
ity (Ghirardo et al., 2011; Li and Sharkey, 2013; Monson, 2013).

Methanol, another constitutive VOC, is an excellent non-
invasive marker for monitoring cell (plant) growth (Nemecek-
Marshall et al., 1995; Hüve et al., 2007). It is predominantly 
emitted during the degradation and formation of cell wall 
pectins, such as (i) during cell expansion in all types of plant 
tissue and seeds; and (ii) during leaf abscission, senescence, 
and seed maturation (Table 2).

Constitutively emitted volatiles, from either solely temper-
ature-dependent or active light-dependent biochemical pro-
cesses, can be released at any time irrespective of whether or 
not plants experience stress, making them possible markers 
for genotypic variability. In conifers, isoprenoids (in particu-
lar monoterpenes) stored in resin ducts are common mark-
ers of chemotypic variability (Nerg et al., 1994; Powell and 
Raffa, 1999). The emissions of monoterpenes from storage 
pools play an important role for plant host selection by bee-
tles (Kelsey and Joseph, 1997; Mita et al., 2002). Plant species 
lacking storage pools, such as poplars (Brilli et al., 2009) and 
some tropical tree species (Kuhn et al., 2004), are also known 
to emit constitutive monoterpenes from young leaves that 
do not experience biotic or abiotic stresses. It has also been 
found that in mature poplar leaves monoterpene emissions 
appeared to be switched to isoprene emissions (Brilli et al., 
2009; Ghirardo et al., 2011), which in turn indicates that the 
amount of carbon invested towards isoprenoid biosynthesis 
increases with leaf ontogeny.

Stress-induced VOCs

Induced VOC emissions are those which are triggered 
in a plant following stress or damage (Trowbridge and  
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Stoy, 2013). These emissions vary greatly depending on the 
plant functional type, species, and genotype, as well as on tis-
sue, developmental stage, and past and current environmen-
tal and biological conditions (Niinemets et al., 2010; Spinelli 

et  al., 2011; Way et  al., 2011). Plant responses to abiotic 
stresses are dynamic and multifaceted (Cramer, 2010; Skirycz 
and Inzé, 2010); they can be both elastic (reversible) and plas-
tic (irreversible). The exponential increase in the emissions of 

Table 1.  Variability of VOCs among genotypes in different species

Examples showing that constitutive or induced VOCs—quantity and blends—might serve as markers for specific genotypes or accessions. 
VOCs emitted from diverse organs (leaves or fruits) were determined by either GC-MS or PTR-MS.

Species Focus of research Induced/ constitutive VOC measurement 
technique

Result References

Mousear cress 
(Arabidopsis thaliana L.).

Nine accessions Induced by herbivores  
and hormone (jasmonic 
acid)

Headspace (Tenax) 
GC-MS

Differences in quantity  
and blend between 
accessions and in 
response to induction; 73 
compounds identified

Snoeren et al. (2010)

Sacred thorn-apple 
(Datura wrightii Regel)

Eight genetic lines of  
plants used and 
backcrossed for three 
generations

Induced by herbivores  
and methyl jasmonate

GC-MS Overall plant emitted at 
least 17 compounds 
and most of them 
were sesquiterpenes. 
The increment in VOC 
emissions varied from 
3.6- to >32-fold among 
D. wrightii genotypes. The 
most abundant compound 
was (E)-β-caryophyllene.

Hare (2007)

Milkweed (Asclepias 

syriaca L.)
Intraspecific variation in 
natural populations;  
seven genotypes, field 
collection and greenhouse 
common garden

Constitutive and  
herbivore- 
induced, interannual 
variation

GC-MS Genetic variation in both 
total concentration and 
blend of constitutive and 
induced plant VOCs; 
similar response of all 
genotypes to herbivore 
induction

Wason and Hunter (2014)

Poplars (Populus 

trichocarpa Torr. & Gray  
ex Hook, Populus 

deltoides Bartram ex 
Marshall, Populus nigra L.)

30 genotypes, field 
collection

Constitutive and  
induced by elevated  
CO2 (isoprene,  
methanol, monoterpenes)

PTR-MS Genotype and parental 
cross predicted isoprene 
and monoterpene 
emissions. Genotypes 
differed in response to 
elevated CO2

Eller et al. (2012)

Apple (Malus×domestica 
Borkh.)

