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Spatio-Temporal Dynamics of Tetranychus urticae Induced Defence
Responses in Two Genotypes of Cucumis Sativus L.

Abstract
Plant have defence mechanisms that arose as an evolutionary advantage, these can be
constitutive or induced upon infestation by an herbivore, when the inducible biochemical
pathways are triggered, they influence hormonal changes inside the plants. The balance in the
hormones jasmonic acid (JA) and salicylic acid (SA) affects the gene expression and
ultimately the metabolism is reprogrammed. Newly produced metabolites act as deterrents
(direct defence) or signalling compounds (indirect defence) for predatory insects. The tritrophic interaction between cucumber plants, two spotted spider mites (Tetranychus urticae)
and predatory mites () has been widely studied as a template system for induced defence.
The induction of the response to herbivory in the plants has a spatio-temporal resolution,
defined by the nature of the biochemical pathways used by the plant to alter its metabolism.
The temporal resolution of the cucumber response to TSSM has been well documented,
nevertheless the spatial resolution of the plant response has escaped the scope from previous
research. In this thesis my objective is to shed light into the spatial resolution of cucumber
response to TSSM infestation. Understanding the complete induced response in cucumber
remains to be a task of utmost importance, because this knowledge will enable plant breeders
to enhance the self-defence mechanisms in cucumber plants, reducing the agrochemical
usage on the TSSMs pest, increasing sustainability and income for the producers, Cucumber
(Cucumis sativus L) is one of the main horticultural crops worldwide. The hypothesis is that
herbivory-induced metabolic changes radiate from the infested spot and through neighbouring
cells in a progressive pattern, therefore a quantifiable gradient of the induced compounds
through time must develop inside the leaf. To test this hypothesis a bitter and a non-bitter
cucumber accessions were locally induced with JA low and high concentrations, as well as
low amounts of TSSMs. Results suggested that low JA induction leads to spatial changes in
transcripts from CsTPS 3, specifically D-limonene, whereas a low TSSM induction leads to
induction of products from CsTPS 1 and 2, specifically β-farnesene and β-bisabolene. On the
other hand, high JA induction leads to transient upregulation of products from CsTPS 9 and
19, specifically (E)-β-ocimene and (E,E)-α-farnesene, suggesting that circadian emission of
volatiles depends on the permanence of the stimulus. Furthermore for the first time the
capture of (E)-nerolidol is reported in cucumber, it is correlated with (E)-DMNT emission. The
efficiency of the conversion was higher in the bitter accession, suggesting better defence
mechanisms compared to the non-bitter accession.
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Introduction
Plants have co-evolved with herbivores and pathogens in their surrounding environment, in
consequence molecular pathways enabling plants to defend themselves have been favoured
by evolutionary pressure. The defence mechanisms can impact directly on the attacking
organism or indirectly by recruiting a second organism that stops the first, e.g. the tri-trophic
relation between cucumber, spider mites and predatory mites has been studied and discussed
in literature (Dicke et al., 1987; Mercke et al., 2004; Kappers et al., 2010, 2011; He, 2016).
The direct mechanisms can be physical deterrents or chemical compounds, whereas indirect
defence involves allelochemicals, these defensive chemicals can be constitutively part of the
tissues or their production is induced upon biotic stresses (Arimura et al., 2005). Herbivoreinduced plant volatiles (HIPVs) mediate the induced defence responses, in general these are
green leaf volatiles (GLV), ethylene, methyl salicylate, terpenoids, and a number of chemical
classes, each having its own synthesis pathways (War et al., 2011).
Cucumber (Cucumis sativus L) is an important food crop on a global scale, just in the
Netherlands for 2012 the production was of 410,000 tonnes according to FAO data (Fao.org,
2017). Cucumber has been used as a template crop species for research, due to its small
genome, short life cycle and reproducibility in vitro, in addition in the last half decade genomic
and transcriptomic resources have increased tremendously for cucumber (Huang et al., 2009;
Guo et al., 2010; Li et al., 2011; Liu et al., 2011; Qi et al., 2013), the availability of these
resources facilitate the work with cucumber as a model organism.
Tetranychus urticae is the scientific name of the two-spotted spider mite. Spider mites are a
major herbivore of cucumber, the damage caused by the mites, leads to harvest losses in
average fruit weight above 10 per cent in the infested plants (Tehri et al., 2014). Spider mites
have been proven to induce volatiles emission in cucumber plants, these responses were
favoured through evolution because of their ability to enhance survival on the carrier individual
(Arimura et al., 2005). Over 24 different compounds are released after infestation occurs,
especially terpenoids (Kappers et al., 2010). Terpenoids might act as signalling molecules, to
induce early systemic defence responses in unaffected tissues (e.g. changes in gene
expression, metabolites content and ultimately volatile blend) (Maffei et al., 2012). The
hypothesis is that herbivory-induced metabolic changes radiate from the infested spot and
through neighbouring cells in a progressive pattern, therefore a quantifiable gradient of the
induced compounds through time must develop inside the leaf. If this hypothesis represents a
model of reality, the prediction is that the abundance of the induced compounds at any spacetime point within one leaf is directly related to the proximity of this point to the initial infested
spot. To prove this hypothesis, we must elucidate the spatial resolution of the HIPV
topography and dynamics.
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Tetranychus urticae (TSSM)
TSSM is a chelicerate arthropod. It uses a stylet to pierce leaves and suck on the mesophyll
cell content in order to feed (Park and Lee, 2002) and evidence suggests that stylets evolved
independently among different mite taxa (Manton and Harding, 1964; Caravas and
Friedrich, 2010). Stylet pairs are typical in mite’s mouths, the tweezer like structure formed
protrudes from a duct and is used for saliva excretion (Ragusa and Tsolakis, 2000). It has
been suggested that mites suck the cell content through their stylets in situ (Summers et al.,
1973; Hislop and Jeppson, 1976; Andre and Remacle, 1984) and supporting histological
evidence has been found while analysing independent feeding events (Bensoussan et al.,
2016), the evidence indicates that the stylet must remain protruded and inserted into the
mesophyll cell while feeding. In consequence digestive enzymes aiming at the digestion of
cellular content could be secreted by the mites. In fact, close relatives as predatory mites
secrete hydrolytic enzymes in their prey’s body to liquefy its content (Cohen, 1995), endorsing
this possibility.
TSSMs population increases rapidly (Danks 2006; Kavousi et al. 2009), and virgin mites are
able to establish new colonies from scratch. Through arrhenotokous parthenogenesis.
Females produce male eggs, which is then followed by oedipal mating, enabling the females
to produce bisexual offspring. There is a time difference between populations arising from
virgin or mated females (Tuan et al., 2016), therefore, using females of similar developmental
stage in experimental setups is crucial, especially when a standardization of treatments is
required.
Horizontal gene transfer has been a common phenomenon enhancing spider mites’ biological
success. Evidence suggests that horizontal gene transfer occurred several times from
microbial organisms. Examples are genes incorporated that allow mites to feed on nutrientdeficient tissues (Grbic´ et al., 2011; Wybouw et al., 2012), or the β-cyanoalanine synthase
genes, that were incorporated from bacteria and enhance mites to detoxify themselves from
cyanogenic glucosides by converting cyanide into β-cyanoalanine (Wybouw et al., 2014).
TSSM is known to thrive on more than 1000 plant species (Dermauw et al., 2013), the
biological success of herbivores such as TSSM, depends on the plasticity of digestive and
detoxification pathways, such plasticity becomes evident in T. urticae, where intraspecific
variability includes genotypes that induce or suppress defence mechanisms, Kant et al. (2008)
and Alba et al. (2015) “obtained nearly isogenic lines from single populations of spider mites
that were either suppressing or non-suppressing” (Kant et al., 2015). For example in tomato
one TSSM strain suppressed defence downstream from JA and SA (Sarmento et al., 2011a),
increasing its oviposition rate in relation to the non-suppressing strain (Kant et al., 2008).
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Non- suppressing strains of TSSM increased their reproduction rate when sharing the leaf with
a suppressing strain, even if both strains were separated by a lanolin barrier (Alba et al.,
2015), and furthermore, the benefits for the non-suppressing strain lasted after the
suppressing strain was removed manually (Sarmento et al., 2011a,b). Since the temporal
and spatial separation seemed to not play a significant role, the transmission of the stimulus
must be systemic at the molecular level.
Induced defence in plants includes the upregulation of genes coding for protease inhibitors
(PI) upon infestation, these PIs affect the metabolism inside the gut, preventing nutrition and
inhibiting the degradation of defensive proteins secreted by the plants and ingested by the
insect (Macintosh et al., 1990), for example PIs containing cysteine motifs in their active site
are involved in defence against TSSM (Santamaria et al., 2012).
TSSM has developed resistance to regularly used pesticides (Khajehali et al., 2011; Van
Leeuwen et al., 2012) as due to its small life cycle and large population rate it quickly adapts
to new pesticides. Hence, new strategies for pest management are needed for the control of
TSSM. Understanding of the molecular pathways induced upon TSSM infestation might
unravel unknown defence mechanisms, enabling plant scientists to breed on these features.

Induced defence signalling pathway
Molecular signalling pathways enable plants to respond accurately to herbivory and
mechanical damage. In order to fully understand these induced pathways, key proteic
components have been characterized to the genetic level, and their function has been
elucidated (Arimura et al., 2005). A model of currently known involved processes is shown in
Figure 1, constructed with information of several taxa. Nevertheless the isolation of the
components do not represent the whole system reality, as dynamics also play a significant
role. Several species have been used as templates or model systems to study defence
mechanisms. In this thesis I will focus on cucumber-TSSM relations.
Recent works have shed light into the temporal dynamics of cucumber induced defence
responses (He, 2016), but so far no study has been aimed to elucidate the spatial dynamics of
this process. Herbivory causes two types of responses in a typical plant, one induced by the
physical damage and the second one induced by herbivore derived elicitors (HDE) present in
the saliva of the insect (e.g. FACs, hydroxy fatty acid-amino acid conjugate). The response to
mechanical damage and to HDE may be synergistic or independent. Consequently, physical
damage produce different volatile blends as do elicitors (Maffei et al., 2012). HDEs activate
signaling cascades in the bounded cell membranes, the final outcome is the change in gene
11

expression, followed by changes in the transcriptome and hence the volatile blend emitted by
the infested plants.
Β-Glucosidase was the first proposed elicitor, isolated from Pieris brassicae saliva. When
applied to mechanically wounded parts of cabbage leaves, it resulted in the production of a
volatile blend that attracted the parasitic wasps Cotesia glomerata (Mattiacci et al., 1995).
Furthermore, when glucose oxidase was applied (salivary gland enzyme), the synthesis of
nicotine in tobacco leaves was inhibited, suppressing defence. Hydrogen peroxide (H2O2) and
gluconic acid were proposed as the compounds responsible (Musser et al., 2002). The first
characterized herbivore derived elicitor was volicitin (N-(17-hydroxylinolenoyl)-L-glutamine), a
hydroxy fatty acid-amino acid conjugate (FAC). Volicitin was isolated from Spodoptera exigua
oral secretions and applied to mechanical wounded corn leaves, in consequence parasitic
wasps were attracted while the mechanical damage effect alone, did not attract parasitic
wasps (Alborn et al., 1997). Although an elicitor molecule has not been reported to date for
being responsible of plants responses to TSSM, it appears to be clear that the mites secrete a
pre-oral digestion solution into the mesophyll cells in order to liquefy the cellular organelles,
facilitating their passage through the stylet (Bensoussan et al., 2016), recent research has
found effector proteins from the mites secretome, inhibiting defence mechanisms in tobacco.
Furthermore, serine proteases, deoxygenates and lipocalins were also predicted in silico to be
part of the mite secretome (Villarroel et al., 2016), possibly among these compounds there is
a potential elicitor molecule.
Reactive oxygen species (ROS), including H2O2, promote a highly oxidizing environment, and
has been proven to be a second messenger in the initial defensive response (OrozcoCárdenas et al., 2001; Nanda et al., 2010; Dat et al., 2000; Neill et al., 2002; Yang et al.,
2002). In addition a depolarization of the cellular membrane followed by the intracellular
variation of calcium concentrations occurs (Maffei et al., 2004), these events joined with the
bounding of herbivore associated molecular patterns (HAMPs) to specialized receptors in the
cellular membrane, most likely trigger the biochemical cascade that activates a
phospholipase. Phospholipase A and D are the most suitable candidates (Wang et al., 2000;
Narváez-Vásquez et al., 1999). The phospholipase cleaves and modifies membrane lipids
such as diacylglycerol, leading to the production of linoleic acid, which is subsequently
transformed by the enzyme ω-3 fatty acid desaturase into linolenic acid (Kodama et al., 2000;
Bell et al., 1995), the intermediates between linolenic acid and phytohormones produced as
regulators, likely are 13-hydroperoxy-linoleic acid and OPDA.
Jasmonic acid (JA) has been reported as essential in the defence mechanisms in several
crops (e.g. lima bean (Dicke et al., 1999), tomato (Ament et al., 2004), Arabidopsis (Zhurov
et al., 2014), cotton (Miyazaki et al., 2014)) and cucumber (He. 2016). Furthermore,
exogenous application of JA induces a similar volatile blend as T. urticae infestation, probing
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its role as mediator in the defence response (Bouwmeester et al., 1999; Kappers et al.,
2010).
The phytohormones JA, ethylene (ET) and salicylic acid (SA) are involved as downstream
regulators of indirect defence (Reymond & Farmer 1998; Turner et al., 2002). The disruption
on the JA/SA balance has profound effects on the volatile blend composition, which is the
latest expression of changes induced by the initial bound of the elicitors (Arimura et al.,
2005). These phytohormones enhance a positive feedback loop (Seo et al., 1999; Kim et al,.
2003; Ulloa et al., 2002), through mitogen-activated protein kinase pathway (MAP-Kinase)
that further increase the magnitude of the response (Seo et al., 1988; Liu et al., 2003). The
amino acid conjugate of JA, isoleucine-JA, is the most active form of the phytohormone
(Krumm et al., 1995; Staswick & Tiryaki 2004), and act as an activator of transcription
factors (TF), He (2016) showed that induction of TFs transiently modifies gene expression.
Four families of TF were shown to be broadly differentially expressed upon TSSM infestation
in cucumber accession Chinese long: MYB, bHLH, AP2/ERF and WRKY.
The MYB family has been implicated with defence in Arabidopsis (Gigolashvili et al., 2007),
Populus trichocarpa (Mellway et al., 2009) and N. attenuata (Kaur et al., 2010). These TFs
typically regulate genes belonging to defensive secondary metabolites (Borevitz et al., 2000;
Gális et al., 2006). Furthermore, two MYBs have a correlation in their expression pattern with
genes coding lipoxygenases (CsLOX) in cucumber (He, 2016).
The bHLH family has been implicated in diverse roles, for instance it is involved in the JA
signalling pathway (Lorenzo et al., 2004; Dombrecht et al., 2007) providing a feedback
mechanism that regulates the JA concentration.

