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SUMMARY

Plant glandular trichomes have gained a significant interest due to the storage and
secretion of specialized compounds. To know how these epidermal structures are formed,
which later turn into highly efficient biochemical factories, it is essential to understand the
developmental factors involved in the formation of glandular trichomes. The current PhD
thesis aims to dissect the molecular mechanisms involved in the formation of type VI

glandular trichomes in tomato.

The molecular mechanism of type VI glandular trichomes is still not clear in the current
plant science research. Substantial amount of data, corresponding to multicellular trichome
formation (glandular and non-glandular) and density alterations in Antirrhinum majus,
Gossipium spp, Artemisia annua, Cucumis sativus and Solanaceae states that transcription
factors play a pivotal role in the initiation and development of trichomes. These
transcription factors belong to the classes of MYB'’s, bHLH’s and class IV HD-Zip’s, which
are also involved in the regulation of genes responsible for secondary metabolism.
Unicellular trichome initiation process in the model plant, Arabidopsis thaliana, is tightly
controlled by transcription factors within the MYB-bHLH-WD40 trimeric complex, activating
the downstream trichome regulator AtGL2. However, a comparable role in the regulation of
multicellular trichome formation remains speculative. Recent studies suggest that orthologs
of Arabidopsis trichome regulators in the MBW complex were found to be expressed in the
Nicotiana tabacum trichomes. This led to speculate that the orthologs of Arabidopsis
trichome regulators might be linked in the formation of multicellular trichomes in tomato.
Yet, in tomato, their transcript levels were extremely low, behaving explicitly different in

young tomato leaves.

Among the factors that induce trichomes, phytohormones have a key role in elevating
trichome numbers and density, and are considerably linked in the formation of trichomes.
The plant hormone JA extensively contributes in the formation of trichomes. External
application of JA on tomato leaves has led to elevated levels of type VI glandular
trichomes. Type VI glandular trichome numbers are significantly reduced in the jail mutant
compared to wild type tomato plants. Although, there exist genotypes with significant
differences in type VI glandular trichome numbers, the key regulators involved in the

formation of glandular trichomes mediated through JA are still obscure.



In this research work, based on the RNA sequencing data, putative transcription factors or
genes induced by JA were identified from wild type, JA-treated (2 hours and 24 hours) and
jail plants. Putative transcription factors upregulated shortly after JA treatment compared
to jail were predicted to contribute to the formation of glandular trichomes at the early
developmental phase. The expression pattern of genes encoding putative MYB9, MYB4-
like, MYC2 and PDF2 were validated using independent biological replicates. Validated
putative candidates were transiently expressed in N. benthamiana leaves to analyze their
subcellular localization.

For the first time, Arabidopsis epidermal specific promoter ATML1 was used to control the
activity of putative candidates in tomato. Initial promoter-GUS assays in tobacco and
tomato showed its activity across the tomato leaf epidermis and basal regions of trichome
cells, which was promising to take it further for the overexpression of putative candidates.
Based on this, prime importance was given to MYB9 and PDF2 candidates under the
control of constitutive 35S and epidermal specific ATML1 promoters, in the wild type and
jail  background, respectively. Overexpression of pATML1::GFP:MYB9 and
35S::GFP:PDF2 showed no significant impact on type VI glandular trichome numbers
compared to control. Further, secondary compounds were qualitatively analyzed to identify
typical trichome related metabolites. Monoterpenes and sesquiterpenes were analyzed in
the overexpression lines compared to wild type and jail control leaves. From the qualitative
analyses of these terpenoids, it was concluded that the putative MYB9 may significantly
contribute to the synthesis of monoterpenes but not to class | sesquiterpenes. Furthermore,
monoterpenes and class | sesquiterpenes were not significantly different across the
individual lines of putative PDF2 compared to the control, indicating that PDF2 is not
involved in the accumulation of monoterpenes and class | sesquiterpenes. Two of the
genes encoding putative MYB4-like and MYC2 regulators were characterized for their loss-
of-function by a TILLING approach. Mutations within the DNA-binding domain of putative
MYB4-like and a premature stop codon in the N-terminus of putative MYC2 protein led to
significant reduction in type VI glandular trichome numbers compared to control plants.
This highlights the importance of (i) the functional DNA-binding domain of putative MYB4-
like and (ii) the functional N-terminus of putative MYC2 protein for the formation of type VI
glandular trichomes in the cultivated tomato. Taken together, the identification and
functional characterization of putative transcription factors broadens the knowledge of the

molecular mechanisms and their role in the formation of type VI glandular trichomes.



Zusammenfassung

Pflanzliche Drisentrichome haben aufgrund der Speicherung und Sekretion von
spezialisierten Verbindungen ein signifikantes Interesse erhalten. Um zu klaren, wie diese
epidermalen Strukturen gebildet werden, die spater zu hocheffizienten biochemischen
"Fabriken" werden, ist es wichtig die Entwicklungs-spezifischen ‘Faktoren‘ zu verstehen,
die bei der Bildung von Drisentrichomen eine Rolle spielen. Die vorliegende Dissertation
zielt darauf ab, die molekularen Mechanismen zu analysieren, die bei der Bildung von Typ

VI glanduléaren Trichomen in Tomaten.

Die molekularen Mechanismen der Bildung von Typ-VI-Drisentrichomen sind in der
aktuellen pflanzenwissenschaftlichen Forschung noch nicht bekannt. Viele Daten zu
multizellularer Trichombildung (drisig und nicht drusig) und -dichte bei Antirrhinum majus,
Gossipium spp, Artemisia annua, Cucumis sativus und Solanaceae (Tabak und Tomaten)
bestétigen, dass Transkriptionsfaktoren eine zentrale Rolle bei der Trichombildung und -
entwicklung spielen. Diese Transkriptionsfaktoren gehéren zu den Klassen der MYB's,
bHLH's und Klasse |V HD-Zip's, die auch an der Regulation der fir den
Sekundarstoffwechsel verantwortlichen Gene beteiligt sind. Die Initierung einzelliger
Trichome in der Modellpflanze Arabidopsis thaliana wird durch Transkriptionsfaktoren des
MYB-bHLH-WD40-Trimarkomplexes strikt kontrolliert und aktiviert den nachgeschalteten
Regulator GL2. Eine vergleichbare Rolle bei der Regulation der multizellularen
Trichombildung bleibt jedoch spekulativ. Neuere Studien deuten darauf hin, dass Orthologe
von Arabidopsis Trichomregulatoren im MBW-Komplex in Nicotiana tabacum Trichomen
exprimiert werden. Dies liel3 vermuten, dass diese Trichom-regulierenden Orthologe in die
Bildung von mehrzelligen Trichomen in Tomate involviert sein kdnnten. Doch bei Tomaten

waren die Transkriptionswerte extrem niedrig, insbesondere bei jungen Tomatenblattern.

Phytohormone spielen eine Schlisselrolle bei der Erhéhung der Anzahl und Dichte von
Trichomen und sind betrachtlich in der Bildung von Trichomen verbunden. Das
Pflanzenhormon JA spielt eine bedeutsame Rolle bei der Bildung von Trichomen. Eine
oberflachliche Behandlung von Tomatenblattern mit JA hat zu einem signifikanten Anstieg
der Zahl der Drisentrichome vom Typ VI gefuhrt. Bei der Mutante jail wurde ein
erheblicher Unterschied in der Anzahl der Drusentrichome vom Typ VI im Vergleich zur

WT-Tomate beobachtet. Obwohl es Genotypen mit signifikanten Unterschieden in der



Anzahl der Drisentrichome vom Typ VI gibt, sind die wichtigsten Regulatoren, die an der

Bildung der durch JA vermittelten Drisentrichome beteiligt sind, immer noch unklar.

In dieser Dissertation wurden durch JA induzierte vermeintliche Transkriptionsfaktoren oder
Gene basierend auf RNA-Sequenzierungsdaten von Wildtyp, JA-behandelten (2 Stunden
und 24 Stunden) und jail Pflanzen identifiziert. Die entsprechende RNA-Seqg-Analyse
identifizierte Transkriptionsfaktoren, die fur Gene kodieren, die sowohl im Wildtyp nach der
JA-Behandlung als auch in der jail-Mutante signifikant induziert sind. Es wurde
angenommen, dass diese vermeintlichen Transkriptionsfaktoren bereits in einem frihen
Stadium zur Bildung von Driisentrichomen beitragen. Die Expressionsmuster von Genen,
die mutmallich fur MYB9, MYB4-lke, MYC2 und PDF2 kodieren, wurden mit
unabhangigen biologischen Replikaten validiert. Validierte mutmaRliche Kandidaten
wurden transient in N. benthamiana Blattern exprimiert, um ihre subzellulare Lokalisierung
zu analysieren. Zum ersten Mal wurde der Epidermis-spezifische Promotor ATML1 von
Arabidopsis verwendet, um die Aktivitdit von vermeintlichen Kandidaten in Tomaten zu
kontrollieren. Erste Promotor-GUS-Assays in Tabak und Tomaten zeigten Aktivitat in der
Epidermis der Tomatenblatter und in den Basalregionen der Trichomzellen, was
vielversprechend fiir eine folgende Uberexpression der Kandidaten war. Auf dieser
Grundlage wurde den MYB9- und PDF2-Kandidaten unter der Kontrolle des konstitutiven
35S- und des Epidermis-spezifischen ATML1-Promotors in Wildtyp- bzw. jail-Hintergrund
hochste Bedeutung beigemessen. Die Uberexpression von pATML1::GFP:MYB9 und
35S::GFP:PDF2 zeigte keinen signifikanten Einfluss auf die Trichomzahlen des Typs VI im
Vergleich zur Kontrolle. Weiterhin wurden Sekundarmetaboliten qualitativ analysiert, um
typische Trichom-relevante Metaboliten zu identifizieren. Monoterpene und Sesquiterpene
wurden in den Uberexpressionslinien im Vergleich zu Wildtyp und jail-Blattern analysiert.
Qualitative Analysen dieser Terpenoide kommen zu dem Schluss, dass das mutmalliche
MYB9 signifikant zur Synthese von Monoterpenen beitragen kann, nicht aber zu
Sesquiterpenen der Klasse |. In der Folge unterschieden sich Monoterpene und
Sesquiterpene der Klasse | nicht signifikant zwischen den einzelnen Linien des PDF2-
Homologs im Vergleich zur Kontrolle, was auf keine signifikante Rolle bei der Akkumulation
von Monoterpenen und Sesquiterpenen der Klasse | hinweist. Zwei der Gene, die fir
MYB4-like und MYC2-Regulatoren kodieren, wurden durch einen loss-of-function TILLING-
Ansatz charakterisiert. Mutationen innerhalb der DNA-bindenden Doméne des
mutmalllichen MYB4-like und ein vorzeitiges Stoppcodon im N-Terminus des