190 accessions, fruits Constitutive, aroma 
characterization, VOC 
fingerprinting

Headspace, PTR-MS, 
GC-MS

Accessions were  
grouped into six clusters 
based on concentration 
of four VOC clusters 
(esters, alcohols, carbonyl 
compounds, and general 
fragments)

Farneti et al. (2014)

Tomato (Solanum 

lycopersicum L.)
14 tomato varieties,  
fruit at red stage

Aromatic profile, 15 
volatiles (mainly  
aldehydes  
and ketones)

Headspace (SPME) 
GC-MS (fruit powder) 
PTR-MS (intact or  
half-cut fruits)

Varieties can be  
separated, with a clear 
fingerprinting separation 
between tomato types 
(round truss, cocktail, and 
cherry tomatoes). Also 
changes in volatile profiles 
during post-harvest 
ripening and storage were 
monitored by PTR-MS

Farneti et al. (2012)

Truffles (Tuber uncinatum 
L.)

Different scales; genotype, 
fruiting body maturity, and 
geographical origin

Constitutive, aroma 
variability (C8-VOCs)

Headspace (SPME) 
GC-MS

Aroma variation  
(C8-VOCs concentration) 
is linked to genotypic 
variation

Splivallo et al. (2012)
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VOCs in response to temperature has been well documented 
(Tingey et al., 1980), particularly for isoprene (Sharkey and 
Yeh, 2001), monoterpenes (Loreto et  al., 1996), and ses-
quiterpenes (Duhl et  al., 2008). Depending on the sever-
ity, duration, and developmental timing of the stress, plant 
volatiles experience variability to high temperature (Wahid 
et  al., 2007). Water availability, scarcity (Ebel et  al., 1995; 
Vallat et  al., 2005), or flooding (Kreuzwieser et  al., 2000), 
salt stress (Loreto and Delfine, 2000), and oxidative stress via 
ozone treatment (Heiden et al., 1999; Vuorinen et al., 2004) 
may result in elevated VOC emissions and an altered emis-
sion pattern which can also be species specific. A  study on 
the effect of high salinity on A.  thaliana has been recently 
published (Lee and Seo, 2014), reporting salt-induced VOC 
emissions [especially terpenes such as isoprene, mono- and 
sesquiterpenes, lipoxygenase (LOX) products, and methanol] 
from Arabidopsis plants, which are relevant in priming stress 
tolerance and triggering induction of high salt resistance in 
neighbouring plants (Lee and Seo, 2014). Another recent 
study (Egigu et al., 2014) showed that a rise of 10 °C in the 
ambient temperature increased the isoprene emission rate 
from Cordeauxis edulis Hemsl. leaves, by a factor of 4, and 
by a factor of 2–5 in the emission of monoterpenes, sesquit-
erpenes, and total isoprenoids with a 5 °C rise in the ambient 
temperature.

Up to this point, we have focused mostly on the impact 
of abiotic factors, but biotic factors (herbivores, pollinators, 
microbes, and fungal pathogens) are equally or—with respect 
to plant phenotyping—more important in determining VOC 
emissions, (e.g. Baldwin and Preston, 1999; Walling, 2000; 
Cardoza et al., 2002) (Table 2). It has been repeatedly shown 
(for a global overview, see Loreto et al., 2014) that herbivore-
induced plant volatiles (HIPVs), especially green leaf volatiles 

(GLVs) and mono- and sesquiterpenes (e.g. Dudareva et al., 
2006; Ghirardo et al., 2012; Holopainen and Blande, 2013), 
are synthesized and emitted in plants in response to her-
bivory. Large VOC emissions (terpenes) following herbivore 
attack are also due to the mechanical rupturing of specialized 
storage structures, such as resin ducts or glandular trichomes 
(Turlings and Tumlinson, 1992; Paré and Tumlinson, 1997). 
Additionally, GLVs are produced by the autolytic oxida-
tive breakdown of membrane lipids, and are emitted upon 
mechanical damage to the leaves. The patterns of induced 
emissions have been analysed both in the field (e.g. Markovic 
et al., 1996; Tollsten and Müller, 1996) and under greenhouse 
conditions (e.g. Mattiacci et  al., 1994; Takabayashi et  al., 
1994). While some VOCs are immediately released following 
mechanical damage (i.e. monoterpenes from storage reservoirs 
and GLVs from membrane peroxidation), others are induced 
de novo by herbivore feeding, and are emitted not only from 
damaged tissue, but also from undamaged leaves following 
a systemic response (De Moraes et al., 2000). The emissions 
of these compounds [such as the monoterpenes β-pinene and 
(E)-β-ocimene; the sesquiterpenes α-humulene and (E,E)-α-
farnesene; the aldoxime phenylacetaldoxime; and the nitrile 
benzyl cyanide, etc.] can be delayed by minutes, hours, days, 
and potentially seasons as a result of de novo synthesis in 
damaged organs or in nearby undamaged organs (e.g. Paré 
and Tumlinson, 1997, 1999; Clavijo McCormick et al., 2014; 
Irmisch et al., 2014). These emissions can be genotype spe-
cific, as shown for pedunculate oak (Quercus robur L.) where 
green oak leaf roller-sensitive oaks subjected to stress emit 
predominantly (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) 
and (E)-β-ocimene, while the emission spectrum of tolerant 
plants is dominated by the sesquiterpenes α-farnesene and 
germacrene D (Ghirardo et al., 2012).