He (2016), identified among the bHLHs

differently expressed genes (DEGs) Csa2M047780 which was co-expressed with CsTPS9
and CsTPS19, genes encoding mainly for (E,E)-α-farnesene and (E)-β-ocimene.
The AP2/ERF family upregulates the JA and ET mediated cascades and downregulates the
SA mediated cascades (Moffat et al., 2012). These TFs have been upregulated upon
herbivore infestation of rice as OsERF3 responds rapidly to herbivory by C. suppressalis
upregulating the genes that encode for two MAP-kinases and two WRKY genes, but also
increasing the activity of trypsin protease inhibitors and the concentrations of JA (Lu et al.,
2011). Arabidopsis by Spodoptera exigua and Pieris rapae (Rehrig et al., 2014) and
cucumber by Tetranychus urticae (He, 2016). In the latter case it was co-expressed with
CsTPS9 and CsTPS19.
The WRKYs has been reported to be central for plant defence (Eulgem et al., 2000; Chen et
al., 2012). Specifically, their role against plant pathogens is well documented (Pandey &
Somssich, 2009). In cucumber, after one day of TSSM infestation, many WRKYs were
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upregulated, and could potentially regulate defence against herbivores (He, 2016).
The transcription factors regulate their target genes after certain environmental stimulus has
reached the plant, the target genes are expected to have a different magnitude of expression
compared to the initial situation (i.e. lack of environmental stimulus). The DEGs in cucumber
between TSSM infested and uninfested plants have been compared (He, 2016). Accessions
Corona and Chinese Long were used and it was found that JA synthesis genes,
photosynthesis related genes, lipoxygenases (CsLOX) genes and genes involved in the
biosynthesis of terpenoids were upregulated, whereas cucurbitacin synthesis genes, sucrose
synthesis genes, flavonoid synthesis genes were downregulated.

Figure 1. Induced defence biochemical pathway, information obtained from several taxa.

Among the TSSM-related DEGs in cucumber, CsLOXs have been reported to be involved in
the formation of GLVs, especially the precursors of JA (Gigot et al., 2010). Terpene
synthases (TPS) are enzymes involved in terpene synthesis, particularly upregulated during
herbivory. They have been reported to be upregulated in several plant species including rice
(Yuan et al., 2008) and Arabidopsis (Van Poecke et al., 2001; Herde et al., 2008). In
cucumber the induction of a TPS gene encoding (E)-β-ocimene/(E,E)- α-farnesene synthase
was reported (Mercke et al., 2004). The TPS gene family in cucumber consists of 27
members and 19 of them were isolated and inserted into an expression vector to produce
proteins (He, 2016). The induced TSP genes, upregulated after TSSM infestation are: CsTPS
1, 2, 3, 9 and 19 while CsTPS 5 on the other hand is a constitutively expressed gene. The
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collective products from these genes are: sabinene, β-pinene, β-myrcene, limonene, (Z)-βocimene, (E)-β-ocimene, linalool, α-terpineol, (E)-β-farnesene, (Z)-α-bisabolene, (E,E)-αfarnesene, β-bisabolene, 7-epi-cis-sesquisabinene hydrate, (E)-nerolidol, (E)-α-farnesene,
(Z,E)-α-farnesene. In addition the terpenoids (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) and
(E,E)-4,8,12-trimethyl trideca-1,3,7,11-tetraene (TMTT) are overproduced in cucumber after
TSSM infestation, these were emitted at higher levels than the mono-and sesquiterpenoids
added (He, 2016).
Each TPS enzyme is able to produce different terpenes, the outcome depends on the initial
substrates enabling this reaction, the substrates for terpene biosynthesis are: geranyl
diphosphate (GPP-C10) and nerolidyl diphosphate (NPP-C10) for monoterpene biosynthesis,
cis-and trans-farnesyl diphosphate (FPP- C15) for sesquiterpene biosynthesis and
geranylgeranyl diphosphate (GGPP- C20) for diterpene biosynthesis (Figure 2b), (Takahashi
& Koyama 2006). Two molecular pathways and three prenyltransferases enhance the
synthesis of these four substrates, the MEP/DOXP pathway inside the plastids and the
Mevalonate pathway in the cytosol (Figure 2a) (Tholl 2006), these two pathways share the
same initial substrates, C5-unit isopentenyl diphosphate (IPP) and its isomer dimethylallyl
diphosphate (DMAPP). In fact more than 20000 terpenes are produced from these two
molecules.
(a)
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(b)

Figure 2. Terpene biosynthesis pathway, adapted from (a) Tholl 2006, (b) Takahashi & Koyama 2006.

Many of these signaling pathways have been found to have an intrinsic cycle, the oscillations
appear to be light dependent, so to a certain extent it is a biochemical circadian clock, it is
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reported that the MEP/DOXP pathway is strongly regulated by light (Hemmerlin et al., 2012).
The (E)-β-ocimene and (E,E)-α-farnesene concentration oscillated during light and dark
periods, being higher during the day (He, 2016).
Defence mechanisms have an intrinsic time resolution, imposed by the nature of the signaling
pathways used to relay the initial stimulus of the elicitor. The final alteration of gene
expression enables the plants to transform what might be a transient response into a more
permanent one. Shedding light into the temporal and spatial dynamics of induced defence is
relevant, this knowledge enhance scientists to breed for resistance traits, ultimately avoiding
harvest losses. In cucumber the time resolution of the molecular changes induced by spider
mites has been studied in several works. e.g. The volatile blend emitted by infested plants
differed significantly after seven days from the control uninfested plants (Kappers et al.,
2010). Furthermore, gene expression has been shown to be significantly altered during the
first three days after infestation of TSSM but not significantly changed during the first 15 hours
(He. 2016). The permanent changes that are induced by infestation are mediated among other
by JA specially, its concentration increased sevenfold within the first hour, in the second hour
went back to its initial value, in the fourth hour increased to the initial transient level as a
response to the herbivory (He. 2016), these changes through time are a transient response.
JA increased abundance, turns the response into a permanent one by changing gene
expression.
Plants induced responses in defence are systemic, they can be transmitted internally through
vascular tissue using messenger molecules to carry the message, or using volatile organic
chemicals (VOCs) that are transported by air into other plant parts (Maffei et al., 2012). In this
two ways plants achieve the induction of early defence mechanisms in unaffected tissue.
Some classes of compounds have been characterized as carriers of the defence message
upon herbivory, not necessarily induced by the herbivore derived elicitors but also from the
mechanical damage, for example (E)-2-hexenal, (Z)-3-hexenal, (Z)-3-hexenol and (Z)-3hexenyl acetate (Frost, 2008; Matsui 2006; Kishimoto et al., 2005) accumulate
instantaneously after biotic/abiotic stresses. (Z)-3-hexenal peaks at 30–45 s after mechanical
damage, then (Z)-3-hexenol accumulates and (Z)-3-hexenyl acetate peaks at 5 min (D'auria
et al., 2007). Furthermore maize leaves treated with methylated jasmonic acid (MeJA) did not
emit hexanal and hexenol while emitting of (Z)-3- hexenyl acetate was significant (Farag et
al., 2005). In cotton plants (Z)-3-hexenyl acetate was emitted from sites distal to herbivory
suggesting its role as enhancer of a systemic response. Different GLVs were emitted when
only mechanical damage was performed on the leaves compared with the response to
herbivory (Rose et al., 1996). The exposure of non attacked leaves to GLVs, changed the
membrane potentials of the cells (Arimura et al., 2009), suggesting the existence of an spatial
difference in the local reaction to herbivory within the intact leaves. If this hypothesis holds, the
volatiles emitted as a consequence of herbivory mediate systemic communication between
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leaves within the same plant and among neighbouring plants (Kost & Heil 2006; Ruther &
Kleier 2005; Maffei et al., 2012). An example of VOCs systemic response has been recently
studied in Lima bean in response to Spodoptera littoralis Boisd. Sesquiterpenoids induced
solely by herbivory wounding and not by mechanical damage were shown to upregulate their
own gene expression in distant, unaffected areas (Boggia et al., 2015). In a similar way, the
gene expression, metabolism and volatile emission is possibly changing within leaves in
cucumber upon the attack by spider mites. In fact, in cucumber (Z)-3-hexenyl acetate is
overproduced after TSSM infestation and It has been shown that the expression of the TPS
genes, and in consequence the volatile blend, varies among different organs within the same
plant (He, 2016), nevertheless the local spreading of the herbivory response from the attacked
spot in cucumber leaves upon TSSM infestation is a question that remains unsolved.

Review of methodologies used for the elucidation of spatiotemporal dynamics of VOCs
The spatial changes in gene expression, metabolites composition and volatiles blend are not
regularly detected due to the nature of the techniques used (Bicchi & Maffei., 2012; Tholl et
al., 2006), where in general a simplification of reality is required. In addition, leaves contain 15
different cell types (Martin et al., 2001) or differentiated cells, each with its own biochemistry,
gene expression and biological function, thus, taking samples for metabolomics analysis
implies losing all the spatial resolution within adjacent differentiated cells or tissues (Etalo et
al., 2015). The analytical techniques have shed light on metabolomics, while obstructing the
possibility of exploring spatial resolution on the molecular processes. “Through LAESI-MS
analyses, hundreds of metabolites can be detected at a spatial resolution of 200 μm, which is
comparable to a spatial resolution of ca. 4 plant epidermal cells”

(Etalo et al., 2015).

Nevertheless due to the lack of chromatographic separation, a candidate ion must be
confirmed through GC and LC/MS analysis for subsequent use of this new technology.
A well-studied example in HIPV dynamics, is Phaseolus lunatus L (Lima bean) (Arimura et
al., 2000, 2002, 2005). A methodology that successfully elucidated the topography of emitted
volatiles upon herbivory has been recently developed for Lima bean, showing reproducible
results. This method uses Direct Contact-Sorptive Tape Extraction (DC-STE) in Headspace
(HS) sampling mode, HS is used for capture of non-polar volatiles, to do this, the polymer
within the sampling device must be in static contact with the vapour phase of the desired
measured system. DC-STE is accounted as a Solid-phase micro-extraction (SPME) that uses
polydimethylsiloxane (PDMS) polymeric phase to collect the volatiles. A glass coverslip was
placed above the tape in order to exclude PDMS – air interaction, limiting in this way the
number of phases involved in the sampling (Boggia et al., 2015). PDMS is a nonpolar
polymeric phase that promotes hydrophobic interactions with the analytes. PDMS is a thermo18

stable material and eventually reaches a steady state, the percentage of analytes absorption
depends ultimately on the polarity of the compounds, low polar compounds are more easily
absorbed. After the steady state is reached, the stir bar goes through thermal desorption and
subsequent gas chromatography to identify the analytes.
Another well studied example of HIPV dynamics is Zea Mays L (maize) (Köllner et al, 2004 I
& II, 2013; Turlings & Tumlinson 1992). Spodoptera littoralis Boisd was restricted to feed on
isolated sections of maize leaves, aiming at elucidating the spatial gradient of the response
that starts at the infestation site, the leaf was divided in sections, harvested and frozen with
liquid nitrogen, each section was pulverized, and 0,2 g of plant material were placed inside a
septum glass vial, in which a 100 μm PDMS solid-phase microextraction fibre (Supelco,
Bellefonte, PA, USA) was inserted and exposed to the headspace for 60 minutes at 40°C. The
release of induced volatile sesquiterpenes was found to be restricted to leaf sections located
at the site of damage or apical to it, suggesting the movement of the response through the
xylem (Köllner et al., 2013), but more importantly, validating the method for elucidating the
spatial movement of the induced defence response.
The spatial resolution of herbivore induced volatiles in cucumber remain elusive. In the case of
the volatile blends in cucumber, a technique to investigate the induced volatiles of the whole
plant has been previously described (Kappers et al., 2010), nevertheless, it is difficult to
collect volatiles from an isolated part of the plant without disturbing the biological system, even
more difficulties arise if one wants to collect volatiles from part of an organ such as half of an
infested leaf for example. In order to be able to study the gradient of response after
infestation, one must be able to focus the herbivory to a portion of the leaf, TSSMs have been
isolated to portions of a leaf successfully by pouring a lanolin barrier (Kant et al., 2008; Alba
et al., 2015), furthermore, lanolin has been proven to not contaminate volatile emission of
VOCs (Heil et al., 2008), therefore the use of lanolin is completely innocuous and only
dependent on the practical feasibility. Method extracted from Kant et al., (2008):
“approximately 1 mm thin spider mite-proof barrier of lanolin paste, which we applied using a
syringe, perpendicular to the mid-vein, around the abaxial and adaxial surfaces of the leaflet.
The reason for not putting the lanolin along the central vein is that mites tend to attach the silk
to this vein when producing the web within which they lay their eggs”.
During this thesis I worked with Stir bar sorptive extraction (SBSE). The analytical units, are
magnetic stir bars inside a glass jacket coated with 24–126 μL of PDMS, it is a solvent-less
technique, although it uses PDMS, has fundamental differences with SPME, the volume of the
extraction phase is 50-250 times larger, this increases the sensitivity of SBSE to trace small
concentrations. On the other hand, the extraction and the desorption times are longer, in the
latter case approximately 10 minutes, making a re-concentration mechanism of the analytes
necessary, this is accomplished through the use of a cold trap (Hyötyläinen & Riekkola
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2008). “Although SBSE exhibits several advantages and potentials for on-site sample
preparation, it led to few publications about on-site application of SBSE to real samples. The
major reasons for this are the portability of the device and the time spend for extraction”
(Duan et al., 2011).