mutmallichen MYC2-Proteins flhrten zu einer signifikanten Reduktion der



Driusentrichomzahlen vom Typ VI im Vergleich zu Kontrollpflanzen. Dies unterstreicht die
Bedeutung von (i) der funktionellen DNA-Bindungsdoméane des mutmallichen MYB4-like
und (ii) des funktionellen N-Terminus des mutmalflichen MY C2-Proteins flur die Bildung von
Drusentrichomen vom Typ VI in der kultivierten Tomate. Die Identifizierung von
mutmalllichen Kandidaten durch bioinformatische Methoden und ihre funktionelle
Charakterisierung dienen als wichtige Werkzeuge, um Kandidatenprofile aufzudecken und
JA-bezogene Typ-VI-Drisen-Trichom-Phénotypen zu entschlisseln. Zusammenfassend
lasst sich sagen, dass durch die Untersuchungen in dieser Arbeit Identifizierung und
funktionelle Charakterisierung von putativen Transkriptionsfaktoren hat einen Einblicke in
die molekularen Mechanismen gewonnen, die bei der Bildung von Driisentrichomen vom

Typ VI eine Rolle spielen.



Vi
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1 INTRODUCTION

1.1 Plant trichomes

Globally, life cycle of plants has constantly evolved and adapted to fluctuating
environmental conditions. During the process of evolution, these fundamental sessile
organisms have significantly strengthened to defend themselves from several biotic and
abiotic factors. In order to thrive, sustain and cope up with various environmental risks,
plants have vastly developed a strong protective sheath, with both hydrophobic and
lipophilic qualities on their cuticular layer (Samuels et al., 2008). Plant cuticular layer not
only consists of cutin and wax as major components to protect their epidermal surface, but
also comprise hair-like projections or protuberances perpendicular to the plant surface
(Samuels et al., 2008). These hair-like protuberances arising from plant epidermal surfaces

are clearly defined as plant trichomes (Werker 2000; Wagner et al., 2004, Tissier, 2012).

1.1.1 Classification and morphological description of trichomes

Trichomes have been researched broadly since late 1950’s. They evolve to form the basis
of plant’s first line defense with a unique defense mechanism, both physically and
chemically (Uphof, 1962; Levin, 1973). Trichomes have been classified based on the
number of cells they are structured. They vary greatly in their size and densities, scaling
from few microns to several centimeters. The morphological features of trichomes are
diverse in the plant kingdom and can be distinguished depending upon the species they
vastly occur (Levin, 1973; Behnke, 1984; Payne, 2000; Werker 2000; Wagner 2004; Tissier
2012). Despite their minute size, they are majorly present on the leaves and stems but also
on other plant organs like petioles, petals, fruits and peduncles (Werker, 2000; Wagner et
al., 2004; Tissier, 2012). The basic morphological feature of trichomes is distinguished
based on whether they are unicellular or multicellular. Further, they could appear in
multitude forms such as spiral, straight, hooked or tortuous, simple, peltate or stellate
(Levin, 1973; Southwood, 1986; Werker, 2000; Dalin et al., 2008). Since trichomes exist in
indefinite morphological features, the main criteria to distinguish trichomes are simply
based on whether they are glandular or non-glandular (Payne 2000; Werker, 2000; Glas et
al., 2012; Tissier, 2012).
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1111 Non-glandular trichomes

The diversity of non-glandular trichomes with different morphological features was initially
described (Fahn and Werker, 1972). They were mainly identified on most of the
angiosperms, some gymnosperms and bryophytes (Uphof, 1962; Johnson, 1975).
Unicellular trichomes on the model plant, Arabidopsis thaliana are referred as non-
glandular trichomes, which are either branched, or unbranched (Mathur and Chua, 2000).
Unicellular trichomes from A. thaliana were extensively considered as a model to study
trichome cell differentiation process (Hulskamp, 1998; Mathur and Chua, 2000; Schwab et
al., 2000; Schnittger and Hilskamp, 2002). However, unicellular trichomes have no specific
role in the secretion and storage of specialized compounds (Schoonhoven et al., 1998;
Werker, 2000; Wagner 2004).

1.1.1.2 Glandular trichomes

Glandular trichomes were initially formed on the seed ferns to defend from arthropod pests
during the late Paleozoic and carboniferous era (Krings and Kerp, 1998; Krings et al., 2002,
2003; Tissier., 2012). The term ‘gland’ makes these trichomes an outstanding entity and
these aerial appendages are present over the epidermal surfaces of about 30 % of all
vascular plants in the plant kingdom (Fahn, 2000; Glas et al., 2012). Glandular trichomes
are multicellular, varying between two to several cells, comprising a differentiated basal,
stalk and apical stem (Fahn, 2000; Werker, 2000). Similar to non-glandular trichomes,
glandular trichomes can either be branched or unbranched with varying sizes and shapes
(Werker 2000; Tissier, 2012). Further, glandular trichomes are sub-divided into capitate
and peltate trichomes (Tissier, 2012; Glas et al., 2012). Both capitate and peltate glandular
trichomes, which differ slightly in their morphological features, were commonly identified
among the Asteraceae, Lamiaceae, Cannabaceae and Solanaceae plant families but not
widely known in monocotyledons (Glas et al., 2012; Tissier, 2012). An important feature of
glandular trichomes is to secrete and to store large amounts of vivid specialized chemical
compounds (Fahn. 2000; Schilmiller et al., 2008; Tissier, 2012; Glas et al., 2012). Both
capitate and peltate trichome secretory cells possess different scale of volatile compounds

within the species they occur (Maffei, 2010; Tissier, 2012).
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1.1.2 Importance of trichomes in the plant kingdom

Since the evolution of plants, trichomes are significantly involved in the plant defense from
insects and herbivores, and to cope up with adverse environmental conditions (Werker
2000; Wagner et al., 2004). Plants are frequently encountered with leaf eating insects,
primarily beetles (Order: Coleoptera) or common herbivores such as caterpillars (Order:
Lepidoptera), known as most common predators for leaf damaging activities (Schoonhoven
et al., 1998). Unicellular trichome types, densely populated on leaves and stems are known
to provide an extensive physical barrier for those plant-damaging predators (Levin, 1973;
Schoonhoven et al.,, 1998). The chemical defense is achieved due to the presence of
secretory components or glands that produce valuable chemical compounds known as
secondary or specialized compounds (Uphof, 1962; Fahn, 2000; Schilmiller et al., 2008).
With this unique feature of repellency, trichomes are capable of maintaining a barrier

between plant epidermal surface and herbivorous insects.

Although trichomes play a prime role in providing a preliminary defense on the plant
surface, they not only protect plants from insects and herbivores but also against abiotic
factors (Hauser. 2014). Their extreme density on plant surface is crucial for water balance,
stabilizing photosynthesis and photo-inhibition process (Werker, 2000; Tingey, 1991; Levin,
1973; Nobel, 1999; Karabouniotis et al, 1992). Further their safeguard activity extends to
protect plant surfaces from UV rays, reduce transpiration rate and diffusion of carbon-di-
oxide (Ehleringer et al., 1976; Choinski and Wise, 1999; Benz and Martin, 2006; Galmes et
al., 2007).

1.1.2.1 Significance of glandular trichomes

Glandular trichomes have gradually gained attention with respect to type of compounds
they store and secrete (Schilmiller et al., 2008). Some of the specialized compounds such
as terpenes, phenylpropanoids derivatives, acyl sugars, methyl ketones and flavonoids are
the most synthesized and secreted secondary metabolites among gland-bearing trichomes
(Gershenzon et al., 1992; Hallahan, 1998; van der Hoeven et al., 2000; Gang et al., 2001;
Fridman et al., 2005; Schilmiller et al., 2008; Tissier., 2012). The secreting compounds
from gland bearing trichomes could be a fragrance or toxic-based for insects and leaf
herbivores (Schilmiller et al., 2008). The resultant feeding activity after ingesting secondary
metabolites could drastically deteriorate taste sensory systems and intoxicate their immune

system (Levin, 1973; Schoonhoven et al., 1998; Firstenberg-Hagg et al., 2013). To avail
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the potential benefits for mankind, these specialized compounds have been diversely
extracted, utilized and valued in the areas of pharmaceuticals, agriculture, food processing,
fragrance and essential oil production (Duke et al., 2000; Mahmoud and Croteau, 2002;
Wagner et al., 2004).