Table 2.  Examples of VOCs as possible non-invasive phenotyping markers for different processes such as growth, ripening, 
senescence, storage, interactions, and stress (abiotic and biotic)

Process/stress/interactions Volatile compounds (constitutive/induced) References

Growth Methanol Nemecek-Marshall et al. (1995); Hüve et al. (2007)
Ripening Ethylene Dugardeyn and Van Der Straeten (2008)
Senescence Ethylene Dugardeyn and Van Der Straeten (2008)
Internal (resin ducts) and external (e.g. 
glands, trichomes) storage tissues

Monoterpenes and sesquiterpenes Shao et al. (2001); Tarvainen et al. (2004); Hakola 
et al. (2005)

Abiotic factors
High temperature Isoprene, monoterpenes Loreto et al. (1996); Sharkey and Yeh (2001)
Anoxia (roots) Ethanol, methanol, acetaldehydes Bracho-Nunez et al. (2012)
Ozone (air pollution) Benzoids, methyl jasmonate, methyl salicylate, indole, phenol, 

LOX products. etc.
Beauchamp et al. (2005); Iriti and Faoro (2009)

Biotic interactions
Herbivores Terpenes (E)-β-ocimene, (Z)-ocimene, α-farnesene, linalool, 

DMNT, methyl salicylate, methyl jasmonate

Pare and Tumlinson (1999); Arimura et al. (2005); 
Vuorinen et al. (2007); Howe and Jander (2008); Dicke 
and Baldwin (2010); Schmidt et al. (2011)

Pathogens α-Farnesene, methyl salicylate Zhu and Park (2005); Iriti and Faoro (2009); Dicke and 
Baldwin (2010); Schmidt et al. (2011); Müller et al. 
(2013)

Saprophytes Sesquiterpenes: y-selinene, α-muurolene Gioacchini et al. (2008); Agger et al. (2009); Müller 
et al. (2013)

Ectomycorrhizal (EM) fungi 3,5-Dimethylanisole, 3-cyclohepten-1-one and 1,4aβ-dimethyl-7- 
isopropyl-1,2,3,4,4a,9,10,10aα-octahydrophenanthrene

Müller et al. (2013)  at G
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HIPV emissions can also act as markers that indicate the 
presence of herbivore damage. Several environmental factors 
are known to influence how changes in leaf damage trans-
late to different HIPV emissions. These include light intensity 
and water stress (Dicke and Baldwin, 2010). In addition to 
herbivory, increases in VOC emissions (monoterpenes, ses-
quiterpenes, or GLVs) have also been observed following ovi-
position (Mumm et al., 2003). Furthermore, pathogen attack 
is also well known to result in increased VOC emissions 
[3-octanone, methyl salicylate, α-farnesene, and 4,8-dimeth-
ylnona-1,3,7-triene (DMNT)]; for example, fungal or bacte-
rial invasion or application of pathogen elicitors enrich VOC 
emissions (Huang et al., 2003; Leitner et al., 2008; Yi et al., 
2009; Table 2).

Up to this point, our aim was to demonstrate that plant 
VOC emissions are not only induced by environmental fac-
tors but can also be a function of plant ontogeny, and the 
emission patterns vary between genotypes, species, and taxa 
(Table 1). Therefore, the compound-specific features allow the 
use of VOCs as ideal (stress) markers in plant phenotyping.