Results
Optimization
Before designing and developing a large scale trial to prove the proposed hypothesis, some
technical and biological parameters were optimized aiming at decreasing the intrinsic variation
while increasing the visibility of the treatments effect.

Biological optimization
Studying the spatio temporal dynamics of plant response after TSSM
infestation
The aim was to reduce the biological variation, by quantitating the minimum number of
individuals needed for fulfilling the tissue requirements for the subsequent quantitative
analysis, in addition an essay aimed at restricting the movement of the mites to a certain
infestation point was done.
Two cucumber accessions were used, a non-bitter (ENZA1) and a bitter (9930, Chinese
Long). The plants were sprayed with JA or alternatively spider mites were transfected onto the
abaxial side of the leaves in order to collect the volatiles emitted after the induction. Control
plants were sprayed with water containing 0.01% Tween-20 (Kappers et al., 2010).
A infestation gradient reflecting the hypothesis was designed (

Figure 3) in order to study the spatial dynamics after the JA induction or TSSM infestation.
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Figure 3. Design of gradient used during the optimization of the technical parameters. G = Gradient.

Two spotted spider mite infestation in cucumber
The first trials were done in order to increase my knowledge on the overall system, giving me
the tools to design and carry out the subsequent methodologies: spatio temporal dynamics of
volatile metabolites, volatile compounds present in the leaf. The key objectives were the
observation of the infestation dynamics, the plant-mite interaction, the population development
and quantitation of the damage. The aim was to determine the amount of mites needed per
leaf in order to have sufficient harvestable damaged tissue after a short term infestation.
3, 5, 10 TSSM were transferred onto bitter and non-bitter plants, two replications per
treatment. The diameter of the damage spots was measured every day, Equation 1 shows the
direct relation between 1 TSSM damage spots diameter (mm) (Y) and time (days) (X)
2

Equation 1. y = 0.035x + 0.5446x - 0.7075.

Simultaneously two leaf discs were taken with the available cork borers, of different sizes, and
then weighted, Equation 2 shows the direct relation between diameter (mm) (X) of the leaf
discs and weight (mg) (Y).
2

Equation 2. y = 0.1188x - 0.2187x + 1.0795.

Figure 4 depicts the data used for establishing these functions.

21

(a)

(b)
y = 0.035x2 + 0.5446x 0.7075
Weight (mg)

Damage spots
diameter (mm)

20
15
10

5
0
0

5

10

y = 0.1188x2 - 0.2187x +
1.0795

35
30
25
20
15
10
5
0
0

15

Days

10
20
Leafdiscs Diameter (mm)

Figure 4. TSSM transferred onto bitter and non-bitter plants. (a) depicts the diameter of the damage spots was
measured every day, (b) depicts the direct relation between the diameter of the leaf discs and weight.

With these equations, a quantitative relation was established between the discs fresh weight
(mg) (X) and the diameter of the discs (mm) or the time needed to get this damage (days) (Y).
Figure 5 show the data found for the 9930 accession of cucumber in vitro plants in this thesis.
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Figure 5. Weight (mg) of damage spots upon infestation by TSSM related to (a) time (days) and (b) diameter of
lesions in bitter accession 9930. The values are based on the damage caused by 1 TSSM, keeping in mind an
initial number of 10 mites per leaf. This number changes through time due to the species rapid life cycle.

These quantitative relation enabled me to calculate the optimal number of mites needed per
plant in order to obtain sufficient tissue for the analysis proposed (i.e. Volatile compounds
present in the leaf collection, LC/MS, sugar analysis: 150 mg of fresh weight needed
minimum, the methods are fully detailed in the methodology section).
The damage caused by the treatments of 3 and 5 TSSM in both accessions resulted in a
delay in the appearance of the lesions, thus such a low number of mites was not used in the
following experiments. Therefore, 10 TSSM per leaf were used, unless indicated otherwise.
After exposure to the laboratory air, the sterile medium lasts in average 5 days without being
successfully colonized by opportunistic microorganism. Small organisms such as spider mites
carry plenty microorganisms in their bodies surfaces, therefore a methodology was tested
aiming at the non-lethal surface disinfection of TSSMs. The protocol was developed by Danja
Brandsma. To test it, a small scale experiment was done, both accessions were used, two
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plants per accession, and 10 sterilized mites per plant, the damage diameter was taken during
the infestation period to verify that the mites were performing just as well as non-sterilized
mites. After 10 minutes of applying the sterilization treatment the mites were moving again.
The rate of survival was low, approximately 50%. The boxes were the sterilized mites were
introduced never showed signs of microbiological contamination until the plants eventually
enter senescence and decay (12 days). The diameter of the infestation spots did not differ
from that observed with non-sterile mites.

Mites and waxy layers
The TSSMs move considerably across the leaf, a naturally occurring localized attack by a
group of individuals is rather rare, therefore limiting the mites movement to the desired spot
would be ideal. The general objective was to successfully apply waxy layers as a way to limit
TSSM movement. ENZA1 accession was used, since it is more palatable than Chinese long
for the mites. The specific aim was to have a localized damage in a desired spot, to elucidate
how the response moves from the infested spot, in terms of gene transcription, volatile
compounds released to the headspace or volatile compounds present in the leaf. Vaseline
and Exsikkatorfett were used as limiting agents, two variables were measured, the percentage
and time of escape. More than 90% of the mites escaped, the difference was in the escaping
time, using the vaseline the mites escaped within the first 10 minutes, whereas using
Exsikkatorfett they escaped within the first day. It was hypothesized that if the mites had food
(i.e. leaf that they prefer), and were encircled by a boundary of Exsikkatorfett they wouldn't
escape, but rather start feeding in the desired spot. To test this assumption, detached healthy
trifoliate leaves of Phaseolus vulgaris were subsequently used and the petiole was embedded
in a vial full of moist cotton wool, so that the leaves remained alive during the application of
the treatments. The leaves with the vial were stored inside petri dishes. Only Exsikkatorfett
was used this time,
Table 1 shows the restrain of TSSM on the abaxial side of P. vulgaris leaves.
Table 1. Average number of TSSM per treatment (left column) percentage relative to the initial amount of mites
(right column), two TSSMs densities (5 and 10) during three days.

Average presence after 3 days
Percentage
5 TSSM
Adaxial
2.7
53.3
Abaxial
5
100
Average
3.25
65
10 TSSM
Adaxial
9.3
93.3
Abaxial
8
80
Average
9
90
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The mites did not trespass the waxy layer, nevertheless a bigger experiment was needed for
statistical validation of the waxy layer restraining effect. A large scale experiment was
designed, all the leaves were infested in abaxial side, unifoliate leaves of P.vulgaris were used
instead of trifoliate leaves due to the amount of vegetative material available, the time of
transfection after applying the wax layer was 2 hours, the transfection point was the centre of
the leaf in the main vein. The measurement variable was the number of mites still present in
the transfected spot after 3 days. Two factors with two levels each were used: number of
mites (5, 10), waxy layer (present or not) 4 treatments, 10 replicates, 2 controls were used,
leaves only with wax (negative) and leaves without any addition (positive). The
Table 2 shows the results of the experiment for validating the methodology.
Table 2. Average number of TSSM per treatment (first row) percentage relative to the initial amount of mites
(second row).

Treatments

5 TSSM

10 TSSM

5 TSSM + Wax

10 TSSM + Wax

Presence after 3 days
Percentage

0,4
8

0,3
3

0,7
14

2,0
20

More escapes than expected were registered in all treatments, it seemed that TSSM prefers
trifoliate leaves of P.vulgaris and hence the experiment failed because the mites were not
successful colonizing the unifoliate. Since the previous experiment had shown low number of
escapes, another essay was conducted with trifoliate leaves, it was not possible to conduct a
big scale experiment with trifoliate leaves due to the amount of material needed, a
Exsikkatorfett layer was drawn inside trifoliate leaves, 10 TSSM were put inside the wax
circles, four replications. All the wax circles were facing down. The wax layer was applied with
a syringe without needle (thicker layer). The thicker layer, and trifoliate leaves registered no
escapes after 4 days of infestation.
The evidence from this essays, was taken as enough to suggest the methodology of
delimitation by an Exsikkatorfett layer worked, wax should be applied with a syringe without
needle in the abaxial side of the leaves. Nevertheless, this method poses serious limitations,
e.g., the plants have to be heavily manipulated, plus sometimes the fat causes lesions,
changes in gene transcription and volatile blend can be expected, as these are associated
with mechanical damage. Only by moving the plants to the measurement chambers, there
were green leaf volatiles highly induced (see Figure 15f), thus the initial abundances in the
chromatograms were high and then went back to an steady state after a couple of hours.
Furthermore, after a couple of days the leaves become translucent green in the spot where
the wax is applied, evidencing the entrance of the waxy material inside the leaves (image 1),
compromising the possibility to harvest this material for endogenous volatiles methodologies.
In addition, there was a wax contamination in one of the Tenax liners used in the first trials
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that affected the apolar spectrum in the resulting chromatograms, not only in the contaminated
file but in the subsequent chromatograms as well, this contamination of the GC/MS is
potentially critical and may yield shifted spectrums in the chromatograms.

.
Image 1. Lesions high lightened with red dots in cucumber leaves due to the wax layer appliance.

Technical optimization

Studying the spatio temporal dynamics of plant responses after
TSSM infestation
Two techniques were meticulously optimized, aiming to reduce the technical variation, in order
to produce an accurate quantitation of the induced emitted volatiles and the volatile
compounds present in the leaf.

Volatile compounds released to the headspace
Two sampling devices were compared, based on their capacity to be locally enriched by a
determined leaf section. Tenax liners and Twisters were used to perform the headspace (HS)
collection of volatiles. Both devices have the same principle, they use a non-polar polymeric
phase for the trapping of volatiles and semi volatiles from air or which have been purged from
liquid or solid sample matrices. Beyond the technical differences, both devices have different
practical implications, Twisters can be embedded in a solution to directly collect volatiles and
metabolites or can be held in the headspace allowing collection of volatiles, while the Tenax
must remain in contact with the headspace, in addition Tenax liners must have a constant flow
of air throughout them to allow the compounds to run along the liner and get anchored to the
polymer.
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Tenax liners

The first attempt was to have a glimpse at how consistent the equipment was under
standardized conditions, therefore 4 petri dishes were placed in the laboratory, above them,
Tenax liners with a flow of 50 ml/min were used to collect air above different parts of infested
leaf tissue of Phaseolus Vulgaris exhibiting 5 similar treatments: 10 TSSM + wax, 20 TSSM,
control leaf + wax, control leaf, air control. The chromatograms yielded inconsistent results,
the absence of peaks was evident in the first and fourth treatment, the second and third
treatment showed peaks, mainly background, plant volatiles were absent, the air control
showed a higher background. There were several diagnosed technical problems based on this
results, the caps of the liners and the liners themselves may show differences in resistances.
therefore the Tenax liners and the needled caps used in the subsequent experiments were
standardized to exert similar resistance during the air trapping, in order to get as less variance
as possible. Some needles were blocked from previous experiments, the blocked needles
were unblocked and retested for resistance until a homogeneous batch was obtained. The
Tenax liners that showed differences in resistances of more than 10% relative to the larger
group were not used for collecting, the homogenous liners were purged previous to the
subsequent experiments. Having reduced technical variance to the minimum, the high
background observed in the chromatograms was left disturbing the results.
Expecting to reduce the background noise observed, essays with liners and electric pumps
with an inflow of 50 ml/min were performed in several locations. Volatiles were collected, all
the equipment was put inside a flow cabinet, as controls, Tenax liners were placed inside and
outside the flow cabinet, a third was placed in the middle of the laboratory. A high background
was observed inside and outside flow cabinet, with no differences, therefore, collecting inside
the flow cabinet does not reduce the background noise. Two square containers were covered
in aluminium foil, which emits reduced amount of volatiles and therefore prevents additional
background noise, clean air was pumped inside the boxes with an inflow of 300 ml/min, the
system was left with the inflow for two hours to ensure the refreshment of the air inside, after
that, liners with an outflow of 200 ml/min were attached inside the containers and collected for
two hours. This setup was placed inside the headspace facilities, two air controls were placed
outside. The background from the liners inside the square containers and the air controls was
not different, so the treatment was not successful in cleaning the air, nevertheless the
background in the headspace was lower than in the laboratory, therefore the subsequent
experiments were done in the headspace. In order to rectify for the intrinsic background of the
liners, 4 conditioned tubes were analysed, only some system peaks eluting from the GC/MS
column were found, thus, the background observed in the other experiments was proved to be
coming from the environment.
The next step was to optimize the time-lapse equipment, this would allow for a clear temporal
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elucidation of the induced defence response. A short time-lapse image of the volatile blend of
both accessions was taken, after induction with JA.
Volatiles emitted from single rockwool-grown plants of both 9930 and ENZA1 were collected
for 22 hours. The collection started 24 hours after JA had been applied. 2 hours intervals of
collection were sampled. For ENZA1, only α-pinene, a monoterpene with retention index of
937 (eluting at 11.26 minutes), was found after the induction (data not shown). The results of
the 9930 accession are shown in
Figure 6.
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Figure 6. 22 hours collection of volatiles in 2 hour lapses, a rockwool-grown 9930 plant was induced 24 hours
before the starting of the sampling. The responsive volatiles are (a) (E,E)-α-farnesene and (b) (E)-6,10-Dimethyl5,9-undecadien-2-one (2), (E)-β-ocimene and linalool. The shaded area represents the night period.

(E,E)-α-farnesene appears to be transiently upregulated, 10 fold difference in abundances
between day and night. Relative to α-farnesene, the other volatiles are less responsive. The
initial abundance values at the beginning of the time-lapse, suggest that the burst in induced
compounds occurs long before, keeping in mind that the time-lapse started 24 hours after JA
induction, and lasted 22 hours. A longer time-lapse was needed to elucidate the full time
response of both accessions. Based on this results, the sampling point at 24 hours after JA
induction was used for the subsequent optimization steps.
The next objective was to have a first look at the biological variation intrinsic to the plant
response to JA induction, therefore, 4 9930 rockwool plants were induced for 24 hours and
volatiles were collected in the headspace facilities,
Figure 7 shows the results.
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Figure 7. Headspace collection of volatiles (inflow 300 ml/min, outflow 200 ml/min), performed on 4 9930 plants for
4 hours, 24 hours after JA induction. The responsive volatiles are (a) (E,E)-α-farnesene and (b) (E)-6,10-Dimethyl5,9-undecadien-2-one (2), (E)-β-ocimene and linalool.