1.1.3 Glandular trichomes in Solanaceae: Special emphasis on the Solanum
lycopersicum cultivar ‘MicroTom’

Glandular trichomes in Solanum species have drawn significant importance due to their
role in producing specialized bioactive compounds (lijima et al., 2004; Nagel et al., 2008;
Sallaud et al., 2009). The genus Solanum comprises two main categories of trichomes —
non-glandular and glandular. In tomato (Solanum spp), non-glandular trichomes (type II, Ill,
V and VII) and glandular trichomes (type IV, VI and VII) are predominantly present. The
morphological description of Solanum glandular trichomes was initially introduced (Luckwiill,
1943) but later revised and classified based on the types (Fig. 1A) on different Solanum
species (Channarayappa et al. 1992; Simons and Gurr 2005). The glandular trichome
types differ among the tomato species and cultivars, and their morphological structures
within the species are basically differentiated based on size, stalk length and number of
secretory cells (Luckwill, 1943; Wilkens et al., 1996; Maluf et al., 2007; Kang et al., 2010).
Interestingly, chemical compounds secreted by glandular trichome types differ among wild
type and cultivated tomato species, and moreover quantitatively alters within the species
(Schilmiller et al., 2009; Kang et al., 2010). The current thesis mainly focuses on the
development of type VI glandular trichomes in cultivated tomato, Solanum lycopersicum

cultivar (cv.) MicroTom (MT).

The dwarf tomato cultivar MicroTom (MT) has become popular in plant science research
because of its short life cycle (=10 weeks), compact size (= 15 cm), high fruit yield
production and a compatible model for genetic studies (Meissner et al., 1997). Further, an
up-to-date EMS and gamma rays mutant collection (Pino-Nunes et al., 2009), ESTs and
SNP databases (Kazusa DNA research institutue) and metabolite annotation profile (lijima
et al., 2008), is of great advantage for functional characterization studies. With this vast
data, the MT cultivar has been utilized to study fruit development (Serrani et al., 2007),
hormonal interactions (Campos et al., 2009), abiotic and biotic responses (Gratao et al.,
2008; Hase et al.,, 2008), mycorrhizal colonization (Zsoegoen et al., 2008) and gene

regulation activities, respectively (Zrachya et al., 2007).
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Figure 1: Morphological description of trichomes in Solanum species

(A) Eight-type of trichomes (glandular and non-glandular) revised by Channarayappa et al.,

(1992). (B, C) ESEM images of type VI and type | trichomes visualized on young leaf

surface of S. lycopersicum. Scale bars represent 90 um (B) and 200 um (C).
The MT cultivar comprises type | - non-glandular (capitate) (Fig. 1A, C) and type VI and
type VII - glandular trichomes (globular) (Fig. 1A, B) (Glas et al., 2012). Type VI glandular
trichome numbers in the cultivated tomato are relatively higher compared to type VII and
type | trichomes (Li et al., 2004; Glas et al., 2012; Bergau et al., 2015). Further, type VI
glandular trichomes in cultivated tomato species mainly comprise monoterpenes and
sesquiterpenes (Li et al., 2004; Schilmiller et al., 2009; Kang et al., 2010; Bergau et al.,
2016; Balcke et al., 2017).

1.1.4 Terpene levels in Solanum lycopersicum

In tomato, various secondary metabolites like anthocyanin compounds and defense related
volatile compounds have been identified (Thaler et al., 2002; Li et al., 2004; Chen et al.,
2006). In the cultivated tomato, acyl sugars, flavonoids and terpenes are major secondary
compounds produced in type I, IV and VI gland bearing trichomes (McDowell et al., 2011;
Bergau et al.,, 2016; Balcke et al., 2017). Among terpenes, monoterpenes and class |
sesquiterpenes like - elemene, B- caryophyllene and a- humelene were known to be

derived from type VI glandular trichomes of cultivated tomato leaves (Besser et al., 2009;
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Schillmiller et al., 2010; Balcke et al., 2017). Further, the gland bearing trichomes from wild
type and cultivated tomato lines show different metabolite accumulation patterns. For
instance, accumulation of terpenoids are distinct and found to vary during each
developmental phases of glandular trichomes within the two species (Besser et al., 2009;
Schillmiller et al.,2009; 2010; Bergau et al., 2015; Balcke et al., 2017 ).

1.2 Role of phytohormones in trichome development

Plant hormones or phytohormones have an essential role in regulating trichome induction.
The importance of phytohormones in the formation of trichomes in the below section is
illustrated based on the discovery of respective deficient mutants across their hormone
signaling pathways.

1.2.1 Jasmonates (JAS)

Jasmonates (Jasmonic acid, Jasmonic acid methyl ester, JA-amino conjugates and other
JA metabolites) are a group of oxygenated compounds commonly referred as oxylipins,
which are originated from a-linolenic acid, within the lipoxygenase pathway on chloroplast
membranes (Creelman and Mullet, 1997; Wasternack, 2007). Jasmonates are primly
known to regulate plant growth and developmental activities like, seed germination, root
growth inhibition, lateral root formation, tuber formation, leaf senescence, flower
development and trichome formation (Dathe et al., 1981; Staswick et al., 1992; Ueda and
Kato, 1980; Stintzi and Browse, 2000; Li et al., 2004). The most important forms of
bioactive molecules in JA signalling pathway are methyl jasmonate (MeJA), jasmonic acid
(JA) and its conjugated amino acid JA-Isoleucine (JA-lle), (Staswick and Tiryaki 2004;
Wasternack, 2007; Fonseca et al.,, 2009a; Suza et al., 2010; Stitz et al., 2011). The
modulation of JA biosynthesis is mainly decided based on the substrate availability, its
circuitry feedback loop and tissue specificity (Wasternack, 2007; Browse, 2009a, 2009c).
For instance, the CORONATINE INSENSITIVE1 (COI1) is an F-box protein within the
frame of Skp1/Cullin/F-box (SCF) complex and functions as an E3 ubiquitin ligase. Further,
COI1 sequentially recruits Jasmonate ZIM domain (JAZ) proteins for ubiquitination process
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007). The Proteasomal degradation of
JAZ proteins by JA or JA-lle has relieved positive regulators like MYC2 transcription factors
(TFs) to activate JA-responsive promoters and subsequent JA-responsive genes (Chung et

al., 2008; Chini et al., 2009a). Characterization of JAZ proteins and their interaction with
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SCF®°" complex has led to decipher regulatory events involved in the positive feedback
loop of JA biosynthesis (Schaller and Stintzi, 2009; Stenzel et al., 2012; Wasternack and
Hause, 2013).

1211 JA-deficient mutants affecting trichome formation

Mutants impaired in JA deficiency has shown several roles corresponding to wounding and
plant stress related activities (Stintzi and Browse, 2000; Stenzel et al., 2003b; Li et al.,
2004; Wasternack, 2007). The Identification and functional characterization of coronatine
insensitivel (coil) mutant in Arabidopsis initially paved the way to recognize the
importance of COI1 in JA signalling and perception (Xie et al., 1998). The coil mutant is a
male sterile with partial impairment in pollen production, deficient in wound responses and
mainly insensitive to exogenous JA application (Xie et al., 1998). In tomato, JA response in
trichome development was first recognized by characterizing jasmonic acid in-sensitive
(jail) mutant, a homolog of COI1 in Arabidopsis (Li et al., 2004). The jail mutant plants are
insensitive to exogenous JA application, partially deficient in pollen production and majorly
identified as female sterile (Li et al., 2004). The jail mutant plants exhibited phenotypic
characteristics like susceptibility to spider mites and improper growth and development of
type VI glandular trichomes on leaves. This led to approximately 75 % reduction in type VI
glandular trichomes in the jail mutant compared to wild type (Li et al., 2004).

WT

jait

Figure 2: Distribution of trichomes on the wild type and jail tomato leaves

(A, C) Wild type (WT) and jail tomato leaves were compared after microscopy. (B, D)
Visualization of trichome density between WT and jail tomato leaves. Scale bars represent
200 pm (A, C) and 100 um (B, D).
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Another single recessive mutant, odorless 2 (od-2), has shown defective and abnormal
development in glandular trichome formation and density with altered secondary metabolite
content in type VI glandular trichomes (Kang et al., 2010). Further, characterization of a
highly conserved, specifically Racl-associated protein subunit (SRA1) required for
trichome development, strengthening actin-cytoskeleton dynamics, accumulation of
flavonoids and sesquiterpenes, and resistance to insect attack, was known to be encoded
by Hairless (HI) gene (Kang et al., 2016). The loss-of-function of the hl mutant was similar
to the od-2 mutant. However, these previous studies speculate that both od-2 and hl
mutants are defective in JA-regulated pathway and affects glandular trichome development
(Howe et al., 1996; Thaler, 1999; Li et al., 2002; Kant et al., 2004; Howe and Jander,
2008).