Recent systems for measurement of plant 
VOC emissions

The variations in the emission of VOCs resulting from the 
complex interactions of plants with the environment and the 
factors which control and influence these emissions are only 
partly understood (Monson et al., 1995). Cuvette systems are 
used to measure gas exchange and VOC emissions between 
plants and the atmosphere at the leaf or branch scale. 
Measurements of plant emissions can be conducted at dif-
ferent levels, namely from the leaf to whole-plant and canopy 
level (Harley et al., 1996; Guenther, 2000; Matsunaga et al., 
2009; Andrade-Sanchez et  al., 2013; Bracho-Nunez et  al., 
2013; Grote et al., 2013). For these measurements, enclosure 
chambers fitting the size of the plants or the parts of inter-
est (leaves, branches, flowers, fruits, or roots) are commonly 
used. However, since these methods give the emission param-
eters at the leaf to tree scale, the subsequent up-scaling (or 
down-scaling on the leaf level) can introduce large uncertain-
ties into the results. Besides architecture, aerodynamics, and 
material, the chamber environment, mixing of the air inside 
the chamber, and an effective seal are also important for the 
functionality of the chambers. Emissions of various plant 
species have been measured with cuvette techniques (e.g. 
Tingey et al., 1979; Geron et al., 2000; Boissard et al., 2001). 
Enclosure methods are an important tool for VOC screening 
from different plant species and for studying the dependencies 
of VOC emissions on environmental parameters. The need for 
gas exchange systems has been reported/discussed frequently 
in the past by various authors (Grabmer et al., 2006; Brilli 
et al., 2009; Bracho-Nunez et al., 2013; Bourtsoukidis et al., 
2014; Egigu et al., 2014). Numerous studies were conducted 
at the leaf level for calculating the isoprene emissions related 
to leaf development, light environment, canopy position, 
and temperature history (e.g. Harley et  al., 1996; Sharkey 
et al., 1996; Geron et al., 2000; Singsaas and Sharkey, 2000; 

Petron et  al., 2001). Many researchers have constructed 
their own cuvette systems that are suitable for quantitative 
measurements of VOC emissions from their specific plants 
(Geron et al., 2000; Singsaas and Sharkey, 2000; Brilli et al., 
2009). These cuvettes, constructed in such a way that they 
can control temperature and light levels, allow for testing of 
the VOC emissions over a range of conditions (Brilli et al., 
2009; Bracho-Nunez et al., 2013). The cuvette system used by 
Bracho-Nunez et al. (2013) was made of fully light-permea-
ble (FEP) Teflon foil and was flushed with ozone-free air. All 
the sample tubing was made of Teflon and heated at a con-
stant temperature of 45 °C in order to avoid condensation in 
the lines. The gas exchange systems can be either closed (no 
purge flow) (Hewitt and Street, 1992) or open (flow-through) 
(Hayward et al., 2004). In closed systems, due to the photo-
synthetic uptake, the CO2 concentration is often decreasing 
and air temperature can increase dramatically because of the 
greenhouse heating, which leads to artificial conditions and 
in turn affects the VOC emissions (Niinemets et  al., 2011). 
Therefore, closed systems should be used only for very short 
enclosure times. For more accurate VOC emission analysis, 
an open enclosure system should be used where circulation of 
air is possible around the leaf, which keeps the climatic con-
ditions such as temperature, water vapour, CO2 etc., rather 
constant and closer to ambient levels (Tholl et al., 2006).

For measuring strong leaf-level VOC emissions (e.g. iso-
prene), the use of commercial portable photosynthesis sys-
tems with built-in carbon dioxide and water vapour gas 
sensors with a compatible leaf chamber with temperature 
and light control might be the preferred method (e.g. LI-6400 
instrument, Li-COR, USA; GFS-3000, Walz, D, Ciras3, 
PP-systems, US, LCi-SD Photosynthesis system, ADC 
BioScientific Ltd, UK). Leaf-level cuvette measurements 
are of biological importance; however, the enclosure time 
of the leaves should not be longer than several minutes to 
a few hours, depending on the cuvette size. Leaf enclosure 
measurements are not suitable for phenotyping responses of 
genotypes to stress during longer periods (up to several days). 
Ideally the sampling time with these systems is kept as short 
as possible in order to avoid changes in plant physiological 
status during sampling (Niinemets et al., 2011). Besides this, 
these systems do not enclose the leaves automatically, and 
are therefore somewhat labour intensive. Therefore, they are 
not convenient for integration into (automated) phenotyping 
platforms.