(E,E)-α-farnesene and (E)-β-ocimene show a similar response pattern, suggesting that the
induction is responsible. For each compound, the first two columns from left to right represent
plants that were put in the front of the table during the spray of JA, the second two columns
represent the plants put in the rear of the table during JA application. Minor variables such as
small changes in JA concentration, or the plant position are very sensitive and seem to be
related to the magnitude of the response. Therefore a precise amount of JA must be applied in
order to have reliable replicates.

Twisters in contact with the boundary layer of the leaf
This represents an exploratory methodology, aimed at testing the ability of the Twisters to get
locally enriched by HIPV when in contact with the boundary layer of an infested leaf. In
addition the optimal absorption time, and anchoring technique of the device above or below
the leaf were pursued.
In order to approach the system, three sterile ENZA1 plants were induced with JA and the
methodology with the Twisters applied. The plastic containers were cut and the plants were
placed inside a glass container with high relative humidity to prevent loss of turgor. Taking out
the sterile plants has to be a rapid procedure, since lesions can be caused by the sudden
changes of temperature and relative humidity. Any kind of stress should be avoided, because
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it leads to changes in the volatile blend not caused by the JA treatments. The third leaf of each
plant was sprayed with JA in the G0 zone, while the 2nd leaf was a sprayed control. Volatiles
collection started 24 hours after induction and lasted 4 hours, the Twisters were attached to
self-manufactured hooks and put above the leaf surface. 5 sites were sampled per plant: G0,
G1, G2, tween control, non-sprayed control. Plus 2 air controls inside the glass jar, 17
Twisters, all of them showed similar levels (1*10^5) of 6-methyl-5-hepten-2-one and (E)-6,10Dimethyl-5,9-undecadien-2-one (2), but no induced volatiles were found. It was hypothesized
that more volatiles could be collected by placing the Twisters below the leaf, where the
stomata are more abundant and hence more gaseous exchange occurs. In the subsequent
experiments the Twisters were placed under the treated leaves, 6 sterile ENZA1 plants were
induced, two infested with TSSM, two sprayed with JA and two controls, volatiles were
collected after 24 hours. The results were the same as before (Table 3).
Table 3. Captured volatiles from Sterile ENZA1 plants, induced for 24 hours with jasmonic acid or two spotted
spider mites (Traces = The magnitude found represents “n” in the expression 1*10^n and it is the amount of digits
from the integrated compound peak extracted from the GC/MS chromatograms).

Compounds/Treatments
6-methyl-5-hepten-2-one

JA

TSSM

Control

Traces

(E)-6,10-Dimethyl-5,9-undecadien-2-one (2)
The ENZA1 accession was not showing induction with TSSM or JA, hence, a trial was done
with the 9930 accession to prove that the induction methodology was working. 3 sterile 9930
plants were induced with JA in the tip of the 3rd leaf, in order to check if a gradient response
was seen within the sterile conditions. Due to external factors the plants volatiles were
collected 72 hours after the induction. The Twisters did not collect induced volatiles, only 6methyl-5-hepten-2-one and (E)-6,10-Dimethyl-5,9-undecadien-2-one (2) were present in the
chromatograms (1*10^6). Nevertheless an unusually high background was seen, this was
identified as background from the plastic containers. In order to get the Twisters below the
leaf, the plastic container must be burned with a heated metal wire, and the background seen
was a collateral damage from this event. This posed a serious limitation to the use of sterile
plant material with this method. Rockwool-grown ENZA1 and 9930 plants were induced with
JA, the volatiles were collected after 24 hours. The collection time was two hours. The plants
were put inside a glass container together, one Twister was used as air control. The results
are shown in Table 4.
Table 4. HS capture of volatiles from JA induced cucumber plants, accessions 9930 and ENZA1. The magnitude
shown represents “n” in the expression 1*10^n and it is the amount of digits from the integrated compound peak
extracted from the GC/MS chromatograms.

Compounds/Accessions
6-methyl-5-hepten-2-one
linalool

ENZA 1
7
6

9930 control
7
7
6
6
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(E)-6,10-Dimethyl-5,9-undecadien-2-one (2)
α-farnesene

8
7

7
7

8
7

(E,E)-α-farnesene is a sesquiterpene and Linalool a terpene alcohol, both are JA induced
volatiles, 9930 cucumber accession releases both compounds actively. After determining that
the induction methodology was indeed working in 9930 accession, and the devices capable of
collecting the induced volatiles, it was imperative to assess whether these Twisters were
locally enriched and therefore a suitable method for testing the volatiles gradient hypothesis. A
9930 rockwool plant was sprayed at the tip of the 3rd leaf, then the volatile collection was
done carefully putting the Twisters below the leaf in a self-manufactured rack (image 2) as
close as possible to the air boundary layer. The plant was placed inside an open desiccator to
prevent air contamination and sudden air flows disturbing the equilibrium of the system. The
results are shown in Figure 8.

Image 2. Self-manufactured rack used to hold Twisters while collecting air volatiles.
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Figure 8. Twister gradient collection, 5 Twisters were used to measure the G0, G1, G2 spots and two controls, air
above the leaf and at the exit of the glass container which was a desiccator with a small exit on the top. G =
Gradient. Abundances of (a) induced volatiles and (b) green leaf volatiles.

Two hypothesis came out from these results, the null hypothesis is that the volatiles are not
being emitted on a gradient, but rather emitted just at the G0 spot, and by air diffusion
reaching the other Twisters, the hypothesis 1 is that there is also an internal gradient in the
leaf, for proving this, the endogenous volatiles must be extracted.
The linalool exhibited the expected response according to the hypothesis while the (E,E)-αfarnesene didn't show any specific pattern. The other compounds appeared to be negatively
correlated with the induction, assuming the H1 hypothesis is true and there is local enrichment
in the Twisters inside the plant-desiccator system.
After collection, the material of each part of the leaf was grounded separately for the extraction
of endogenous volatiles, to compare with the Twisters results it has not been done yet, the
samples are still stored in the -80 fridge.
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Volatile compounds present in the leaf
The HS collection of volatiles should be complemented with methodologies aimed at showing
the same patterns inside the leaf tissue, this is the only way to be certain about the biological
effects of the induction, either with JA or TSSMs. Two methodologies were studied during this
project, one using Tenax liners, and one using Twisters, both have the same principle, 100 mg
of tissue are placed in a glass vial with 1 ml of 5 Molar CaCl2 solution, then the glass liner is
placed under a temperature regime and collected during 60 or 90 minutes in different
intervals.

Tenax liners

For the initial approach one plant of each accession was induced with JA, after 23 hours
volatiles were collected for two hours in the headspace facilities, inflow of 300 ml/min and
outflow of 200 ml/min, in order to compare the volatile emission with the volatile compounds
present in the leaf, at 27 hours after induction the induced tissue was harvested, immediately
frozen for collection of volatile compound present inside the leaf using two solutions (MQ
water and 5 M CaCl2) and one treatment without solvent. Two factors, accessions (two levels),
solutions (three levels), the controls were made for every treatment, using non-induced plants,
6 treatments, two replications. 200 mg of Ground material were put inside a glass vial and the
solution was added, the vial capped with a septum cap, then two needle caps attached to
Tenax liners were put through the septum as inlet and outlet of air, an electric pump was
connected to the air outlet, the flow was 100 ml/min, volatiles were collected for two
consecutive 15 minutes intervals The set up can be seen in
Image 3. The results are shown in Table 5.
Table 5. HS capture of (a) emitted volatiles and (b) volatile compounds present in the leaf from JA induced
cucumber plants, accessions 9930 and ENZA1, the results in the (b) table come from the second sampling period
of 15 minutes. The magnitude shown represents “n” in the expression 1*10^n and it is the amount of digits from the
integrated compound peak extracted from the GC/MS chromatograms, simplified for comparison purposes.

(a)
Compounds/Accessions
6-methyl-5-hepten-2-one
β-ocimene
linalool
(E)-6,10-Dimethyl-5,9-undecadien-2-one (2)
α-farnesene
3-hexen-1-ol
(b)

9930
7
7
6
7
8
6

ENZA1
7
0
0
7
7
8
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Accessions

ENZA1

Compounds/Treatment

MQ

(E)-β-ocimene
6-methyl-5-hepten-2-one
linalool
(E)-6,10-Dimethyl-5,9-undecadien-2-one
(2)
methyl salicylate
α-farnesene

CaCl2

9930
Tissue

MQ

6

5

5

8
7
8

6

6

6

7
7
7

CaCl2

Tissue

6

5

The only treatment that showed the expected volatiles and metabolites was the MQ water, but
only in the second sampling period of 15 minutes, therefore a subsequent time optimization
was done, 4 JA induced 9930 plants were frozen and grounded to capture volatiles with MQ
water, 1 hour lapse was collected in different intervals, 1 for 1 hr, 2 for ½ hour, 4 for ¼ hours.
The results are shown in
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Figure 9. HS capture volatile compounds present in the leaf from JA induced cucumber plants, accession 9930, 7
sampling periods performed simultaneously, 1 hour in total, divided in 3 different intervals, 1 hour, ½ hour and ¼
hour.

The only volatile consistently found in the chromatograms was (E)-β-ocimene. Condensation
was a recurrent problem, getting worse in the longer lapses where the needles got blocked
with water, the water reached the Tenax liners and it might led to a sequestering of the
collected volatiles during the dry purge of the liners, hence low amount of peaks in the
chromatograms, it was evident the high technical variation shown by this method. To
determine if the variation could be reduced another essay was required, 3 sterile 9930 plants
were induced with JA for 24 hours, the tissue was harvested and endogenous volatiles were
collected from 100 mg of tissue, two solutions (MQ water and 5 M CaCl2), two intervals (first
30 minutes, second 20 minutes), three replicates. Two plants were fully replicated, due to the
amount of tissue harvested the third one could not be replicated. Results are shown in
Figure 10
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Image 3. Tenax liners setup for collection of volatile metabolites from inside the leaf.
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Figure 10. Capture of volatile compounds present in the leaf from two JA induced 9930 cucumber plants, two
solutions (MQ water and 5 M CaCl2) were added to 100 mg of tissue. The bars in the columns represent the
standard error, and the percentage within brackets represents the standard error relative to the mean of each
treatment. One unidentified monoterpene eluting at 11,2 minutes (a), one green leaf volatile (6-methyl-5-hepten-2one) (b) and one induced volatile (α-farnesene) (c) were analysed as response variables with SPSS.

The response variables were the induced volatiles, independent T tests were made in two
ways, considering the two interval samples as replicates (with all data) and considering them
as pseudoreplicates (running the analysis separately by time-lapse), in both cases the results
showed the same pattern. Levene’s test for equality of variances was done, and except for αfarnesene, the equality of variances assumption was violated. On the other hand the standard
deviation for all compounds was high, especially with the MQ water treatment, suggesting that
CaCl2 as a solution reduces the variation in the process.
The technical variation encountered within this methodology is an obstacle beyond the scope
of this thesis, therefore it was decided not to use it for the large scale essays.
Embedded Twisters
There was a need for a reliable, reproducible protocol for capturing the volatile compounds
present in the leaf and minimizing the technical variation. The following is further discussed: 5
Molar CaCl2 solution plus 100 mg of induced tissue were added to glass vials, these were
heated and Twisters were placed inside the vials after ½ hour for a 30 minutes lapse. The
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setup can be depicted in Image 4.

Three 9930 sterile plants were induced with JA, 24 hours later the tissue was harvested,
frozen and pooled, to obtain homogeneous material for the optimization of the method. Three
replicates were collected for 1 hour lapse divided in ½ hour intervals, one additional MQ water
control per lapse was measured, as well as 1 conditioned Twister as a blank control. The
results are shown in
Figure 11.
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Image 4. Twisters setup for collection of volatile metabolites from inside the leaf.
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Figure 11. Collected volatile compounds present in the leaf from Twisters embedded in a solution (1 ml of 5 Molar
CaCl2) plus 100 mg of tissue from 3 pooled 9930 sterile JA induced plants. Response of α–farnesene, (E)-6,10Dimethyl-5,9-undecadien-2-one (2) and 6-methyl-5-hepten-2-one, three replicates for time-lapses, plus one blank
control Twister and one MQ water control per lapse.

The (E)-6,10-Dimethyl-5,9-undecadien-2-one (2), and the 6-methyl-5-hepten-2-one are Green
leaf volatiles present in the MQ water controls and the clean Twister, suggesting that the
conditioning protocol implemented for the Twisters is not thorough cleaning the devices. For
testing this hypothesis, these Twisters were conditioned and measured again immediately
after conditioning, the results showed that both green leaf volatiles were 10 fold lower in all
samples, nevertheless present as background noise, this is an acceptable technical error,
because the induced compound (α-farnesene), which represents the aim of what is expected
to be found during this thesis, is completely absent after the conditioning process, and thus
the remaining questions concern analytical chemistry research and are beyond the scope of
this thesis.
The (E,E)-α-farnesene is the only induced metabolite found, it suggests low variability in the
response with this method, this had to be verified with a large scale trial. Eight additional
replicates were made to verify the reproducibility of the results. The results are shown in
Figure 12.
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Figure 12. (E,E)-α-farnesene content from 24 hours JA induced cucumber, 11 and 3 replicates for 40º and 20º
Celsius treatments respectively, 90 minutes interval collection of volatile compounds present in the leaf, divided in
three lapses of 30 minutes per Twister. The error bars represent the standard deviation.

The mean, the standard deviation and its percentage relative to the mean are depicted in
Table 6.
Table 6. The mean, the standard deviation and its percentage relative to the mean.