1.2.2 Gibberellins (GAS)

Gibberellins (GAs) are well known for their profoundness and diverse effects in plant
developmental activities (Hooley et al., 1994). They play a key role in cell growth activities
including seed germination to elongation of shoot meristem, to flower and fruit development
and then seed reserve mobilization by aleurone cells (Hooley et al., 1994). Previous
research on the model plant Arabidopsis (Koornneef and van der Veen, 1980) and tomato
(Koornneef et al., 1981), has successfully led to identification of GA-deficient mutants
(Koornneef et al., 1985). Role of GA towards trichome induction in Arabidopsis was first
identified by observing variations in trichome numbers, particularly on the abaxial surface of
cauline leaves while performing photoperiod experiments (Chien and Sussex, 1996).
Evidence of GA in trichome induction and density was elucidated on one of the GA-
deficient mutant, gal-3, a null-allele of the locus encoding ent-kaurene synthase, which has
shown a strong phenotype with total glabrous leaves (Chien and Sussex, 1996). The
application of exogenous GA restored gal-3 mutant plants to retrieve WT phenotype
behavior, suggesting that GA is involved in the epidermal cell layer and trichome
development (Chien and Sussex, 1996).

In Arabidopsis, recessive alleles at the SPINDLY (SPY) locus were known to suppress
trichome phenotypes due to GA deficiency (Jacobsen and Olszewski, 1993). Mutations in
spy alleles have known to increase trichome numbers and trichome branching, particularly
in four-branched trichomes on the rosette leaves of A. thaliana. This indicates that GA-

deficient mutant spy negatively regulates GA signal transduction, signifying its role in
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trichome development (Perazza et al., 1998; Swain et al., 2001, 2002; Tseng et al., 2004;
Greenboim-Wainberg et al., 2005; Silverstone et al., 2007).

1.2.3 Cytokinins (CKs)

Cytokinins were initially discovered in plant biological material during the mid-20" century.
Since their discovery, various biological functions with respect to de novo organ culture
(Skoog and Miller, 1957), stimulation of leaf and seed germination (Miller, 1961),
senescence activity and apical dominance in shoots and roots (Richmond and Lang, 1957;
Wickson and Thimann, 1958) were addressed. Understanding the role of cytokinins in the
initiation of trichomes was first observed in floral meristems of spy mutant alleles in A.
thaliana. The exogenous application of cytokinins, however, led to proliferation of trichomes
on flowers, which was counteracted by mutations in the SPINDLY, showing a positive
impact on cytokinin signalling (Greenboim-Wainberg et al., 2005). Subsequent supportive
data showed that application of 6-benzylaminopurine (BA) led to proliferate trichomes on
cauline leaves and stems (Gan et al., 2007). The cross-talk between GAs and CKs were
mainly based on their counterparts, which is known to interact with downstream

transcription factors (Greenboim-Wainberg et al., 2005; Gan et al., 2007).

1.2.4 Factors affecting trichome induction

Trichome numbers were found to be altered in plant hormone-deficient mutants. This
indicates, at the endogenous level, molecular mechanisms are responsible for trichome
induction process. Additionally, ecological factors play a substantial role in inducing
trichome numbers. This includes insect-herbivory, wounding, and response to exogenous

JA treatments.

1.24.1 Insect herbivory and artificial damage

Studies related to insect-herbivore damage caused either by Coleoptera or Lepidoptera
was initially reported on several plant species, which has led to formation of new leaves
with an increased trichome density (Baur et al., 1991; Traw and Dawson, 2002a; 2002b;
Agrawal, 1999; 2000; Dalin and Bjorkman, 2003; 2008; Dalin et al., 2006;). This drastic
increase in trichome numbers on newly developing leaves is defined as induced defense-
regulated trichomes. Based on the previous data, trichomes are naturally induced and out-
numbered due to damage caused by insect-herbivore feeding strategies. Besides

herbivory, researchers have successfully attempted to reproduce herbivory damage both in
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field and lab premises by conducting artificial or mechanical wounding experiments (Pullin
and Gilbert, 1989; Dalin and Bjorkman, 2003; Valkama et al., 2005). Artificial damage-
induced trichome numbers and density was stronger in field conditions than lab
experiments in crop-oriented species (Dalin et al., 2008). In A. thaliana accessions, artificial
wounding experiments have shown tremendous increase in trichome numbers and density
(Traw and Bergelson, 2003). Further, they claim that quantification of trichome numbers
and density by artificial wounding differs significantly from insect-herbivore feeding
strategies (Cipollini et al., 2003; Dalin et al., 2008).

1.2.4.2 Induction of trichomes by exogenous JA treatment

Since artificial wounding and herbivory extensively triggers jasmonate-dependent
responses (Bostock, 1999; Reymond et al., 2000; Yoshida et al., 2009; Erb et al., 2012), it
was initially monitored for increase in trichome production in A. thaliana with the influence
of exogenous JA application (Traw and Bergelson, 2003). They further report that trichome
numbers can be significantly increased with lower concentrations of JA (Traw and
Bergelson, 2003).

Another interesting group reported significant increase in type VI glandular trichomes in
tomato upon MeJA treatment (Boughton et al., 2005). According to them, density of type VI
glandular trichomes was analyzed on newly developed leaves at different day intervals
(Boughton et al., 2005). Two to three weeks after MeJA treatment, the amount of type VI
glandular trichomes were significantly higher (>9 fold) than control plants (Boughton et al.,
2005). Exogenous JA or MeJA application, both in Arabidopsis and tomato indicate that

trichome numbers and its density can be significantly altered.

1.3 The molecular mechanisms in the formation of trichomes

In Arabidopsis, unicellular trichomes were used as a model to investigate, understand and
address cell developmental mechanisms, mainly aspects of cell-differentiation, cell-polarity
and control of cell shape across the epidermal cell layer (Hulskamp, 2004). Trichomes on
Arabidopsis have not only provided in-depth understanding towards dynamics of cellular
mechanisms but also paved a way to discover regulatory mechanisms at the molecular
level such as function of microtubules, actin cytoskeleton, cell-cycle and the role of
transcription factors (Hulskamp, 2004). Specifically, the essential role of transcription

factors has gained a special importance in plant science research past two decades and
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some of those involved in trichome initiation and development has been the scope of

interest in the further sections of the current thesis.

To get a fundamental understanding on how the trichomes are initiated, protodermal cells
from the plant epidermis undergo a series of endo-replication cycles after retardation of
mitotic cell division. Repetitive endo-replication cycles modify and alter the cellular contents
including the nucleus, leading to cell enlargement and thus directing cell growth
perpendicular to the leaf surface (Hulskamp et al., 1994; 2008). The process of trichome
initiation and patterning is controlled by a group of patterning and endo-replication genes,
which were successfully identified by mutagenesis screens (Marks et al., 1997; Hulskamp
et al., 1998). Several mutants have been previously described and characterized,
specifically involved in the phenotypic properties of trichome development (Feenstra, 1978;
Koornneef, 1981; Koornneef et al., 1982; Haughn and Somerville, 1988; Marks et al., 1991
and Hulskamp et al., 1994). Characterization of those mutants led to the identification of
distinctive trichome morphogenesis phenotype (Feenstra, 1978; Koornneef et al., 1983;
Hilskamp et al., 1994). Major striking trichome phenotypes were observed in the glabral
(gl1), transparent testa glabral (ttgl) and the glabra2 (gl2) mutants, affecting the epidermal
cell fate, leaving behind glabrous surface and traces of trichomes on the leaves compared
to the wild type (Hilskamp et al., 1994).

1.3.1 Role of essential trichome regulators in Arabidopsis thaliana

Trichomes inducing factors or genes were grouped based on the theoretical model
established by Meinhardt and Gierer (1974). Their two-dimensional patterning model
explains the de novo spacing pattern of trichome cells and classifies trichome inducing
regulators based on their positive and negative roles in trichome induction (Hiulskamp and
Schnittger, 1998; Ishida et al., 2008; Larkin et al., 2003).

13.11 Positive regulators of the trichome regulatory complex

GLABRAL (AtGL1)

Arabidopsis GLABRA1 or AtGL1, encodes a R2R3 MYB transcription factor with two
repeats of MYB DNA-binding domain (Oppenheimer et al., 1991). Recessive mutation at
the AtGL1 loci resulted in very few or complete absence of trichomes on the rosette leaves
of A. thaliana (Koornneef et al., 1982; Oppenheimer et al., 1991). Homozygous mutant

plants also displayed trichome deficiency on stems, petioles and sepals (Koornneef et al.,
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1982; Oppenheimer et al., 1991). The Relative transcript levels of AtGL1 were found to be
higher in young initiated trichomes than fully developed ones. The AtGL1 protein is located
in the nucleus (Larkin et al., 1993; Szymanski et al., 1998). Cloning and complementation
studies of AtGL1 not only confirmed its structural similarity to MYB transcription factor
family, but the latter also provided evidence that gll phenotype was successfully rescued
by forming abnormal trichomes on cotyledons (Oppenheimer et al., 1991; Larkin et al.,
1993; Kirik et al., 2001), suggesting that AtGL1 might interact with other regulatory factors

responsible for trichome induction (Kirik et al., 2001).

TRANSPARENT TESTA GLABRA 1 (AtTTG1)

Another single recessive mutation at the AtTTGL1 loci is known to affect the trichome
initiation process (Koornneef et al., 1982). Mutation at the AtTTG1 loci not only affected
trichome formation but also showed loss of anthocyanin production, seed coat
pigmentation and mucilage content (Koornneef et al., 1981; 1982). The AtTTG1 locus
encodes a WD-40 protein, which consists of four WD repeats (de Vetten et al., 1997,
Walker et al.,, 1999) that are known to function as protein-protein interaction domain in
various developmental processes (Neer et al., 1994; Walker et al., 1999). The constitutive
expression of maize R gene in Arabidopsis wild type plants complemented ttgl mutant
phenotypic characteristics, however overexpression of R protein in ttgl mutant background
suppressed its mutational effects, thereby indicating the sequence homology between R
and AtTTG1 and also addressing their pleiotropic effects (Lloyd et al., 1992; Walker et al.,
1999).