Measurements at the plant level gives a view of the dynam-
ics in the overall plant response under changing climatic con-
ditions or to biotic stress and also permits calculation of a 
wide range of parameters such as net CO2, H2O, VOC emis-
sions, etc. of the whole plant or plant–soil system (Ortega 
and Helmig, 2008). For measuring plant-level emission rates, 
chambers are used in which the entire plant can be enclosed. 
Consequently, enclosure capacities can be very high, which 
require high flow rates (e.g. 475–525 l min–1) (Kempf et al., 
1996) for exchange of the air volume in adequate time, and 
further attention has to be paid to avoid low biomass/volume 
ratios which might result in low VOC concentrations. Again, 
this condition makes quantitative chemical analysis of VOC 
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emissions more difficult. Another point to consider is that 
VOC release from the soil can contribute to the overall emis-
sions. To avoid this type of contamination, branch enclosures 
or whole plant enclosure systems excluding soil and below-
ground organs must be used. Ghirardo and colleagues (2012) 
described a cuvette system made of Perspex glass where only 
the shoot (above ground) was enclosed in the cuvette and the 
root system (below ground) was left outside to avoid the emis-
sions from soil or roots. The tightening of these cuvettes is 
rather time consuming (A. Ghirardo, personnel communica-
tion) and therefore again not suitable for phenotyping many 
plants or for the very fast (within minutes) responses to biotic 
stress application for which the cuvettes have to be opened. 
However, use of plant cuvettes also allows for application of 
herbivores within the cuvettes, which is not possible in leaf-
level cuvettes. Phenotyping on the plant level would be very 
slow when performed only with a single cuvette or a set of 
a few cuvettes; therefore, for medium- to high-throughput 
VOC phenotyping, development of multiple cuvette systems 
is recommended.

Challenges of VOC phenotyping

The accurate analysis of VOC emission rates is technically 
very sensitive, and depends on the analytical instrumentation, 
the enclosure design, and also on the inertness of materials 
used for tubing and cuvettes (Tholl et al., 2006; Brilli et al., 
2009). Determining which technique to use for detection and 
analysis of VOCs generally depends on the biological impor-
tance and the plant species being investigated. There are 
several techniques available for measuring plant VOC emis-
sions, from the very simple to the highly advanced (Bicchi and 
Maffei, 2012). The most popular existing detectors for rou-
tine analysis of VOCs are mass spectrometers. In most stand-
ard gas chromatographs–mass spectrometers, compounds 
leaving the gas chromatography (GC) column are ionized by 
an electron impact (EI) ionization source, resulting in posi-
tively charged volatiles, and their fragments are designated 
according to their mass-to-charge (m/z) ratio by entering a 
quadrupole ion trap or a quadrupole mass filter. Total ion 
count chromatograms (TICs) are obtained, which provide 
information on the retention time of each compound and its 
mass spectrum consisting of a characteristic ion fragmenta-
tion pattern. Moreover, advances in automated analysis of 
VOCs have allowed the monitoring of fast changes in VOC 
emissions and facilitated in vivo studies of VOC biosynthesis 
(Tholl et al., 2006).

In comparison, proton-transfer-reaction mass spectrom-
etry (PTR-MS) instruments (Hansel et  al., 1995) utilize 
chemical ionization with swarm-based techniques to enable 
quantification of trace species with rapid response times and 
minimizing fragmentation, which results in a less compli-
cated mass spectrum and makes quantification of individual 
compounds simpler when analysing a mixture of many com-
pounds (Lindinger and Jordan, 1998; Lindinger et al., 1998; 
Blake et  al., 2009). Electronic noses can also achieve rapid 
sensing of VOCs. Electronic noses (e-noses) are instruments 

which mimic the sense of smell (Loutfi et al., 2015). Typically, 
these devices are arrays of sensors that are used to detect and 
distinguish odours precisely, and at a low cost, in complex 
samples. VOCs can also be detected by the use of the so-
called ‘zNose’. The zNose® has a fast analysis time (~3 min 
for a complete cycle) (Miresmailli et al., 2013) and can deliver 
measurements with the precision and accuracy of GC. One 
of the main limitations of the zNose® is that it has a very 
short column length (1 m), which results in poor peak reso-
lution in samples containing high numbers of compounds 
(Miresmailli et al., 2010).

The following sections will provide a brief  introduction to 
the different techniques [gas chromatography–mass spectrom-
etry (GC-MS; offline VOC analysis) and PTR-MS (online 
VOC analysis)] and will discuss the suitability and limitations 
of each technique for plant VOC phenotyping.