Tº
40º C

20º C

α-farnesene
1rst 30 minutes
2nd 30 minutes
3rd 30 minutes
1rst 30 minutes
2nd 30 minutes

Average
498215.8
2530013.2
630828.6
204288.7
290577.7

3rd 30 minutes

231128.7

Standard deviation SD as % of mean
167965.8
33.7
651748.6
25.8
275238.2
43.6
64892.9
31.8
142924.8
49.2
135801.4

58.8

The lowest standard deviation relative to the mean is the second 30 minutes lapse at 40º C,
which represents the highest obtained concentration of α-farnesene as well, therefore this time
point was selected for the large scale essay.
This experimental methodology has technical variation unaccounted for, because it is out of
the scope of the present work, to prevent a bad use of materials, the variation found on this
essay was used to perform a power analysis and select the optimal sample size, in order to
find an effect if it is present. The results are shown in
Table 7.
Table 7. Power analysis based on 95% confidence interval.

38

95% Confidence Interval
Lower

145,288

Upper

148,941

CI width (W) =

0,3653

E= W/2

0,18265

std dev

0,27188

z α/2=

1,96

sample size = (δ2*(Zα/2)2)/E

2

9

The other methods have been used before this work with less replicates, and significant
biological effects have been found, hence being 9 the optimal sample size for the
experimental methodology, it was used as the replication number in the large scale
experiment.

LC/MS technical optimization

The endogenous metabolites were analysed with liquid chromatography, mass spectrometry.
2 sterile 9930 and ENZA1 plants were induced with JA on the tip of the 3rd leaf at 10 am. 24
hours later tissue was harvested for LC/MS. The limiting fresh weight was 50 mg, so from all
the samples 50 mg were taken. The aim was to have a first taste of the technique as a whole,
and optimize the weak spots, in addition it was a separate objective to identify the differences
between bitter and non-bitter accessions, as well as differences in the gradient spots
proposed in
Figure 3, since the G0 leafspot was induced with JA.

LC/MS optimization results

Induced defence dynamics in cucumber
According to the optimization findings, seeds were soaked for 2 hours before planting, then
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sowed in Rockwool blocks and covered with aluminium foil for 24 hours in order to
homogenize the germination time. 25 days later the experiments were initiated, the treatments
were applied to the 3rd real leaf each time, due to homogeneity in size.
After each treatment, the tissue was harvested, flash frozen in liquid nitrogen, with the
proposed volatile collections conducted before and after harvesting. The collected volatiles
were processed through GC/MS, and the resulting chromatograms were deconvoluted before
generating the data matrices for analysis.
In order to get a closer identification of the eluting peaks, the main consistent system peaks on
the chromatograms were taken as standards to build a retention index vs retention time graph,
in addition real internal standards were run on the same equipment to get a broader dataset
(Figure 8), a correlation graph was made and the R2 value was calculated (Figure 13), then
the retention times for the expected compounds were predicted based on this linear relation (
Table 9), in order to have a dedicated search for these compounds through the data matrices.

Table 8. System peaks and internal standards used to make a correlation graph of retention index vs retention
time.

Compounds
Hexanal
Furfural
5-Hepten-2-one, 6-methylβ-pinene
Octanal
3-carene
α-terpinene
Γ-terpinene
linalool
methyl salicylate
Benzothiazole
caryophyllene
(E,E)-farnesene
(Z)-nerolidol
(E)-nerolidol
Diethyl Phthalate
Methyl jasmonate
Dibutyl phthalate
Heneicosane

Retention Index
Retention Time Origin
800
8.36 System peak
830
9.06 System peak
985
11.97 System peak
974
12.12 Real standards
1001
12.34 System peak
1008
12.62 Real standards
1014
12.72 Real standards
1054
13.42 Real standards
1095
13.99 Real standards
1190
15.77 Real standards
1218
16.52 System peak
1417
19.30 Real standards
1505
19.95 Real standards
1531
20.32 Real standards
1561
20.72 Real standards
1565
21.15 System peak
1648
21.81 Real standards
1922
25.26 System peak
2100
27.64 System peak
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Figure 13. Correlation graph of retention index vs retention time, R² value and simple linear equation used to
predict the retention time of the target compounds.

Table 9. Predicted retention times of the target compounds.

Compounds
sabinene
β-pinene
β-myrcene
limonene
(Z)-β-ocimene
(E)-β-ocimene
linalool
α-terpineol
(E)-β-farnesene
(Z)-α-bisabolene
(E,E)-α-farnesene
β-bisabolene
7-epi-cis-sesquisabinene hydrate
(E)-nerolidol
TMTT
DMNT

Predicted Retention Times
12.06
12.12
12.28
12.86
12.99
13.14
13.84
15.17
19.1
19.77
19.83
19.84
20.37
20.64
20.88
20.89

There was still a shift from the actual values coming from the chromatograms, depicted in
Table 10.
Table 10. Shift from real standards to chromatogram actual values for targeted compounds.

Compounds
β-pinene
linalool
(E,E)-α-farnesene
(E)-nerolidol

Retention
Index
980
1098
1508
1564

Real
standard
12.12
13.99
19.95
20.72

Value in
Chromatograms
12.16
14.03
20
20.76

41

The predicted values were adjusted for this shift, generating a whole new set values, the

Retention time
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relation is depicted on, the new values are shown in.
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Figure 14. Adjusted correlation graph of retention index vs retention time, R² value and simple linear equation used
to predict the retention time of the target compounds.
Table 11. Adjusted predicted retention times of the target compounds.

Compounds

sabinene
β-pinene
β-myrcene
D-limonene
(Z)-β-ocimene
(E)-β-ocimene
linalool
α-terpineol
(E)-β-farnesene
(Z)-α-bisabolene
(E,E)-α-farnesene
β-bisabolene
7-epi-cis-sesquisabinene hydrate
(E)-nerolidol
TMTT

Predicted Retention
Times based on real
standards

Predicted Retention Times
Adjusted for current
chromatogram values

12.06
12.12
12.28
12.86
12.99
13.14
13.84
15.17
19.1
19.77
19.83
19.84
20.37
20.64
20.88

12.17
12.23
12.4
12.98
13.12
13.26
13.97
15.31
19.26
19.94
19.99
20.01
20.54
20.82
21.05

The predicted retention times were used to perform a dedicated search on the large data
matrices obtained as a result of GC/MS. Only a tentative identification of the compounds is
feasible with this approach. According to the results of the chromatograms that yielded Figure
15 (i.e. the highest induction values encountered during this thesis), the compounds are
shifting .04 minutes in relation to the real standards, this value is consistent across 4
compounds and hence it was taken as true. The best alignment in eluting time between
prediction and reality was D-Limonene, (E,E)-α-farnesene, and (E)-β-ocimene.
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Jasmonic acid induced spatio-temporal response
The temporal dynamics of the volatiles emission response was studied in order to get the
optimal sampling time points in the subsequent spatial experiment. 2 sterile 9930 and ENZA1
plants were taken out from the plastic container, put into a glass container with sterilized tap
water to avoid loss of relative humidity, the glass container was put inside a high temperature
room before the transfection, in order to increase the humidity inside and prevent change
related stress in the plant. A lapse of 43 hours was measured before the JA induction in 4
hours intervals, after the induction (8:00) 58 hours were collected in 2 hours intervals. The
results are depicted in Figure 15.
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Figure 15. 5 days collection of volatiles in 4 and 2 hours lapses, 43 and 60 hours respectively, a sterile Chinese
long (9930) and ENZA1 plant were induced 43 hours after the starting of the collection (time 0). (a) The induced
volatiles are α-farnesene, (E)-β-ocimene, DMNT, linalool, and methyl salicylate. (b) Green leaf volatiles are shown
on both accessions, as an inner control, 6-methyl-5-hepten-2-one, (E)-6, 10-Dimethyl-5,9-undecadien-2-one(2) and
(E)-nerolidol. The shaded area represents the night period, the day length is 12 hours (8-20). During the night of
the 4th day the 9930 plant opened its flowers, the change in volatile blend is illustrated (c) as a change in DMNT
and linalool concentrations.
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(E,E)-α-farnesene and (E)-β-ocimene were the most upregulated volatiles after jasmonic acid
induction. The initial response varied in time depending on the compound. (E)-β-ocimene was
produced within the first two hours of induction, whereas (E,E)-α-farnesene reached beyond
noise values 6 to 8 hours after induction, the highest abundances were found in (E,E)-αfarnesene (16931231) 26 hours after induction and in (E)-β-ocimene (11572077) 14 hours
after induction. 36 hours after induction, the abundances of both volatiles decreased tenfold.
The timing of the response in both accessions is similar in shape, though it varies in
magnitude, the upregulation of (E,E)-α-farnesene and (E)-β-ocimene is higher than twofold in
9930 accession, in addition the upregulation in ENZA1 faints sooner. In 9930 accession some
compounds showed circadian rhythm behaviour. Two constitutively produced GLVs showed a
mild upregulation during the day and lower abundances during the night. In addition, the
induced volatile methyl salicylate (MeSa) showed a very pronounced circadian rhythm until 3
days after induction. During the second night after induction the 9930 plant opened its flowers,
in consequence, a tenfold upregulation in linalool, two fold upregulation in DMNT, and de novo
upregulation of (E)-nerolidol was observed. Linalool was produced in ENZA1 before induction
in low amounts, after induction the response was twofold higher compared to 9930 accession.
The constitutively produced volatile (E)-nerolidol was downregulated in ENZA1 during the
highest periods of DMNT production, in 9930 accession (E)-nerolidol emission was not
detected until the last night when the plants were flowering.
These results enabled me to select 9930 as the accession further used, due to its high
response to JA, in addition two time points were selected in order to harvest the tissue after
the treatment was applied (

Figure 16). The volatile compounds present in the leaf were collected from the harvested
tissue (using the methodology described in the optimization section). Furthermore the
headspace collection of volatiles was performed two hours before harvesting.

Figure 16. Selected time points for main experiment with jasmonic acid (JA), time 0 represents 8 am and the point
where a JA drop was placed in the G0 spot of each treated leaf.

Before applying the JA drop on the plant tissue, 3 concentrations (5mM, 8mM and 10mM)
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were tested, the first two concentrations did not affect the tissue whereas the 10 Molar
concentration caused light necrosis on the applied spot, therefore the concentration of 8mM
was subsequently used. in spite of the fact that 8mM is still an above natural concentration of
JA in the tissue, it was applied, due to the small volume per drop that was feasible (i.e. 40
microliter drops) without the drops sliding to the floor through the leaf surface.
For the spatial response an infestation pattern was designed (
Figure 17), a drop of JA was deposited in the middle of the leaf (Image 5). 3 and 4 Twisters per
plant were used for the HS and volatile compounds present in the leaf collection respectively,
according to the gradient design
Figure 17.

The experimental setup had two factors with two levels each: solution applied (JA or
control), time of harvesting (8 and 26 hours after treatment), 9 replicates per treatment, 36
plants in total.

Figure 17. Designed gradient for HS volatile compounds collection (left) and subsequent tissue harvesting for
collection of volatile compounds present in the leaf (right). JA = jasmonic acid, G = Gradient, A = Apex, B = Base,
red devices = Twisters.

Volatile compounds released to the headspace
The Twisters were placed in a metal rack under the leaves in such a way that they got in
contact with the boundary layer of the abaxial side of the leaves (image 2).
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Table 12. Experimental setup and nomenclature.

Analysis Number
Replicates
Treatments
Clean controls (# plants)
Total # of plants
Twister/plant
Total # of Twisters
Treatment
JA
Control
Clean control
Gradient
G0
G2A
G2B
Time point
6-8 hours
24-26 hours
Clean control

9
4
2
38
3
114
1
2
3
1
2
3
8
26
0

The Figure 18 resumes the results obtained in this experiment.
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Figure 18. Volatile metabolites GC/MS quantitation of the compounds of interest, after JA induction of cucumber
bitter accession for 8 and 26 hours. (a) D-Limonene: Significant upregulation in treatment, (b) (E)-β-ocimene:
Significant downregulation from 8 to 26 hours, (c) Linalool: Significant downregulation at 8 hours, (d) α-Terpineol:
Significant upregulation from 0 hours onwards, (e) 1-Decyn-4-ol: Significant upregulation in treatment and 8 hours’
time point, (f) β-Farnesene: Significant downregulation from 8 to 26 hours.

D-Limonene was the only induced monoterpene significantly upregulated. (E,E)- α-farnesene
was absent from all analysis. Due to the low induction found, endogenous volatiles were only
tested on JA treated plants, to prevent the waste measuring of 80+ samples.
1-Decyn-4-ol, α-Terpineol, showed a significant interaction between the time point and
treatment effects, β-Farnesene is in the boundary of significance for this interaction.

Volatile compounds present in the leaf
Due to the evidence of low induction, the volatile compounds inside the leaf were only
collected on JA treated plants, in order to prevent the waste measuring of 80+ samples. The
Twisters were embedded in the soaked tissue with 1 ml of 5 Molar CaCl2 solution. Heated 30
minutes to 40º Celsius and collected for 30 minutes (Error! Reference source not found.).
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Table 13. Experimental setup and nomenclature.

Analysis Number
Replicates
Treatments
Clean controls (# plants)
Total # of plants
Twister/plant
Total # of Twisters
Treatment
JA
Clean control
Gradient
G1A
G2A
G1B
G2B
Time point
6-8 hours
24-26 hours
Clean control

9
2
2
20
4
80
1
3
1
2
3
4
8
26
0

Image 5. Jasmonic Acid induction of Chinese long cucumber plants.

The Figure 19 resumes the results obtained in this experiment.
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Figure 19. Volatile compounds present in the leaf GC/MS quantitation of the compounds of interest, after JA
induction of cucumber bitter accession for 8 and 26 hours. (a) D-Limonene: Significant interaction between Time
point*Gradient, (b) β-Bisabolene: significant effect of the covariate, plant # and , interesting gradient dynamics. (c)
(E)-β-ocimene: Significant downregulation from 0 to 26 hours, (d) α-Terpineol: not significant, near the boundary for
time point, interesting gradient dynamics (e) β-farnesene: not significant, near the boundary for time point,
interesting gradient dynamics
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D-Limonene has a statistically significant interaction between the time point and the gradient
effect. The compound is upregulated in G1 from 0 to 26 hours, downregulated from 0 to 8
hours in the leaf apex and upregulated in the leaf base, upregulated from 8 to 26 hours in the
apex and downregulated in the base.
(E)-β-ocimene’s G1 spatial points show the same pattern of induction throughout time, G2 as
well, but the pattern is opposite between G1 and G2, in addition the initial mean values are the
same as those from the headspace trial.
α-Terpineol and β-farnesene don't show statistically significant effects, nevertheless show
interesting patterns of change, in both cases G1B, G2A and G2B have the same trend,
whereas G1A (i.e. the tissue immediately upstream to the JA induction) has exactly the
opposite trend. In β-Bisabolene there is a significant effect of the covariate, nevertheless the
pattern of induction is similar to the previous, but the difference comes the apex of the leaf.
A comparison between the experimental methodologies for collection of emitted volatile
compounds and volatile compounds present in the leaf is depicted in Table 14.
Table 14
Table 14. Comparison between volatile compounds present in the leaf and volatiles emitted capture methods. (a)
Ratios of hits and average abundance of some compounds found on the JA treated plants. (b) Abundance
comparison on the only significant compound upregulated by JA treatment. Red colour underlines larger numbers.