GLABRA3 (AtGL3)

AtGL3 was identified based on the sequence similarity search between maize R gene and
the AmMDELILA, a Antirrhinum majus (A. majus) basic helix-loop-helix (bHLH) anthocyanin
regulatory gene loci (Payne et al., 2000; Lloyd et al., 1992; Goodrich et al., 1992). Cloning
of AtGL3 further proved that it encodes a bHLH transcription factor homologous to maize R
and AmDELILA (Payne et al., 2000). Unlike ttg1-1 and gl1-1 mutants which are devoid of
trichomes (Koornneef et al., 1982; Oppenheimer et al., 1991), gI3-1 mutant plants exhibit
fewer immature trichomes (Payne et al., 2000). The shortening of trichome branches
compared to the wild type is a characteristic feature of gl3-1 mutant plants due to
shortened endo-replication cycles, which results in decreased cell size and the nucleus
(Hulskamp et al., 1994).
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GLABRAZ2 (AtGL2)

Several years ago, GLABRA2 or AtGL2 was identified in the development of seed coat
mucilage (Koornneef et al., 1982). The gl2 mutant plants from Arabidopsis did not only
affect production of seed coat mucilage but also showed its importance in the
morphological development of smaller trichomes, reduced branching and maturation of
trichomes (Rerie et al., 1994; Masucci et al 1996). AtGL2 encodes a homeodomain-leucine
zZipper (HD-Zip) protein, a motif corresponded with transcription factors which is responsible
both in animal and plant development (Affolter et al., 1990; Vollbrecht et al., 1991; Rerie et
al., 1994). Transcript levels of AtGL2 were shown to be higher in the developing trichomes
compared to young immature trichomes and its protein is located in the nucleus of
developing trichomes (Rerie et al., 1994; Syzmanski et al., 1998). The expression of AtGL2
was strongly suppressed in gl1 and ttgl mutants, pointing its role as a key downstream
regulator for AtGL1 and AtTTG1 (Rerie et al., 1994; Syzmanski et al., 1998; 2000).

1.3.1.2 Negative regulators of the trichome regulatory complex

TRYPTICHON (AtTRY) and CAPRICE (AtCPC)

Unlike positive regulators, regulatory factors like TRYPTICHON (AtTRY) and CAPRICE
(AtCPC) inhibit formation of hair-cells on leaves and roots, a lateral inhibition mechanism in
both root-hair and trichome patterning (Meinhardt and Gierer, 1974; Hilskamp et al., 1994;
Wada et al., 1997; Schnittger et al., 1999; Lee and Schiefelbein, 1999; Schellmann et al.,
2002; Kirik et al., 20044a). Initially, AtTRY was identified as the only negative regulator in the
trichome formation due to its lateral inhibition of the epidermal cells, hence anticipating its
involvement in cell to cell signalling (Hulskamp et al., 1994; Schnittger et al., 1999).
Secondly, AtCPC, which encodes a MYB transcription factor lacking a transactivation
domain, was found to inhibit the formation of root-hair cells (Wada et al., 1997). Although
AtTRY and AtCPC encode a MYB-related protein, their sequences are homologous
(Schellmann et al., 2002). Both AtTRY and AtCPC were known to be highly expressed in
the leaf primordia and the developing trichome cells (Wada et al., 1997; Schellmann et al.,
2002). However, based on try and cpc single and double mutant phenotypes, their role
were complemented with the theoretical model established by Meinhardt and Gierer
(1974), thus defining them as negative regulators (Schellmann et al., 2002). On an
important note, both AtTRY and AtCPC perform common lateral inhibition roles in shoots
and non-hair cells of roots (Lee and Schiefelbein, 1999; Kirik et al., 2004b). A known fact
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that transcription of AtCPC and AtTRY are assisted by AtTTG1l and AtGL1 in the
developing trichomes, and AtTTG1 and WEREWOLF (AtWER) in the developing non-hair
cells (Lee and Schiefelbein, 2002; Schellmann et al., 2002; Schiefelbein et al., 2003; Wada
et al., 2002).

ENHANCER OF TRY AND CPC (AtETC1/ AtETC2)

ENHANCER OF TRY AND CPC 1 and 2 (AtETC1 and AtETC2) are the important
homologous regulators involved in the regulation of trichomes and root-hair patterning.
Interestingly, AtETC1 and AtETC2 encode MYB transcription factor which possess a R3
MYB domain without an activation domain (Wada et al., 1997; Schellmann et al., 2002;
Kirik et al.,, 2004a). Both AtETC1l and AtETC2 show high sequence similarity and
functionally with the AtTRY and AtCPC genes (Kirik et al., 2004a; 2004b). Overexpression
of AtETC1/AtETC2 led to decrease in trichome numbers but increase in the root hair
development (Kirik et al., 2004a; 2004b). Analysis of both etcl and etc2 mutants displays
no change in trichome branching or trichome numbers but slight reduction in the root hairs
(Kirik et al., 2004a; 2004b). Based on the triple mutant analysis (try/cpc/etcl or
try/cpcletc2), etcl/etc2 enhances the effect of try and cpc, hence shows redundancy in
trichomes and non-hair cells of shoots and roots, respectively (Kirik et al., 2004a; 2004b).

1.3.2 Interaction of positive and negative regulators in trichome formation

The functionality of key regulatory components involved in trichome initiation and patterning
is determined when both positive and negative key regulators collaboratively function
together. Genetic analysis of key regulatory components has provided substantial data to
address the genes that control trichome regulatory events and that are actually involved in

the trichome initiation, spacing and developmental process.

Trichome initiation was hypothesized based on a mutual-inhibition mechanism, where the
model explains interaction of both positive and negative regulators in the feedback circuit,
playing the roles of activator and inhibitor (Schiefelbein, 2002; Larkin et al., 2003;
Hulskamp et al., 2004). The role of activator is to activate the inhibitor and the inhibitor with

the movement is able to inhibit the activator (Hulskamp et al., 2004).
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Trichome regulatory complex model
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Figure 3: Trichome regulatory model in Arabidopsis thaliana

Positive regulator complex: GL1, GL3 or EGI3 and TTG1 and negative regulator complex:
TRY, CPC and ETC1l competes together to regulate trichome inducing gene GL2.
GLABRA1 (GL1) encodes a MYB-related transcription factor, GLABRA3 (GL3) encodes a
basic helix-loop-helix (bHLH) transcription factor, ENHANCER of GL3 (EGL3), a close
homolog of GL3 and TRANSPARENT TESTA GLABRAL (TTG1) encodes a WD-40 protein
and GLABRA 2 (GL2), encodes a homeodomain transcription factor (HD-Zip), respectively
(adapted from Hulskamp et al., 2004).

The proposed model defines trichome patterning and root-hair differentiation involving
similar set of regulatory factors (Hulskamp et al., 2004). The illustration of the regulatory
complex model in this thesis is constrained to trichome initiation and formation. The
interaction of positive and negative regulators have been clearly defined by elucidating their
functional relationship at the molecular basis (Zhang et al., 2003; Schellmann et al., 2002;
Wada et al., 1997; Kirik et al., 2004; Payne et al., 2000). According to their research, the
prime regulator for trichome initiation is AtGL2, which has been regulated by three other

15



INTRODUCTION

positive regulators including AtGL1, AtGL3 or AtEGL3 and AtTTG1, through a trimeric
complex network (Fig. 3, Hulskamp et al., 2004). Further, the active complex comprising
positive regulators that are thought to activate negative regulators (AtTRY, AtCPC and
AtETC1 or AtETC2), move into neighboring cells and compete with positive regulators to
dissociate regulatory complex (Schellmann et al., 2002; Wada et al., 1997; Kirik et al.,
2004b).

The proposed model supports the interaction of the AtGL1 MYB domain with the N-
terminal domain of bHLH proteins, AtGL3 and AtEGL3 in yeast (Payne et al., 2000; Zhang
et al., 2003). The positive regulator, TTG1 was known to interact with different domains of
AtGL3 and AtEGL3 proteins in yeast and its regulation by AtGL3 via intracellular co-
expression studies (Payne et al., 2000; Zhang et al., 2003; Zimmerman et al., 2004,
Balkunde et al., 2011). Likewise, AtCPC and AtTRY were shown to interact with the N-
terminal domain of AtGL3 and AtEGL3 in yeast and their mobility to bind was confirmed
through overexpression studies (Zhang et al., 2003; Diguni et al., 2008). The interaction
and competition to bind positive regulators in the neighboring cells eventually detaches
AtGL1 and inactivates the positive regulatory complex, which leads to repression of AtGL2
activity (Fig. 3) (Schellmann et al., 2002; Schiefelbein, 2003; Larkin et al., 2003; Kirik et al.,
2004b; Diguni et al., 2008; Balkunde et al., 2011).