Offline VOC analysis by gas 
chromatography–mass spectrometry

The detailed quantitative analysis of VOCs in air samples 
generally depends on GC with flame ionization detection 
(FID) or with MS. The GC-FID method has been realized 
comprehensively in the past for quantitative analysis of 
VOCs in both gaseous and liquid matrices. The more devel-
oped GC-MS technique is a powerful tool, as it allows both 
qualitative and quantitative analysis of VOCs released by 
plants in different ecological and biological conditions at the 
same time (Ezquerro et  al., 2004; Samuelsson et  al., 2006; 
Demeestere et al., 2008).

The quantification of VOCs by GC-MS can be improved 
with the help of the following five major approaches 
(Demeestere et al., 2007; Aeppli et al., 2008): direct injection, 
immobilized sorbent, cryogenic trapping, solvent extraction, 
and membrane absorption. The determination of VOCs can 
be enabled further by headspace (HS), and purge and trap 
methods (Golfinopoulos et al., 2001; Mounchili et al., 2005; 
Ojala et  al., 2006). One of the benefit of the HS method, 
assisted by the immobilized sorbent, is that it can efficiently 
capture extracted compounds from both the gas and liquid 
phases. The HS method is very valuable as it shortens the 
pre-treatment process. The HS method has several advan-
tages and can be applied in various ways such as HS–solid 
phase microextraction (HS-SPME) and HS–solvent microex-
traction (HS-SME) (Vas and Vékey, 2004; Tholl et al., 2006; 
Pawliszyn, 2012). The essential considerations to take into 
account for the development of the SPME technique are the 
extraction time, the extraction temperature, the amount of 
sample, and the desorption time and temperature (Isidorov 
et  al., 2003; Sousa et  al., 2006). In order to identify VOCs 
in GC-MS analysis, recommendations can be acquired from 
standard mass spectral libraries such as Wiley and NIST MS 
databases.

The sampling and analytical procedures of GC methods 
can be very time-consuming (Tholl et al., 2006), and mostly 
they do not allow the simultaneous, time-resolved monitor-
ing of different VOC classes (i.e. isoprenoid hydrocarbons, 
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C1–C2 alcohols and aldehydes, GLVs, and volatile benzoic 
acid derivatives). Because of these limitations, these tech-
niques are not optimal to assess the high-throughput screen-
ing of VOC emissions from a great number of genotypes (e.g. 
apples, fruits, flowers, and leaf samples in vials) caused by 
biotic stresses. Therefore, proton-transfer-reaction time of 
flight mass spectrometry (PTR-TOF-MS) can be used for this 
purpose, a technique allowing rapid, online detection of trace 
gases from various chemical groups in the order of seconds 
at (sub) parts per billion (ppb) levels (Hansel et  al., 1995; 
Boamfa et al., 2004; Blake et al., 2009).

Online VOC analysis by proton-transfer-
reaction mass spectrometry

The need for real-time detection and analysis of VOCs has 
prompted the use of PTR-MS. This is a very sensitive online, 
non-invasive method, which allows the sensitive assessment 
(ppt/ppb concentrations) of plant VOCs in real time at high 
throughput. PTR-MS has become an established technique 
for the analysis of traces of VOCs and offers many advan-
tages over other conventional analytical methods, such as 
real-time high-throughput analysis, reduced sample prepara-
tion, very low detection limits, high selectivity, and very short 
response times (Hansel et  al., 1995; Lindinger and Jordan, 
1998; Tholl et al., 2006).

By combining a compact high resolution time-of-flight 
detector with the ion source, PTR-MS allows complete and 
rapid detection of VOCs with a time resolution of <1 s 
(Graus et al., 2010). A detailed description of PTR-TOF can 
be found in Jordan et al. (2009). It has also been reported that 
the PTR-MS technique is very successful in validating the 
time- and light-dependent data (emissions) of various com-
pounds (terpenes, GLVs, methanol, etc.; Graus et al., 2004; 
Tholl et al., 2006).

However, there are limitations when using the PTR-MS 
technique; in particular, obtaining speciation for mol-
ecules with the same molecular weight (e.g. monoterpenes, 
m/z 137 or sesquiterpenes, m/z 205)  is not possible because 
these compounds are identified according to their molecular 
masses. Furthermore, without enhancement or GC separa-
tion, PTR-MS will typically not be as sensitive as what can 
be attained with ‘offline’ GC methods. GC techniques are still 
the most suitable tool for speciated analysis.