(a)
Compounds

% hits (Ratio V/E)

Average (Ratio V/E)

D-Limonene *

0.63

2.76

5,9-Undecadien-2-one, 6,10-dimethyl-, (E)-

0.99

1.99

Benzene, 4-ethenyl-1,2-dimethyl-

0.47

1.04

11.39

1.30

(E)-β-Ocimene

6.86

1.49

Linalool

3.53

0.46

α-Terpineol

6.21

0.99

β-farnesene

(b)
Plant #

D-Limonene Abundance
HS
1
2
3

CaCl2
618387
280035
321479

276263
461759
422965
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4
5
6
7
8
9
11
12
13
14
15
16
17
18

272518
283834

513208
431132

271601
485724
498971
556441
895348
836443
351695
774978
698906
693788
910866
1273941

355490
545689
617110
381112
454426
545681
556092
493887
390316
315511
515817
209134

19

963103

542542

* Statistically significant.
** plants 1-9, 11-19 correspond to 8, 26 hours after induction respectively.
5,9-Undecadien-2-one, 6,10-dimethyl-, (E)- is a constitutively produced VOC. Its abundance
values are constant across the chromatograms. It was found twofold in abundance during HS
compared to the collection of volatile compounds present in the leaf.
D-Limonene is a significantly upregulated monoterpene, it was found less than threefold times
during the HS collection. The concentrations inside and outside the tissue were analysed.
During the first 8 hours, the compound was present in greater amounts inside the tissue. After
26 hours of induction most of the compound was being emitted and not stored. Other induced
compounds such as: β-Farnesene, (E)-β-ocimene, Linalool and α-Terpineol had more hits
during HS in comparison with endogenous volatiles collection method, based on the ratios
values.

Two spotted spider mite spatio-temporal infestation response
The selected time points for the tissue recollection were obtained from a time-lapse
measurement of TSSM infestation in the accession 9930 made within the doctoral dissertation
of He, J. (2016). 3 time points were used: 24, 48 and 72 hours after infestation.
The experimental setup had two factors: TSSM (present or absent), time of harvesting (24, 48
and 72 hours after infestation), 9 replicates per treatment, 5 replicates per control treatment 42
plants in total. The analysis performed during and after the treatments were the headspace of
volatiles for 2 hours before tissue harvesting, then the volatile compounds present in the leaf
were collected using the validated method with 5M CaCl2, 3 and 4 Twisters per plant were
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used respectively. Additionally, the endogenous metabolites were analysed through LC/MS.
Due to the lack of a successful method to limit the TSSM movement a different approach was
used to perform the treatments, depicted in Figure 20. Tissue from infested and uninfested
areas was harvested and the volatile compounds present in the leaf were collected with the
same methodology as before (Figure 20). The headspace was done two hours prior to
harvesting the tissue, only 1 twister per plant was used, due to lack of local enrichment on the
previous experiment.

Figure 20. TSSM were transfected into cucumber leaves, tissue from infested and uninfested spots was taken to
analyse the dynamics of the response. Theoretical design (left) versus reality (right), big circles represent
uninfested areas, small circles represent infested areas.

In order to develop the different methodologies, minimum 150 milligrams of tissue were
needed per treatment. The equation Y=2,677*Ln(X)+3,3183 (where X equals the damage in
mg in function of Y, days of infestation (1) with one TSSM) developed in the optimization
section of this thesis, was used to calculate the amount of mites needed for obtaining 150 mg
of fresh weight after 1 day of infestation, X=45.21.

Volatile compounds released to the headspace
He (2016) elucidated the time response of cucumber Chinese long accession to TSSMs
infestation. Based on this relations the sampling time points were selected. In the
aforementioned research, 50 mites per leaf were transfected to 4 weeks old plants, in the
abaxial side of the first leaf. For this experiment 45 mites per leaf were transfected, to the
abaxial side of the third leaf from 7 weeks old plants (7 weeks after sowing, not after
emergence).

Table 15. Experimental setup and nomenclature.
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Analysis Number
Replicates
Treatments
Clean controls (# plants)
Total # of plants
Twister/plant
Total # of Twisters
Treatment
TSSM
Clean control
Time point
22-24 hours
46-48 hours
70-72 hours
Clean control

9
3
9
36
1
36
1
3
24
48
72
0

Due to the lack of local enrichment patterns during the JA essay, only 1 Twister was used per
plant in this experiment. The aim was to confirm the defence induction phenomenon by
comparing the results to the time dynamics reported by He (2016). The
Figure 21 resumes the results obtained in this experiment.
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Figure 21. Volatiles GC/MS quantitation of the compounds of interest, after TSSM infestation for 24, 48 and 72
hours of cucumber Chinese long accession. (a) linalool: Significant downregulation from control to TSSM
infestation, (b) β-bisabolene: significant upregulation from 48 to 72 hours after TSSM infestation, (c) 5,9Undecadien-2-one, 6,10-dimethyl-, (E): significant upregulation from 0 to 24 hours after TSSM infestation.

The induced monoterpene β-bisabolene was significantly upregulated 72 hours after TSSM
infestation. The GLV 5,9-Undecadien-2-one, 6,10-dimethyl-, (E) was upregulated in the first 24
hours, after that its abundance slowly returned to the initial values.

Volatile compounds present in the leaf
The volatile compounds present in the leaf were collected with the previously detailed method.
Additionally endogenous metabolites were analysed through LC/MS.

Embedded Twisters

The results showed in this section, correspond to the measurements coming from 72 hours
after TSSM infestation. The decision to analyse only this time point was made due to: 72
hours after induction is the highest induction time point according to He (2016), low induction
was encountered during the HS collection, doubts grew about the experimental method after
the JA essay results were analysed and low amount of tissue available, since tissue was
stored to perform LC/MS analysis.
Table 16. Experimental setup and nomenclature.

Analysis Number
Replicates
Treatments
Clean controls (2 plants)(Twister #)

9
1
1
56

Total # of plants
Twister/plant
Total # of Twisters

10
2
20
Treatment

TSSM-infested
TSSM-uninfested
Clean control

1
2
0
Time point

72 hours
Clean control

72
0

The Figure 22 the results obtained in this experiment.
(a)

(b)

Figure 22. Volatile compounds present in the leaf GC/MS quantitation of the compounds of interest, after TSSM
infestation for 72 hours of cucumber Chinese long accession. (a) Unknown Monoterpene: Significant
downregulation in infested tissue, (b) 5,9-Undecadien-2-one, 6,10-dimethyl-, (E): significant downregulation from
control to infested tissue.

An unknown monoterpene and 5,9-Undecadien-2-one, 6,10-dimethyl-, (E) are downregulated
in infested tissue 72 hours after TSSM infestation. Both compounds are constitutively
produced, since they are present in the clean untreated controls.
Table 17. Induced compounds found in one plant.

Retention time Compound
19.32 (E)-β-Farnesene
20.06 (Z)-α-Bisabolene

Abundance File name
Treatment
17296 fms230316_001.D Infested
55326 fms230316_001.D Infested

Two peaks of induced volatiles were found, (E)-β-Farnesene and (Z)-α-Bisabolene. Both
compounds came from the same plant and from infested tissue.
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LC/MS

The results showed in this section, correspond to all the samples infested with TSSM,
including the controls. The aim was to confirm the low induction encountered with the GC/MS
processed samples. Cues indicating low and early induction were searched through the
abundances of endogenous metabolites.
Table 18. Experimental setup and nomenclature.

Analysis Number
Replicates
Treatments
Clean controls (# plants)
Total # of plants
samples/plant (except controls)
Pooled samples
Total # of samples
Treatment
TSSM-infested
TSSM-uninfested
Clean control
Time point
22-24 hours
46-48 hours
70-72 hours
Clean control

9
3
14
41
2
10
78
1
2
3
24
48
72
0

Discussion
The Twisters used in headspace sampling mode, showed better results when placed below
the leaf, where the stomata are abundant, and most of the gaseous exchange occurs.
Confining the spider mites to a certain leaf spot would have enabled me to better understand
the spatial dynamics arising from the localized area outwards. In the past caterpillars have
been successfully forced to feed on a desired area of the leaf in order to study the spatial
dynamics of the herbivory response in Phaseolus vulgaris (Boggia et al, 2015) and Zea Mays
L (Köllner et al, 2004 II). Unfortunately limiting the movement of the spider mites for our
experiments was not feasible. TSSMs have been successfully limited by a lanolin barrier
(Alba et al., 2015), hence we tried to isolate their movement with Exsikkatorfett and the mites
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were successfully isolated, nevertheless the tissue was full of wax after the treatment. In
consequence two main limitations were met, firstly the tissue available for harvesting will be
fully embedded with wax, this could lead to the contamination of the equipment and the
shifting of mass spectrums on the chromatograms. In fact the TD-GCxGC-QTOF-MS was
contaminated with wax during the optimization steps, confirming that a shift in the spectra was
occurring (Data not shown). Secondly, to be able to successfully apply the waxy barrier, the
plants must be heavily manipulated, this action alone will cause changes in the volatile blend.
The changes due to manipulation can be seen in Figure 15 as an upregulation in GLVs and
(E)-nerolidol at the onset of the time-lapse trapping, i.e. when the plants were moved to the
HS facilities. The jasmonic acid on the other hand can be applied as localized as desired, with
minimum disturbance to the plants, Hence JA was used to optimize the whole system and
furthermore to study the spatio-temporal dynamics of the induced metabolites.
The present thesis did not intend to be a untargeted search for induced compounds, instead a
dedicated search for the target compounds was the approach selected. The retention times
used for the targeted search had to be adjusted, real standards and actual values from same
compounds both eluting from the GC-QTOF-MS were used for the adjustment. The best
alignment in eluting time between prediction and reality was achieved for the following
compounds: D-Limonene, (E,E)-α-farnesene, and (E)-β-ocimene. Nevertheless it still
represents a tentative identification, in order to prove the identity of any compound, the real
standard should be co-injected with the sample, the amount injected should be similar as the
amount suspected to be present in the tissue, if the chromatogram shows the additive effect of
both compounds, there is enough evidence to conclude they are the same and hence identify
the compound.

Jasmonic acid induced response
Jasmonic acid has a central role in induced defence mechanisms (see page 11, section
Induced defence signalling pathway), its involvement in cucumber response to TSSM has
been well documented (He 2016), JA abundance increased to 7-fold within the first hour, then
went back to the initial levels during the second hour, after five days of infestation a 2.5-fold
increase was gradually reached. To reach this conclusions He (2016), transfected 50 mites to
4 weeks old plants, the transfection was done on the abaxial side of the first real leaf.

Temporal dynamics of volatile compounds released to the headspace
A non bitter accession (ENZA1) was compared with a bitter accession (Chinese long or 9930),
the aim was to choose the accession with the highest response, since the induction event
needed to be local and thus a small JA volume would be used. The Chinese long accession
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showed the highest levels of induction, suggesting that once the bitterness (constitutive
defence) has been overcome and the feeding insect triggers JA accumulation, the Chinese
long is able to produce volatiles in a more efficient way. Ultimately the Chinese long accession
seems to be better equipped with constitutive and inducible defence mechanisms than the
ENZA1. The higher response led to the use of Chinese long accession for the spatialdynamics explorative setups.
CsTPS 9 and 19 are the genes responsible for (E)-β-ocimene and (E,E)-α-farnesene
production respectively. (E)-β-ocimene is produced from the first 2 hours after induction
onwards, suggesting a low amount of stimulus is needed for the response. On the other hand
(E,E)-α-farnesene is not produced until 6-8 hours after induction, suggesting that there must
be a switch like biochemical step that triggers the (E,E)-α-farnesene production.
Linalool has been reported to be present in the volatile blend of cucumber flowers (He 2016).
A tenfold upregulation of linalool was observed, accompanied by a twofold increase in DMNT
during flowering of Chinese long accession. The homoterpene (E)-DMNT has been reported
to be part of the volatile blend emitted by infested cucumber plants (Kappers et al., 2010,
2011). Furthermore CsTPSs catalysed the formation of (E)-nerolidol, the precursor for (E)DMNT in vitro (He, 2016). The downregulation of (E)-nerolidol occurred during the high peaks
of DMNT, reinforcing its role as a precursor (Figure 15). The sesquiterpene (E)-nerolidol is
constitutively produced and it has never been reported to be part of the volatile blend of
TSSM-infested cucumber plants, nevertheless it was found to be a part of the volatile blend as
a consequence of JA induction in ENZA1 accession, whereas it was absent in Chinese long,
suggesting a more efficient conversion into the C11 homoterpene by the bitter accession.
Chinese long emitted (E)-nerolidol when its flowers started to open at the same time that (E)DMNT levels were rising, the (E)-nerolidol abundances reached a higher level of emission,
suggesting a low level of conversion efficiency in flowers. The biochemical mechanism
catalysing the formation of (E)-DMNT has not yet been elucidated, although it has been
suggested that a similar enzyme to a cytochrome P450 monooxygenase could be responsible
(Kappers et al., 2005), it is possible that the enzyme catalysing this reaction is more active in
leaves than flowers, enhancing the conversion more efficiently in the leaves.