1.3.3 Glandular trichome regulators in Solanaceae

Trichomes in the Solanaceae family especially from Nicotiana and Solanum species are
pre-dominantly multi-cellular, well known as glandular secreting trichomes (GSTs). Earlier,
focus on tobacco GSTs was mainly harnessed to elucidate biosynthesis of specialized or
secondary metabolic components and to produce their secretion. Successively, this has
contributed to combat pest management and plant-insect herbivory complexities in order to
benefit economic crop species (Wagner et al., 2004; Schillmiller et al., 2008; Besser et al.,
2009; Tissier A, 2012). Both tobacco and tomato GSTs also provided significant gene
expression data, identifying proteins related with photosynthesis and carbon fixation
(Harada et al., 2010; Cui et al., 2011). There has been greater depth of understanding the
regulatory mechanisms with respect to unicellular trichomes whereas, insufficient research
knowledge is lacking in the regulation of multicellular trichomes and the mechanisms

involved in it.
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An attempt was made to overexpress two heterologous closely related MYB-class genes,
AMMIXTA from Antirrhinum majus and CotMYBA from Gossypium hirsutum in Nicotiana
tabacum (Payne et al, 1999). The overexpression of AmMMIXTA showed alterations (hyper-
development) in papillate cells, which are responsible for the initiation and differentiation of
multicellular trichomes. Overexpression of CotMYBA resulted in excess trichomes with
different morphological behavior (Payne et al., 1999). Both MYB-class genes played
distinct role in altering the differentiation of multicellular trichomes but no successful proof
has been established in trichome initiation process (Glover et al., 1998; Payne et al, 1999).
In tomato, SIMIXTA-Like gene was shown to act as a positive regulator in the cutin
biosynthesis of fleshy fruits but, lacks its characterization towards understanding the
regulation of glandular trichomes (Lashbrooke et al., 2015). Overexpression of Arabidopsis
MYB and bHLH TF Orthologs in tomato, SITRY and SIGL3, showed no change in trichome
numbers and root hair development (Wada et al., 2013). An important regulatory gene in
tomato, Woolly (Wo) encodes a HD-Zip protein has strong interaction with B-type cyclin
gene (SICycB2). The woolly phenotype is caused due to the mutation in the WO. Silencing
of either WO or SICycB2 by RNAI experiments has affected type | trichomes and further
cytological experiments has shown that WO is linked with seed development and embryo
formation (Yang et al.,, 2011). Although knockdown experiments conferred significant
decrease in type | trichomes, glandular trichome types were not affected by WO (Yang et
al., 2011). Collectively, these findings indicate further work is necessary to identify the

regulation of glandular trichomes in tomato.

1.4 Transcription factor families in Solanum lycopersicum

1.4.1 MYB transcription factor family

The genome sequencing of Arabidopsis thaliana has significantly gathered extensive data
on MYB transcription factors (Du et al., 2009; Dubos et al., 2010). MYB proteins comprise
MYB DNA-binding domains, which spans around 50-53 amino acid residues and forms a
helix-turn-helix (HTH) folding with three regularly spaced tryptophan (W) residues (Kanei-
ishii et al., 1990). MYB TFs have been classified into four major groups; R1, R2, R3 and
R4; where R1-R4 refers to one to four MYB repeats (Dubos et al., 2010). Plants essentially
contain R2R3-type MYB domain proteins (Paz-Ares et al., 1987; Lipsick 1996; Dubos et al.,
2010)
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Figure 4: Characterization of R2R3 MYB functional domains in tomato

Classification of R2R3 MYB transcription factor family in tomato with ‘W’ residues located at
the position 9, 29 and 49 of the R2 repeat and 62, 81 and 100 of the R3 repeat in tomato,
respectively (adapted from Li et al., 2016).

MYB’s have known to vastly control cellular morphogenesis, regulation of secondary
metabolism, cell wall biosynthesis, cell cycle regulation and meristem formation (Ito et al.,
2001; Araki et al., 2004; Dubos et al.,, 2010; Kobayashi et al., 2015; Sun et al., 2015).
Recently, MYB transcription factors were exclusively classified in the tomato plant model
(Li et al., 2016). In comparison to Arabidopsis MYB TFs research work, limited data is
known with respect to tomato MYB TFs (Lin et al., 1996; Schmitz et al., 2002; Mathews et
al., 2003; Ballester et al., 2010). Recently, the genome-wide identification of MYB TFs in
tomato led to identify a total of 127 MYB family members (Li et al., 2016), however, most of
their functionality remain unknown. Among 127 MYB TFs, 122 MYB TFs were identified as
R2R3 MYB domain proteins, displaying highly conserved tryptophan (W) residues at
positions 9, 29 and 49 repeats of the R2 and 62, 81 and 100 repeats of the R3, respectively
(Fig. 4, Li et al., 2016). By identifying conserved motifs of tomato R2R3 MYB proteins and

with the help of phylogenetic analysis, orthologous partners of Arabidopsis and rice has
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paved a way to identify clusters of comprehensive orthologous groups to the corresponding
subgroups (Li et al., 2016).

1.4.2 The basic helix-loop-helix (bHLH) transcription factor family

The basic helix-loop-helix transcription factor family is considered as one of the super
families among all other transcription factors, which were initially discovered in the
mammalian systems (Atchley et al., 1997; Littlewood and Evan, 1998; Ledent and
Vervoort, 2001). The bHLH proteins are referred to as important regulatory components
involved primly in the transcriptional networks, controlling diverse processes like cell
proliferation and lineage development, stress responses, phytochrome and hormone
signalling (Grandori et al., 2000; Massari and Murre, 2000; Feller et al., 2011).
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Figure 5: Characterization of bHLH functional domains in tomato

The H5, E9 and R12 amino acids starred indicate basic region important for DNA-binding.

Amino acids indicated by arrows in the helix-loop-helix (HLH) region responsible for homo

and hetero dimerization (adapted from Wang et al., 2015).
The initial genome-wide classification analysis in Arabidopsis consisted approximately 137
bHLH encoding genes (Reichmann et al., 2000; Wang et al., 2015), but later with thorough
systematic phylogenetic analysis of bHLH protein family, there were at least 162 bHLH-
encoding genes assigned to 21 subfamilies (Toledo-Ortiz et al., 2003; Bailey et al., 2003).
The bHLH domain spans approximately 60 amino acids consisting of two distinct functional
regions, a basic region at the N-terminus which is important for DNA-binding and a helix-
loop-helix (HLH) region located at the C-terminus, which acts as a dimerization domain for
homo and hetero dimer formation (Murre et al., 1989; Ferre-D’Amare et al., 1994; Jones,
2004). In tomato, the genome-wide phylogenetic analysis led to identify a total of 152 bHLH
genes (Wang et al., 2015). The functional region indicates a basic region spanning
approximately 17 amino acids, which encode 199 DNA-binding and 33 non-DNA-binding
proteins (Fig. 5, Wang et al., 2015). The total number of tomato bHLH protein family
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members were assigned to 24 subfamilies and mapped to the tomato genome (Wang et
al., 2015).

1.5 Thesis objectives

The majority of previous research work was mainly contributed to understand the initiation
and differentiation of single-cells using easily accessible model plant organ, unicellular
trichomes of Arabidopsis. Identification of key regulatory factors in trichome development
led to decipher the molecular mechanisms behind them. Interaction of one or more key
regulatory factors indicated that regulation of trichomes does not solely depend on one
prime regulator instead, with the interaction and cross-linkage of other key transcription
factors. The substantial data on the formation and patterning of unicellular trichomes, and
their molecular mechanisms clearly stated that the development of multi-cellular trichomes
may follow different regulatory pathways. Over a decade, research on multicellular
trichome-based plant species took a drastic step in the identification of genes involved in
the development of glandular trichomes. Precisely, the identification of genes in tobacco
and tomato dealt with understanding the process of secondary metabolite production. On
an important note, it is clear that application of phytohormones elevates significant trichome
numbers and numerous studies shows a strong connection between phytohormones and
trichome formation. Based on previous research data and our preliminary analysis, JA has
significantly contributed in elevation of type VI glandular trichome numbers and density.
Currently, characterization of JA-induced regulatory components involved in the formation
of glandular trichomes in tomato is still unknown. Therefore, current thesis work mainly
focuses on identifying and characterizing the putative regulatory factors involved in the
formation of type VI glandular trichomes in tomato, potentially regulated by exogenous JA

treatment.

1.5.1 The importance of jail mutant as a useful tool in the approach

Since the molecular characterization of jail mutant in tomato, several characteristics like
insensitiveness to JA, defective JA-induced gene expression and reduced number of type
VI glandular trichomes and subsequent alteration of secondary metabolic compounds (Li et
al., 2004), has gained interest to consider JA-deficient mutant as an important genotype in

the current thesis work. The jail mutant is a potential genotype for significant comparison
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of type VI glandular trichomes versus wild type, which could further facilitate to identify

some putative key regulators involved in the development type VI glandular trichomes.

The specific objectives are as follows,

e Conducting RNA sequencing (RNA-seq) analysis on young tomato (cv MicroTom)
leaves treated with JA at 2 hours (JA_2h) and 24 hours (JA_24h) time intervals, and
untreated WT (WT_CO) and jail mutant (jail_CO). Further, identification of
differentially regulated genes with more focus on putative transcription factors

regulated by JA.

e Validation of putative candidate transcription factors and genes based on their

transcript accumulation at different treatment conditions.

e Characterization of TILLING mutant population for the selected candidates of

interest.
e Functional characterization of selected putative candidates by over-expression

under tissue specific ATML1 and constitutive promoters, through stable

transformed tomato transgenic lines.
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2 MATERIALS & METHODS

2.1 Materials

2.1.1 Chemicals, enzymes and extraction kits

Chemicals for the experimental work were ordered from the manufacturers: Merck, Sigma-

Aldrich, Carl Roth, Serva, Roche and Fluka, respectively.