Another recent development in PTR-MS analysis of VOCs 
is the coupling of a multicapillary column (MCC), also known 
as fast GC, in order to improve the identification of isomers 
(e.g. ketones, monoterpenes, and sesquiterpenes) (Ruzsanyi 
et al., 2013). The idea of coupling a PTR-MS instrument to 
a commercial GC system has been implemented by several 
other groups (Lindinger et al., 2005). The principle of opera-
tion of the MCC coupling with PTR-MS is described else-
where (Ruzsanyi et al., 2013). The VOC analysis using MCC 
is carried out in a few minutes, which can be comparable with 
the efficiency of conventional high-resolution GC on the same 
matrices (Matisova and Domotorova, 2003). The application 
of MCC could be considered for high-throughput analyses 

in VOC metabolite profiling. Nevertheless, it requires some 
additional non-standard instrumentation to support, for 
example, fast temperature changes of the column and high 
inlet pressures (Tholl et al., 2006).

Example of a cuvette system design for 
plant VOC phenotyping

A phenotyping platform for screening of VOCs as non-inva-
sive indicators of abiotic and biotic stresses requires multiple 
cuvette systems made of inert material such as glass or spe-
cial transparent plastics (e.g. Teflon) that (i) avoid chemical 
contamination from outgassing (Bracho-Nunez et al., 2013; 
Trowbridge et al., 2014); (ii) prevent losses due to uptake and 
chemical reactions; and (iii) allow a standardized and defined 
cultivation of plants and a high-resolution determination of 
the spatial and temporal induction of VOC emissions (Fig. 2). 
Since no material is completely inert, it is essential to deter-
mine the background emissions from empty cuvettes prior 
either to and/or after the experiment or simultaneously using 
an empty cuvette. Here we describe the technical design of a 
VOC phenotyping platform (Fig. 2) with respect to the actual 
technical boundaries. Such a potential multiple cuvette sys-
tem should be gas-tight and a defined (adjustable) gas inflow 
(and outflow) should be regulated accurately by mass flow 
controllers (MFCs) before air enters the cuvettes. Flow rates 
at the outlet of the cuvette towards the detector should be 
controlled (e.g. by gas flow controllers or rotameters) to check 
for system leakage. It is recommended to check the cuvette 
system using standard gas mixtures for measuring the pos-
sible uptake of VOCs by the cuvette material and tubing (de 
Gouw and Warneke, 2007). For such a system, long tubing 
is needed, which can lead to memory effects and VOC con-
tamination. To reduce memory effects, heating or flushing of 
the lines/tubing will be preferablem as used by Ghirardo et al. 
(2011). On a smaller scale, Ghirardo et al. (2011) performed 
an experiment with poplar trees using four cuvettes that were 
run in parallel and the outlet of each cuvette (~750 ml vol-
ume) was connected to electronic valves switching automati-
cally between the cuvettes. The airflow (synthetic, VOC-free 
and humidified air) in this set-up was 2 l min–1 for each cuvette 
and all the tubing used for the experiment was made of 
Teflon. The Teflon line/tubing used in this system was isolated 
and, to reduce or avoid memory effects, the data of the first 
few seconds were omitted and the remaining data were used 
for the averages (Ghirardo et al., 2011). Bracho-Nunez and 
colleagues (2013) used two identical branch cuvettes system. 
One cuvette was operated as the reference ‘empty’ cuvette and 
the second one contained the complete above-ground plant. 
These authors used two different sizes of the cuvette systems 
(volumes of 9 l and 100 l), depending on the plant size. The 
respective flow for the cuvettes was adjusted to 10 l min–1 for 
small cuvettes and 20–40 l min–1 for the larger cuvettes.