Spatial dynamics of volatile compounds released to the headspace
CsTPS 9 and 19 encode terpene synthases that have been reported several times as being
responsive to herbivory in cucumber (Mercke et al., 2004; He, 2016). The abundance values
encountered during the time-lapse made these terpenes targets of the spatial methodologies
used, furthermore, they are easily detectable, highly induced and widely reported.
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During the time-lapse 1mM JA solution with 0.01% tween 20 was sprayed through the whole
plant (ml per splash), generating a easily recognizable response. He (2016) used a 5
microliter drop of this solution to induce a detectable response in Arabidopsis, in this study a
40 microliter drop of 8mM JA solution with 0.01% tween 20 was applied, the previous
evidence suggested it would be enough for generating a full defence response. In Addition the
application of a higher concentration of JA led to tissue damage, and the application of a
larger volume drop led to the detachment of the drop from the leaf.
The abundances of volatiles in the clean controls did not differ significantly from those of the
treated plants. This could be due to a low induction phenomenon, or due to the fact that not
enough replicates were taken as clean controls, and the values represent rather extreme
abundances from the population. The following evidence suggest that a low induction was
indeed the case here.
(E,E)-α-farnesene was not detected in any part of the leaf, suggesting that CsTPS 19 was not
induced. (E)-β-ocimene on the other hand was detected, nevertheless (E)-β-ocimene and βfarnesene are constitutively produced by CsTPS5, which could mean that CsTPS 9 was also
not induced. Both volatiles were found on the volatile blend in low amounts (6 digit numbers),
whereas during the time-lapse β-ocimene abundance was 100 times more, supporting the
suggestion that CsTPS 9 was not induced. The monoterpene D-Limonene was the only
induced compound significantly upregulated with the JA treatment, suggesting the induction of
CsTPS 3. Other main products of CsTPS 3, such as linalool and β-farnesene don’t add
evidence to support this hypothesis, although β-Farnesene showed a significant upregulation
from 8 to 26 hours and linalool was tentatively identified as present, the ratio of these three
products does not correlate with the evidence from the enzymatic in vitro essays with CsTPS
3 (He, 2016). D-limonene has been shown to formed from the activity of enzymes encoded by
CsTPS 3, 4, 11 and 21, from the genes only CsTPS 3 was shown to be upregulated during the
first stages of TSSM infestation un Chinese long accession (He, 2016).
Cucumber plants have been shown to emit volatiles in a circadian manner (He, 2016),
furthermore, some induced and constitutive volatiles show the same circadian pattern (Figure
15). Most of the statistically significant effects were found between time points, suggesting that
the circadian rhythms were responsible for these effects. (E)-β-ocimene and α-Terpineol were
significantly downregulated at 26 hours after induction, soon after the sunrise, in comparison 8
hours after induction, at midday, these were upregulated. In addition, 1-Decyn-4-ol and αTerpineol showed a significant interaction between time point and treatment effects, which
means that time was influencing the effect of the treatments, this is explained due to the
circadian rhythms intrinsic to the cucumber plants.
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If local enrichment of the Twisters was occurring a significant difference in the gradient effect
was expected, moreover a significant interaction between the gradient and the other
parameters would be logical. On the other hand, there is a constant variation range in each
spatio-temporal point (G0*T,G1*T,G2*T) but the Twister showing the highest enrichment
varies in each point. This evidence suggests two situations might be occurring, one is the lack
of local enrichment of the Twisters, the second is the haphazard production of volatiles among
the leaf tissue, the latter seems not likely in a biological system.
Β-farnesene has a different spatial trend response related to the other compounds, although
not statistically significant, the compound seems to be upregulated after 8 hours of jasmonic
acid induction, the upregulation happens in G0 and G1, these spatial points include the middle
and the apex of the leaf, suggesting that the response is moving in this direction and not
towards the base. Furthermore, the constitutive abundance of β-farnesene before the
induction is higher in the base of the leaf and rapidly decreases, suggesting a reallocation
phenomenon of the production towards the apex.

Spatial dynamics of volatile compounds present in the leaf
D-Limonene, the upregulated monoterpene detected during Headspace, is the only compound
that shows the expected interaction between time point and gradient effects, it means that the
gradient points are significantly altering the outcome of the time points selected. Nevertheless
there was not a significant difference on the mean values of Limonene between different
gradient points. In consequence we could only identify a trend. D-limonene is upregulated
around the induction point from 0 to 26 hours, upregulated from 8 to 26 hours in the apex and
downregulated in the base, which suggests a moving pattern from the base to the apex.
5,9-Undecadien-2-one, 6,10-dimethyl-, (E)- is a constitutively produced VOC, reliable as a
reference compound, due to its constant emission and reproducible values throughout the
chromatograms. It was captured in larger amounts during HS collection, suggesting that the
volatiles are not long stored after production. D-Limonene was present in a larger
concentration inside the tissue during the first 8 hours of induction, suggesting early storing of
this monoterpene. Although After 26 hours of induction the compound is emitted and less
stored, showing the same pattern as 5,9-Undecadien-2-one, 6,10-dimethyl-, (E)-.
β-Bisabolene significantly varies with the covariate (plant #). It means that the variation in the
abundance for this compound, can be explained as an intrinsic biological variation per
individual. This evidence suggests that there was a low induction, since β-bisabolene has not
been reported as being constitutively expressed in cucumber. In addition (E)-β-Farnesene was
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only found on a few induced plants and it was the only targeted compound absent from the
clean controls, hence, its presence was induced.
(E)-β-ocimene, Α-Terpineol and β-farnesene are not significantly affected by the treatments,
nevertheless, interesting patterns of spatial change do appear. 1-Decyn-4-ol has a significant
upregulation in treatment and 8 hours’ time point. One plant from each time point showed a
high induction of Ginsenol (12258738, 13947340) (data not shown).
β-Farnesene, linalool, (E)-β-ocimene and α-Terpineol are mostly induced compounds,
although the first two can be constitutively produced. These compounds had by far more hits
during HS in comparison with the endogenous volatiles collection method. Two phenomenon
can cause this reaction, the first one is the compounds being released as soon as produced
and therefore not found among volatile compounds present in the leaf, or the second, the JA
treatment induced volatiles emission in a few individuals, but the volatiles enriched Twisters
far away from their place of emission. The latter might be the right answer, since the Dlimonene data provided evidence to suggest a partial storage of the compounds was
happening. if locally emitted compounds are enriching Twisters far away, this phenomenon
could be seen as a mean of plant-plant communication. The enriched Twisters were near the
stomata rich areas of neighbour plants every time.

Two spotted spider mite spatio-temporal infestation response
During the first day of infestation the GLVs are upregulated, then slowly downregulated during
the subsequent days. On the other hand the mono, sesqui and homoterpenes are upregulated
during the first three days (He, 2016). During the HS collection, The GLV 5,9-Undecadien-2one, 6,10-dimethyl-, (E) was upregulated in the first 24 hours and then its abundance slowly
returned to the initial values by the third day. Furthermore the induced monoterpene βbisabolene was significantly upregulated 72 hours after TSSM infestation. Both results seem
to be in accordance to previous research. On the other hand a compound eluting at 13.95
tentatively identified as linalool, was significantly downregulated from the control abundance
values to the TSSMs infestation ones. To confirm that the Twister HS collection was telling the
actual transcription tendencies, volatile compounds present in the leaf were collected from the
72 hours infested samples. The 72 hours samples in theory have the highest abundances in
the induced compounds (He, 2016). Peaks of induced volatiles were found, (E)-β-Farnesene
and (Z)-α-Bisabolene 72 hours after infestation. Both compounds came from the same plant
and from infested tissue. constitutively produced compounds (an unknown monoterpene and
5,9-Undecadien-2-one, 6,10-dimethyl-, (E) were found to be downregulated, suggesting that
the decrease in their transcription comes at a cost of increase in transcription of the induced
genes.
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According to He (2016) during the first three days of induction, the transcription of CsTPS 1, 2
and 3 is upregulated. Whereas the transcription of CsTPS 9 and 19 becomes upregulated at
some point during the first 9 days of infestation. The products from CsTPS 9 and 19 were not
found in the TSSM infestation essay, nevertheless products from CsTPS 1, 2 and 3 were
present in the chromatograms, suggesting the appearance of the induced response.
The infestation of the mites was optimized to reduce the biological and technical variation. In
addition the methods used did not differ considerably from previous methodologies, that had
shown significant and reproducible results (He, 2016). The only experimental difference with
previous essays was the age of the plants, in this experiment Chinese long plants were 2
weeks older. A compromise had to be made due to the amount of tissue needed for the
quantitation techniques (see page 66). Hence a determinate leaf size was needed, big enough
to harvest sufficient infested and uninfested tissue, in order to make a statistical comparison of
the results. The final outcome were 7 week old plants, infested in the third leaf with 45 TSSM,
which means that less mites per unit area were present compared to He (2016). Is the low
induction an effect of less mites per unit area? or could it be that in these two weeks
cucurbitacin C or other defence compounds were produced in large amounts preventing the
mites to feed as successfully as in previous experiments?, for answering this questions
unfortunately a new essay is needed.

Herbivore and jasmonic acid induced response
Circadian rhythms are part of any organism development, constitutive and induced volatiles
also have rhythmicity in their production, it has been reported as a feature of TPS genes in
cucumber response to TSSM (He, 2016). Methyl salicylate, 6-methyl-5-hepten-2-one, (E)6,10-Dimethyl-5,9-undecadien-2-one are good examples of such rhythmicity. The JA stimulus
did not cause a circadian emission in (E,E)-α-farnesene, and (E)-β-ocimene, the transient
upregulation was not affected by the day/night cycle, but rather increased rapidly and then
decreased, suggesting that the circadian rhythms previously observed during TSSM
infestation for these two compounds, are a consequence of the inactivity of the mites during
the night and not due to the night/day cycle. Furthermore, it seems that the daily emission of
the main induced compounds depend on the permanence of the initial stimulus (e.g. the
continuous feeding of TSSM). If the initial JA stimulus is not repeated, the responsive volatiles
concentration faints away, suggesting the lack of mechanisms to convert the JA response into
a permanent one.
The low response that the cucumber plants showed to the treatments during this research, led
to a body of evidence of how the initial response develops. The induced defence response of
cucumber to TSSM has been shown to be JA dependent, JA concentrations increased after
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the introduction of spider mites (He, 2016). A 7-fold increase during the first hour, followed by
a return to the base label two hours after infestation, and then a slow increase until 2.5 fold
after 5 days of infestation. In this work two different concentrations of JA were applied, a high
one, during the time-lapse collection of volatiles and a low one during the spatial elucidation of
the JA induction. The evidence is ample to state that different gene products are
manufactured with each JA concentration, suggesting that CsTPS genes induction depends
ultimately on the magnitude of the stimulus, in this case the JA concentration. When a single
40 µL drop of 8mM JA solution was applied, the gene products found were identified as being
from CsTPS 3. On the other hand, when the plants were uniformly sprayed with 1mM JA
solution, CsTPS 9 and 19 products (i.e. (E,E)-α-farnesene and (E)-β-ocimene) were found in
large amounts.
The gene products identified from the TSSM infested tissue were from CsTPS 1 and 2, the
main distinctive product from CsTPS 3 (i.e. D-limonene) was not found. In contrast the
response to JA treatment showed products from CsTPS 1,2 and 3. The evidence suggests
that there is a difference in the response to JA and TSSMs for Chinese long accession,
probably the difference arises from the herbivore-derived molecular patterns (HDMP or
elicitors) and from the mechanical damage that is always part of herbivory.

Conclusions
There is a shift in retention times when real standards are injected to the TD-GCxGC-QTOFMS, the compounds from complex samples have a consistent delay of 0.04 minutes compared
to the real standards, the evidence comes from 4 compounds.
Two spotted spider mites can be successfully isolated with a waxy barrier, nevertheless the
setup of the barrier imposes methodological limitations such as excessive handling of the
plants, that must be overcome in order to perform a localized damage with these herbivores.
JA stimulus does not cause a circadian emission in (E,E)-α-farnesene, and (E)-β-ocimene, the
transient upregulation is not affected by the day/night cycle. In addition, the gene products
encountered after the induction respond in a JA-concentration dependent way, a low
concentration triggers the accumulation of CsTPS 1, 2 and 3 products, a larger concentration
triggers the accumulation of CsTPS 9 and 19 products, furthermore the main product from
CsTPS 19, (E,E)-α-farnesene has a delay in its emission compared to (E)-β-ocimene.
The Chinese long accession (bitter) has more responsive induced defence mechanisms
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compared to ENZA1. Higher abundances in the JA induced compounds were a constant
throughout the experiments, this evidence allows the fair statement that once the production of
JA has been triggered, the Chinese long accession is more efficient to generate an
appropriate biological response in terms of production and emission of volatile compounds.
Peaks of (E)-nerolidol were found to be a part of the volatile blend during JA induction in
ENZA1, whereas in Chinese long the compound is absent. Chinese long is has a more
efficient conversion of (E)-nerolidol to (E)-DMNT, during the flowering of Chinese long
accession high abundances of (E)-nerolidol were emitted along with (E)-DMNT, thus the
conversion efficiency in flowers is low compared to leaves. For the first time is (E)-nerolidol
reported to be part of the induced volatile blend in cucumber.
The peaks identified as D-Limonene, (E,E)-α-farnesene, and (E)-β-ocimene, had the best
alignment with the tentative identification performed. A low induction determined the outcome
of both large scale experiments (JA and TSSM) aimed at the spatial elucidation of the induced
response. Only transcripts from CsTPS 1, 2 and 3 were identified in the samples. DLimonene, one of the products of CsTPS 3 was significantly upregulated during the JA
induction, and the abundance of the compound through time depended on the portion of the
leaf analysed, the evidence is enough to conclude that the production of D-Limonene is
significantly changing spatially, the pattern suggestion although not significant is an
upregulation from the base to the apex. The TSSM induction didn’t yield significantly changed
abundances in any induced volatile compound, nevertheless products from CsTPS 1, 2 and 3
were found. The only factor that could have affected this experiment negatively is the age of
the plants, and in consequence the leaf surface colonized by the mites.