Enzymes for molecular biology methods (Tag DNA polymerases, Reverse-Transcriptase,
ligases) were ordered from the manufacturers: Bio & Sell, Merck-Millipore, Invitrogen,
Promega, and New England Biolabs.

Isolation of plant genomic DNA, RNA, plasmid DNA, cDNA from agarose gel
electrophoresis and PCR purification was performed with Qiagen, Macherey-Nagel and Bio
& Sell kits

2.1.2 Microorganisms

Escherichia coli - The E. coli strain DX10B was used for cloning.
Agrobacterium tumefaciens - The A. tumefaciens strain GV3101::pMP90 was used for both
transient and stable transformation. Aliquots of E. coli and Agrobacteria liquid cultures were

stored in 15% (v/v) glycerol at -80°C for long term.

2.1.3 Oligonucleotides and Plasmids

All Oligonucleotides were ordered from Eurofins MWG Operon. All primers were designed
using Primer3 software (http:/primer3.ut.ee). To control specific properties of primers,
Oligo calc software (http://www.basic.northwestern.edu/biotools/oligocalc.html) was used.
All primer sequences have been listed in the Appendix (see 6.1, Appendices). All-important
plasmids described in the corresponding chapters are listed in the Appendix (see 6.3,

Appendices)

2.1.4 Buffers, media and solutions

1XTAE DNA running buffer (1L) (pH 8.0)
Tris base - 4.84 g, Acetic acid — 1.14ml, EDTA — 0.379g
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2.1.5 Culture media and solutions

Luria Bertani (LB) broth / medium (1 L) (pH 7.5)
Bacto-tryptone 10 g, Yeast extract 5 g, NaCl 10 g, Agar 10 g (for media)

Bacterial glycerol stock: LB medium and 30% (v/v) Glycerol

Super Optimal Broth (SOC) medium (1 L)
Tryptone 10 g, Yeast Extract- 2.5 g, 1 MNaCI5mL, 1 M KCI 1.2 uL, 1 M MgCI2

5mL,

1 M MgSO4 5 mL and 1 M Glucose 10 mL

Agro-infiltration medium (1 L) (pH 5.6)
For induction - 10 mM MES, 10 mM Glucose, 20 uM Acetosyringone
For infiltration - 10% (w/v) Sucrose, 20 mM Glucose, 8,6 g/L MS-Medium

Long Aston solution (20% phosphate) (1 L)

1 liter Long-Ashton solution contains 10 ml of stock solution microelements A, 1 mL
of stock solution microelements B and 0.22 g Fe-EDTA, respectively. Amounts of

micro and macroelements listed below were solved in H20Odest [Hewitt, 1966].

Table 1: List of micro and macroelements

Macroelements Amount in (g) Microelements A Amount in (g)
KNO3 4.04 MnS0O4x1 H20 1.60
Ca(NO3)2 9.44 CuS04x5 H20 0.25
MgSO4x7H20 3.68 ZnS04x7 H20 0.33
NaH2P04x7H20 0.36 H3BO3 3.10
Microelements B NaCl 5.90
(NH4)6Mo07024 x4 H20 0.88

2.1.6 Plant transformation medium

Table 2: Media components for generating tomato (c.v MicroTom) stable transformants

SGM - shoot generation media, RGM — root generation media

Media components | KCMS (pH 5.7) | Z-Media (pH 5.8) SGM (pH 5.8) | RGM (pH 5.8)
MS with Vitamins 4.4 g/l 4.4 g/l 4.4 g/l 4.4 g/l
Sucrose 20 g/l 30 g/l 30 g/l 30 g/l
KH2PO4 200 mg/l 100 mg/l 100 mg/l 100 mg/l
Agar 8 g/l 8 g/l 8 g/l 8 g/l
Thiamine 0.9 mg/l - - -

Nitsch Vitamins - 1 mi/l 1 mi/l 1 mifl
(1000x)

Kinetin 100 pg/l - - -

IAA 0.5 mg/l 0.1 mg/l 0.1 mg/l -
Zeatin-riboside - 2,1 0r0.5mgll - -
Gibberellic acid 0.1 mg/l -
B-bactyl / Timentin - 300 mg/l 250 mg/l 200 mgl/l
Kanamycin - 100 mg/l 100 mg/l 100 mg/l
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2.1.7 Protein electrophoresis buffers and solutions

Table 3: Buffers and staining solutions for protein electrophoresis

MATERIALS & METHODS

SDS sample buffer components

Concentration

Tris-HCL (pH 6.8) 125 mM
SDS 20 g/l
Glycerin 50 %
B-Mercaptoethanol 5%
Bromophenol blue 0.01 g/l

Electrode buffer (Running buffer) components

Concentration

Glycin 14.4 g/l
Tris 3 g/l
SDS 1g/l

Coomassie blue staining solution components

Volume (400 ml)

Serva Blue G 0.2¢g
Ethanol 96% 200 ml
dH,0 160 ml
Acetic acid 40 ml
21.7.1 Western blotting buffers and solutions

Towbin transfer buffer

25 mM Tris, 192 mM Glycine, 20% (v/v) Methanol, 1.3 mM SDS

10X PBS buffer (pH 7.4)

1.39 M NacCl, 27 mM KCl, 125 mM Na2HPO4.2H20, 18 mM KH2PO4

10X TBS buffer (pH 7.5)

500 mM Tris-HCI, 1.5 M NacCl, 10 mM MgCI2.6H20

For TBS-T buffer add 0.5% (v/v) Tween-20

Blocking Solution
3-5% (w/v) Milk powder in 1X TBS-T
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2.2 Biological methods

2.2.1 Plant cultivation and growth conditions

Solanum lycopersicum c.v MicroTom (family: Solanaceae) was used during the thesis
work. Both Wildtype (WT) and jasmonic acid-insensitive 1 (jail) mutant seeds were kindly
obtained by Dr. Greg Howe, Michigan state university, Ithaca. TILLING mutant lines for
putative candidates were collaboratively obtained from Dr. Yoshihiro Okabe, generated at

the University of Tsukuba, Japan.

Seeds of WT and jail were germinated on moist expanded clay beads (2-5 mm) (Original
Lamstedt Ton; Fibo ExClay, http://www.fiboexclay.de), for 8 days in phytochamber. Eight-
days after germination, young tomato seedlings were transferred to pots filled with sterile
coco-pit soil. The physiological parameters of plant growth conditions are; light intensity of
300 pmol m? s, a light phase of 16 hours at 28°C, a dark phase of 8 hours at 20°C and
relative humidity of 50% were maintained during the plant growth activities. Plants were

watered 3 times a week.

The physiological parameters of plant growth chamber housing transgenic tomato plants -
light phase: 16 hours at 27°C, dark phase: 8 hours at 20°C and relative humidity of 22%,

were maintained during the plant growth phase.

2.2.2 Preselection of jail mutant

To identify jail homozygous plants, initially third true leaves exceeding their size range
(0.4-0.6 cm, Fig. 6C) were eliminated. Secondly, all plants showing anthocyanin production
were excluded (Fig. 6D), since jail fails to accumulate anthocyanins (Li et al., 2004).
Homozygous jail plants are generally female sterile, thus the mutation can only be

maintained in the heterozygous state (Li et al., 2004) for further downstream applications.
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Figure 6: Workflow for screening jail mutant:

(A) Eight-days-old seedlings were transferred to soil. (B) Five days after transfer on saill,
young plant with true leaves (B1-3). (C) Size determination of third true leaf (0.4-0.6 cm)
under light microscope. (D) Leaves showing anthocyanin phenotype on the abaxial leaf
surface. (E) Agarose gel results of plants after genotyping, WT PCR product yielding 525
bp (E4-7), heterozygous Jail yielding 525 bp and 777 bp (E3) and homozygous jail
yielding 777 bp (E1-2), respectively.

2.2.3 Quantification of type VI glandular trichomes upon wounding

Three-weeks after transfer to soil, plants were wounded to induce enhanced trichome
formation in newly developed leaves. Leaflets of compound leaves (mature leaf and its
neighboring leaflets) preferably bigger than 5 cm were considered for wounding using a
pair of tweezers for five continuous days. Leaves were squeezed at 3 different leaf margins
(basal-middle-frontal) with a scale of moderate to heavy. Two weeks after wounding, newly
developed compound leaves were used to count glandular trichomes and compared to

unwounded control plants.
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2.2.4 Phytohormone measurements upon wounding

Cotyledons, first and second true leaves from young tomato plants (section 2.2.1) were
considered for wounding using a pair of sharp tweezers, whereas control plants were
unwounded. Thirty minutes post wounding, three biological replicates from each plant
material (cotyledons, first, second, third, fourth-true leaves and stem) were rapidly
harvested and frozen in liquid nitrogen. The frozen plant material was further subjected to
grinding using mortar and pestle, and subsequent phytohormone measurements were

performed.