The airflow established through the enclosure is critical for 
regulating temperature and relative humidity and ensuring 
photosynthetic gas exchange between the plant tissue and the 
surrounding air. In order to avoid cold spots or condensation 
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in the cuvette, sufficient flow is needed to refresh the gas con-
tent in a relatively short time, preventing air stagnation and 
CO2 depletion. Higher flow rates are also needed to reduce a 
possible overheating of the ambient cuvette air from the irra-
diation system. For the adjustment of the ideal flow rates for 
the recording of VOC emission, the cuvette size is the criti-
cal parameter. For homogenous gas flow inside the cuvette, 
it might be useful to install fans circulating the air to ensure 
adequate mixing and uniform VOC concentrations within the 
cuvettes (Bracho-Nunez et al., 2013; Trowbridge et al., 2014). 
However, operating a fan inside the cuvette will result in dif-
ficulties in estimating the correct VOC mixing ratios since the 
material from which fans are usually made also emits VOCs. 
To overcome this problem, Teflon-coated fans can be used. 
In the proposed design, homogeneous air mixing is achieved 
by a porous ring releasing a homogenous airflow around the 
plant. It is essential to monitor the environmental parameters 
air temperature, relative humidity, and irradiance. These sen-
sors must be placed inside the cuvette, but here also care has 
to be taken as the material of which the sensors are made can 
also emit VOCs. Additionally the use of controlled climate 
chambers or greenhouse cabins might be beneficial to place 
the VOC phenotyping system under controlled and reproduc-
ible climatic conditions. When using lamps for plant irradia-
tion, overheating can be avoided by placing filters or a layer 
of water in transparent containers between the lamp system 
and the cuvette blocks to reduce infrared radiation.

The whole plant’s gas exchange (e.g. VOCs, CO2, H2O, 
and NOx, depending on the gas of interest) can be achieved 
by parallel online analysis of air samples with different gas 
analysers. In parallel to PTR-MS (coupled with fast GC) for 

measuring the VOCs, an infrared gas analyser (IRGA) can 
be used to monitor CO2/H2O exchange for the determination 
of net CO2 assimilation, transpiration, and stomatal con-
ductance. The additional analysis of NO emissions (Wildt 
et al., 2012) also provides information on plant atmosphere 
gas exchange that can be gained from phenotypes with dif-
ferent sensitivities to (a)biotic stressors. By additional VOC 
sampling using solid adsorbent and subsequent offline deter-
mination by GC-MS (qualitatively and quantitatively), the 
information on the phenotype VOC emission will be amended 
(Tholl et al., 2006). Such a multiple cuvette system (Fig. 2) 
will be beneficial for medium- (a dozens to a hundred individ-
uals) throughput plant VOC phenotyping. High-throughput 
phenotyping (>100 individuals) of plant VOCs can be per-
formed by collecting biological samples prior to the meas-
urement and transferring them into steady-state vials (e.g. 
apples, flowers, and leaf samples) where VOCS can accumu-
late in the headspace. However, there are certain limitations 
with phenotyping platforms, such as the number of samples 
that can be measured in parallel, speed, and costs (PTR-MS, 
GC-MS) (e.g. Farneti et al., 2014).

Outlook

The present review illustrates the potential of the analysis 
of plant VOC emissions for suitability in plant phenotyping. 
Plant VOC emissions are highly variable within and between 
species, making them interesting as non-invasive markers, 
in particular in response to abiotic and biotic constraints. 
Moreover, plant VOC profiles differ significantly between 
organs (shoots, leaves, flowers, or fruits), possibly allowing the 

Fig. 2.  Schematic illustration of a potential plant VOC phenotyping platform: a medium-throughput (20–40) multiple cuvette system (MCS) where time 
series (2 h time resolution) measurements in real time of many plants can be possible for VOC emissions, photosynthetic CO2/H2O gas exchange, 
temperature, and humidity (air and soil).
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screening of distinct traits, such as odour profiles of flowers 
and fruits or different responses of leaves to biotic stressors.

However, the biggest challenge for using VOCs as bio-
markers for plant phenotyping under biotic stress is the 
high temporal and spatial variability of these emissions and 
the influence of the abiotic environment (temperature, light 
intensity, water and nutrient availability, etc.) on it.

Phenotypic variations in VOC emissions might be masked 
by differences in growth conditions or the presence of unde-
tected diseases (e.g. below-ground; Peñuelas et  al., 2014) 
or endophytes (Li et al., 2014) influencing the overall plant 
response and VOC emissions.

Therefore, it is necessary to combine plant VOC phenotyp-
ing with other non-invasive imaging tools (i.e. fluorescence 
spectroscopy, visible–infrared spectroscopy, fluorescence 
imaging, and hyperspectral imaging; Rascher et  al., 2011; 
Fiorani et  al., 2012; Mahlein et  al., 2012a, b) under highly 
controlled conditions to make sure that the observed pheno-
typic variations in VOC emissions are not affected by changes 
in the environment. Gratani (2014) cited the phenotypic plas-
ticity (physiological, anatomical, and morphological) as the 
key factor that allows plants to grow under miscellaneous 
environmental conditions.
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