Recommendations
Further research steps
How to improve methodology
A larger JA concentration must be applied in order to have an induction that remains above
the noise level of the GC/MS. As the author, I recommend to inject a larger portion (x > 40 µL)
of the JA solution inside the leaf with pressure instead of placing a drop above the leaf
surface, Optimizing this method with a small scale experiment would be optimal.
Increasing the number of spider mites might enhance the feeding and response when using a
bitter accession of cucumber, it is important to keep in mind that if you put too many TSSMs,
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uninfested tissue won’t be available after three days, Optimizing the amount of mites with a
small scale experiment would be optimal. On the other hand a higher induction is expected
with a non-bitter accession such as ENZA1, or with younger (x < 4 weeks) bitter 9930 plants
(He, 2016).

Analysis to elucidate the spatio-temporal dynamics of induced defence
-

Confirmation of identity of the target compounds by co-injecting them with complex
samples.

-

Key-marker gene transcripts based on the evidence from GCMS, search for evidence
of CsTPS 3 during low JA induction and CsTPS 1 and 2 during low TSSM induction.

-

The analysis of the sugars present on the JA and TSSM inducted plants will provide
information about the early changes in sugar concentration, and might shed light into
the early spatial and temporal dynamics of induced defence in cucumber.

Methodology
The following are the protocols used during the development of this thesis:

Plant production
In vitro plants were produced for the experiments, the aim was to obtain reliable results where
air, soil or water borne contamination was avoided. Additional cultures were done in rockwool,
in order to obtain enough plants for the optimization of the experimental methodologies. The
advantage of rockwool blocks was that the amount of tissue produced is larger, hence, tissue
was not limiting for the quantitative protocols.
Cucumis sativus accessions with bitter (Chinese long, 9930) or non-bitter foliage (ENZA1)
were used for experiments. Seeds were germinated in basal Murashige and Skoog (MS)
medium prepared using powdered MS salt mixture with vitamins. Media was supplemented
with sucrose (90 mM, Sucrose 342.3 g/mol 90 mM Su = 30.807 g/L (~3%)), Phytagel (0.25%
w/v, Sigma, St. Louis, MO) and its pH adjusted to 5.8 prior to autoclaving (20 min at 121°C;
10550 kg m-2). Cucumber seeds were soaked in demi water for 1–2 h and induced to
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germinate homogeneously by covering them for 24 hours. After the induction, a surface
disinfestation is done in ethanol (70% v/v) for 5 min, solution of Chloramine T (10% w/v,
Sigma, St. Louis, MO) in water for 15 min, after which seeds must be rinsed three times in
sterile water for 5 minutes each. Seeds were then placed in transparent containers with 130
ml of basal MS medium. Plant production protocol is partly taken from Kiełkowska & Havey
(2012). After germination plants were left three weeks growing, until the desired vegetative
development was met, as sufficient leaf area must be present to carry out the subsequent
analytical techniques.

TSSM rearing
Two-spotted spider mites (Tetranychus urticae) were reared on Phaseolus vulgaris.
Specimens were taken and transferred to in vitro or rockwool raised cucumber plants with a
fine brush, the mites moved every time to the abaxial leaf surface.
Sterilization protocol for mites: for 1 Lt of water, 10 ml of bleach 5%, 2 ml of tween 80. Leaves
containing the mites were soaked in this solution, then the solution was stirred and the liquid
filtered to isolate the mites, then they were dried in sterile filter paper. All the steps were
performed in the laminar flow cabinet.
Delimitation of mites with waxy layers: 2 cm in diameter waxy circles were drawn with a
syringe (40mm needle for Vaseline, 50mm needle for Exsikkatorfett) inside individual petri
dishes. The mites were put inside the circles

Head space (HS) collection
JA was applied as a 1 mM solution (Sigma–Aldrich, St. Louis, MO, USA) with 0.01% Tween20), control solution was demi water with 0.01% Tween-20).
The HS collection was done in the high-throughput headspace sampling chamber / light and
climate controlled growth chamber which consists of two growth cabinets equipped with
climate and light control, that can be regulated separately, containing 6 trapping cuvettes
each. The adjusted LED-lights spectrum was set, white:, red:, far red:, blue:, for the light
intensity during a 12 hours period from 8 to 20.
“Tenax® TA is a porous polymer resin based on 2.6-diphenylene oxide. It has been
specifically designed for the trapping of volatiles and semi-volatiles from air or which have
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been purged from liquid or solid sample matrices” (Manufacturer).
Three different trapping strategies involving Tenax liners were used, all of them executed
inside the headspace facility:
1. The sampling cuvettes were 1 litter in volume. Clean air with no humidity was pumped
into each cuvette (300 ml/min) and volatiles were sampled through a cartridge
containing an adsorbent (Tenax liners) at a lower flow rate (100 ml/min). This process
results in a slight overpressure in the chambers such that no outside air leaks in.
Because these flows are controlled in the cuvettes, trapping occurs quantitatively and
comparable.
2. The principle for performing a time-lapse measurement is identical to the previous one,
in addition, Automated Tenax trap switching enabled headspace analysis over different
time-lapses.
3. Alternatively to the previous methods, Tenax liners were put up against the boundary
layer of infested leaves, to enhance local volatile enrichment from the infested spots.
A fourth experimental method was studied, not executed in the HS facility. The Tenax liners
were coupled with a needled cap which was inserted into a glass septum vial, containing 1 ml
of 5 molar CaCl2 solution plus 100 mg of harvested tissue from infested and uninfested leaves,
the vials were heated to 40 ºC during the sampling time, that varied among the trials.

Stir bar sorptive extraction (SBSE)
The Twisters were conditioned before collection (15 minutes at 280 C), collection started after
24 hours of induction and lasted 4 hours, the glass was kept with an inner flow of 200 ml/min
overnight in order to clean the air inside, at the sampling time the flow was lowered to 10
ml/min, the Twisters were attached to self-manufactured hooks and put above the leaf
surface.
SBSE uses a polydimethylsiloxane (PDMS) polymeric phase. The analytical units called
Twisters, are magnetic stir bars inside a glass jacket coated with 24–126 μL of PDMS, this
nonpolar polymeric phase promotes hydrophobic interactions with analytes. It is a solvent-less
approach. PDMS is a thermo-stable material and eventually reaches a steady state, the
percentage of analytes absorption depends ultimately on the polarity of the compounds, low
polar compounds are more easily absorbed. After the steady state is reached, the stir bar
goes through thermal desorption and subsequent gas chromatography to identify the analytes.
Twister air trapping against boundary layer, Twister embedded in CaCl2 solution filled vial then
heated.
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Twisters were held against the boundary layer of the abaxial side of cucumber leaves, to
perform the HS collection of the volatiles during 2 hours, after this interval the devices were
dry purged with a helium flow of 2 ml/min for 5 minutes and transferred into the TD-GCxGCQTOF-MS, the Twisters were anchored in self-manufactured metal wire racks capable of
holding 3 Twisters. Alternatively Twisters were embedded in vials containing a 5 Molar
solution of CaCl2 with 100 mg of tissue, the closed vials were heated to 40 degrees Celsius for
30 minutes, then the Twisters were put inside the vials during the 2nd lapse of 30 minutes,
after collection they were rinsed in MQ water, and dry purged with a helium flow of 2 ml/min
for 30 minutes, before transferring into the TD-GCxGC-QTOF-MS.

Gas chromatography - Mass spectrometry
TD-GCxGC-QTOF-MS (Thermo Desorption- Gas Chromatography- Quadrupole Time Of
Flight- Mass Spectrometer): The Twisters were stored in a glass liner, The glass or Tenax
liners then desorbed and analysed using a Markes thermal desorber TDU installed on an
Agilent 7890 gas chromatograph coupled to an Agilent QTOF Mass Spectrometer. The
protocol is taken from Kappers et al (2010- 2011). Heated to 250 °C for 3 minutes with a
helium flow of 30 ml/min the volatiles are released from the Tenax or the SBSE, the
compounds then are condensed in the Thermo Desorption Unit using a cold trap at 0 °C.
subsequent heating of the cold trap (40°C/sec) to 260°C hold for 3 minutes injects the
analytes in split-less mode (Twisters), split 50 (Tenax liners) into the analytical column
(Agilent, DB-5 5MS, 30m, 0.25mm,1.0μm), split 50: split flow 49ml/min Helium, column
receives approximately 2%, 98% is recollected in the Tenax liner. The protocol is as follows:
GC`s initial temperature 40°C during 2 minutes, next, linear temperature increase of
10°C/minute until 280°C, hold at 280°C for 4 minutes (a helium flow of 1,2 ml/min will be used
for this). In order to split the volatiles as they come out of the analytical column, the ion source
(DSQ quadrupole mass spectrometer) is coupled with the analytical column (Electron
ionization at 70 eV). Masses 50 to 350 m/z are scanned. SBSE stir bars and Tenax liners
were conditioned by heat treatment (290°C for 15 min and 270°C for 40 minutes) with a
helium flow using TC-20 Multi-tube conditioning unit (Markes International Ltd, UK).

Data analysis
Integration of the peak area under the curve represents a qualitative or quantitative account of
Metabolites depending upon the software used, Masshunter Workstation software was used,
version B.07.00/Build 7.0.457.0 Qualitative and Quantitative. The compounds were identified
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by comparison of their mass spectra to those of NIST Mass Spectral Library (version 2.2,
2014) and by comparing their linear retention indices and retention times with predicted values
from real internal standards. The chromatograms were deconvoluted using the Quantitative
software, .CSV files were generated, for the quantitation of the compounds, each hit had:
Deconvoluted Base Peak Area, Formula (Tentative), Retention Time, File name, Compound
Name (Tentative), the following steps were followed to extract the datasets used for statistics:
From the original data matrix, the compounds with formula C10H12, C10H12O, C10H14, C10H14O,
C10H16, C10H16O, C10H18, C10H18O, C13H22O, C15H22, C15H22O, C15H24, C15H24O, C15H26,
C15H26O, were extracted on a different Excel sheet. The formulas correspond to mono and
sesquiterpenes mainly, the data was then sorted by Retention time, the compounds were
isolated from this dataset according to the following criteria:
1. The accuracy of the GC-TOFMS has a sensitivity of two decimals, meaning that those
retention times that were identical till the second decimal (e.g. 13.993 and 13.997)
were considered the same compound.
2. When this first filter failed and it was clear in the deconvolution archive the co-eluting
phenomenon of two compounds with the same mass, then the two compounds were
sorted by the magnitude of the Base Peak Deconvoluted Area, the column was colour
formatted to show a gradient from low to high values, then a typical shift in colour
would mark a clear distinction among the co-eluting compounds, it is worth noting that
because of the treatments an intrinsic variation in the abundance of the compounds
was expected, nevertheless most of the times the variation between co-eluting
compounds was larger, and therefore it was easy to discern between them based on
the colour scale.
The isolated compounds were then sorted by the file number, the missing values were filled by
randomized numbers between 1000 and 10000, around the limit of detection for the
equipment.

Statistics
Jasmonic acid volatiles collection
The full model was tested with the General Linear Model function of SPSS, using the timepoint, treatment and gradient columns as fixed factors to spot differences between the JA and
the control, the abundances of the compounds are the dependent variables. The gradient
column is added to rule out the existence in the control samples of an intrinsic gradient in the
compounds of interest, the time-point column is added to rule out an intrinsic circadian
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fluctuation that might be confused with a treatment effect. When significant differences exist in
any of the fixed effects a Posthoc test (LSD) is performed to find out where are the specific
differences. As a second step, part of the model is tested, by removing the data from the
controls, only JA treated samples data remains, this is done to find out whether a spatial
gradient is occurring, the tests are done in the same way, time-point and gradient columns as
fixed factors. Additionally, a model only with the control samples is tested, in order to prove
that the effects seen in the full model step are a consequence of the treatment and not of
intrinsic biological features of the cucumber plants.

Jasmonic acid induced volatile compounds present in the leaf collection
Only the samples treated with JA were analysed, The model was tested with the General
Linear Model function of SPSS, time-point and gradient columns as fixed factors plant # is
introduced as a covariate when it adds explanatory power to the model and the abundances of
the compounds are the dependent variables. When the covariate is not used and significant
differences exist in any of the fixed effects a Posthoc test (LSD) is performed to find out where
are the specific differences.

TSSMs volatiles collection
Since this collection was done to confirm the time-lapse conducted in previous research, the
data was analysed with a one-way ANOVA with the time points as the independent variable
and the abundance of the compounds as the dependent variable. If significant differences
exist a Posthoc test (LSD) is performed to find out where are the specific differences. In spite
of the unbalanced design for the treatment effect (9 treated replicates and 5 control
replicates), a one-way ANOVA was used to establish whether significant down or upregulation
had taken place between the control plants and the treated plants, the assumption that control
plants have less intrinsic biological variation is the backbone for the unbalanced design
testing.

TSSMs induced volatile compounds present in the leaf collection
Only the samples infested for 72 hours with TSSMs were analysed, the data was analysed
with a one-way ANOVA with the treatments (infested, uninfested and control) as the
independent variable and the abundance of the compounds as the dependent variable. If
significant differences exist a Posthoc test (LSD) is performed. The assumption that control
plants have less intrinsic biological variation is the backbone for the unbalanced design
testing.
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Liquid chromatography - Mass spectrometry
Sample preparation
Leaf discs will be cut with a cork borer (diameter 1-1.5 cm), dried and grounded into a fine
powder with liquid nitrogen. The metabolites are then extracted with 100% MeOH-water and
0.1% formic acid (50 µg of tissue + 180 µl of solution). After extraction, samples are sonicated
(15 min, at room temperature), then rested (2 hours at 4 °C), the samples are then centrifuged
(10 min at room temperature and 21000 x g). The resulting supernatant is separated, 100 µl
per samples + 10 µl for pooled standards. The samples must be stored in ice until
measurement.

Q ExactivePlus Orbitrap LC-MS/MS
Data analysis
The chromatograms are opened with Xcalibur software, then the MetAlign software is used for
the alignment of the chromatograms, comma separated files (.CSV) are extracted. To carry
out the subsequent data preparation, the data matrices are opened in Excel, the noise is
subtracted from the amplitude magnitudes and converted into a low value (100) to increase
contrast, then the Gene Math software is used to Log-transform the data and perform a
principal component analysis (PCA) and cluster analysis on the matrix, in order to identify the
segregation patterns between the treatments, and the key compounds causing the specific
biological response.
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Annexes
Table 19. Non-chronological time table.Error! Not a valid link.
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