2.2.5 Transcriptome sequencing

Young tomato plants (section 2.2.1) were sprayed twice with 50 uM JA on the adaxial leaf
surface, whereas the control plants were sprayed with double distilled water. Further, the
third true leaves (n=3) were harvested 2 hours and 24 hours after the JA treatment. The
harvested leaf material was quickly infiltrated in chilled absolute ethanol (100%) with the
help of exsiccator. Furthermore, Leaf samples stored in ethanol were freeze dried on a
lyophilizer (Christ LT-105, Germany), to evaporate the entire ethanol leaving behind dried
leaves in a frozen state. Prior to lyophilization, the temperature in the lyophilizer is set to
attain -102°C. Further. Leaf samples stored in chilled ethanol were sealed with paraffin,
punched holes to ensure proper evaporation. After 2-3 hours, dried young third true leaves

were stored at -20°C for RNA extraction.

2.3 Microbiological methods

2.3.1 Production of chemically competent Escherichia coli cells

MAX Efficiency DH10B E. coli strain, chemically competent cells (Life Technologies GmbH,
Germany) were used for cloning procedures during experimental work. MAX Efficiency
DH10B E. coli strain was cultured over night at 37°C. The cultured E. coli strain was
measured 0.6 at ODggy and subsequently incubated in LB broth at 37°C for 3 hours. The
cells were allowed to cool down on ice and centrifuged at 4°C, 3000 x g for 10 minutes.
Further, the culture was resuspended in 20 ml chilled TFB1 buffer (20 ml per 50 ml culture,
Composition: 30 mM potassium acetate, 10 mM CacCl2, 50 mM MnCI2.H20, 100 mM RbCI
and 15% Glycerol, pH adjusted to 5.8, filter sterilize and stored at 4°C). Subsequently, the

culture was centrifuged again and resuspended in 1/25™ of cool TFB2 buffer (2 ml per 50

27



MATERIALS & METHODS

ml culture, Composition: 100 mM MOPS or PIPES, 75 mM CaCl2, 10 mM RbCI and 15%
Glycerol, pH 6.5). Filter sterilized and stored at 4°C. Lastly, aliquots of 50 pL in 1.5 mL
Eppendorf tubes were frozen in liquid nitrogen and stored at -80°C for transformation

assays.

2.3.2 Transformation of Escherichia coli cells

Aliquot of 50 pyL chemically competent (DH10B) cells were thawed on ice for 5 minutes. A
10 pL aliquot of ligation reaction mixture was added to thawed E. coli cells and incubated
for half an hour on ice. The transformation mixture was incubated at 42°C in water bath for
90 seconds, as a heat shock. Immediately, the mixture was cooled on ice for 2 minutes and
sterile 400 yL of SOC media were added. Further, the transformation mixture was
incubated at 37°C, 350 rpm for 45 minutes. After the incubation, sterile LB plates with
respective antibiotics and X-gal were used to plate spread nearly 100 pL of transformation
mixture. The plates were incubated overnight at 37°C and the white colonies were analyzed
by plasmid isolation and sequencing.

2.3.3 Production of chemically competent Agrobacterium tumefaciens cells

Agrobacterium strain GV3101::pMP90 was streaked out from glycerol stock to LB plates
(containing antibiotics: 50 pg/mL rifampicin and 50 pg/mL gentamicin). The LB plates were
incubated at 28-30°C overnight. A single colony was inoculated in 50 mL LB containing
appropriate antibiotics and the inoculum was incubated at 28-30°C overnight. Further, the
entire pre-culture inoculum was transferred to 500 mL LB with antibiotics and the ODgq at
0.6 was measured. Further, the Agrobacterium culture was transferred to 250 mL bottles
and centrifuged and cooled on ice for 15 minutes. The culture was centrifuged at 4°C for 15
minutes at 4000xg. After centrifugation, the supernatant was discarded and the pellet was
gently re-suspended in 250 mL cold sterile water. In order to wash away the salts
completely, centrifugation was repeated for three more times. Further, the pellets were
dissolved gently in 25 mL ice cold 10% glycerol and transferred to single pre-chilled 50 mL
falcon tubes. The pre-chilled culture mixture was centrifuged at 4°C for 15 mins at 3000xg
and the pellet was re-suspended in 1 mL ice-cold 10% glycerol and aliquots of 50 uL in
pre-chilled 1.5 mL sterile tubes were immediately frozen and stored at -80°C for

transformation assays.
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2.3.4 Transformation of Agrobacterium tumefaciens cells

Fifty microliters of electrocompetent A. tumefaciens cells was thawed on ice for 5 minutes.
Five microliters of plasmid DNA (20 ng/uL) was added to the thawed cells. Further, the
entire transformation mixture was transferred to pre-chilled electroporation cuvettes (VWR
International GmbH, Germany) and the mixture was tapped down to eliminate air bubbles.
A power pulse of 2.5 kV, with 200 Q was applied until the beep and the cells were
rejuvenated with 1 mL of LB broth. Further, the mixture was transferred carefully to 2 mL
Eppendorf tubes and incubated for 3 hours at 28°C on a shaker at 350rpm. Lastly, the
transformation mixture (300-350 uL) was plated on LB plates (containing antibiotics:
Rifampicin (50 pg/mL) and Gentamicin (25 pg/mL)) and incubated for 2-3 days at 28°C.

2.4 Molecular biological methods

2.4.1 Crude genomic DNA isolation and genotyping for jail plants

Two-weeks-old tomato plants on soil (section 2.2.1) with small emerging, newly developing
leaves or flower buds were excised with the help of forceps collected in PCR tubes. At first,
a volume of 40 uL of 0.25M NaOH was added to PCR tubes containing plant material.
Samples were crushed with the pipette tips to become a homogenous pulp. The crude
samples were further incubated at 95°C for 30 seconds on a thermal cycler (BIORAD
Laboratories Inc., Munich, Germany). Further, 20 uL of 0.5 N Tris- HCI (at pH 8.0 mixed
prior with Igepal) was added to the crude mixture and vortexed. The crude samples were
further treated with 40 yL of 0.25 N HCI, mixed well and incubated at 95°C for 2 minutes on

thermal cycler.

Table 4: Cycling conditions for genotyping jail mutant plants

Cycling conditions for jail Temperature (°C) Time
Initial denaturation 94°C 2 min
Denaturation 94°C 30 Sec
Annealing PCR for 39 cycles 55°C 30 sec
Extension 72°C 45 sec
Final extension 72°C 5 min
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Two microliters of crude DNA supernatant was used for PCR reactions. For genotyping
crude DNA extracts of jail plants, PCR components from Bio & Sell (Bio & Sell GmbH,
Germany) were used. The protocol was followed according to manufacturer guidelines
using BIORAD C1000 Touch™ Thermal Cycler (BIORAD Laboratories Inc., Munich,
Germany), with following cycling conditions.

2.4.2 Pure genomic DNA isolation

Young leaves from 2-weeks-old plant on soil (section 2.2.1) were used to extract genomic
DNA using Macherey-Nagel (MN) Plant DNA kit. The procedure was followed according to
the manufacturer guidelines. Alternatively, a ready-to-use master mix (Phire Plant Direct
PCR master mix, Life Technologies GmbH, Germany) was used to extract genomic DNA
directly and perform PCR without undergoing DNA extraction. The procedure for Phire

Plant Direct PCR master mix was followed according to manufacturer guidelines.

To increase the productivity of genotyping, an alternative method was employed for
screening jail, TILLING and stable transformants using Phire Plant Direct PCR Master Mix
(Life Technologies GmbH, Germany). The protocol was followed according to manufacturer
guidelines using BIORAD C1000 Touch™ Thermal Cycler (BIORAD Laboratories Inc.,
Munich, Germany), with following cycling conditions

Table 5: Cycling conditions for genotyping jail mutant

Cycling conditions Temperature (°C) Time
Initial denaturation 98°C 5 min
Denaturation 98°C 5 sec
Annealing PCR for 39 cycles \?vts D;gj;gﬁﬁgeﬁﬁggc?:n;a; ¢ 5 sec
Extension 72°C 20 sec
Final extension 72°C 1 min

2.4.3 Total RNA extraction and Dnase | treatment

Total RNA was extracted by pooling third-true leaves of 15 plants as one biological
replicate. The leaf samples were lyophilized (section 2.2.5) and powdered with the help of
steel beads (=7mm) using bead mill (Retsch GmbH, Germany). The powdered material

was further used for RNA extraction using RNeasy plant mini kit with Dnase | (Qiagen®,
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The Netherlands). The RNA extraction procedure and Dnase | treatment was performed
according to manufacturer guidelines Alternatively, the extracted RNA was subjected to
Dnase | treatment by using TURBO™ DNase (Ambion® DNase kit, Life Technologies

GmbH, Germany).The protocol was followed according to manufacturer guidelines.

To check the integrity and quality of RNA samples, aliquots (1ug/uL concentration) were
analyzed on QlAxcel system (Qiagen®, The Netherlands). The RNA quality estimation was
performed according to manufacturer guidelines. The RNA quality was distinguished based
on RNA integrity number (RIN), which extends from a scale of 1 (totally degraded) to 10
(highly intact). An example of RNA quality estimation (Fig. 7) illustrates RIN values in the
scale 8 to 10 (Fig. 7B).
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Figure 7: Qualitative estimation of leaf RNA samples

(A) RNA quality from Wild type control (WT_CO), JA treated (JA_2h and JA_24h harvest
post treatment) and jail control (jail_CO) was estimated on QlAxce screening gel, n=3. (B)
RNA integrity peaks for WT_CO and JA_24h RNA samples. All RNA samples at WT_CO
and JA 24h treatment belongs to RNA integrity scale from 8 to 10 respectively.
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2.4.4 cDNA synthesis

One microgram of total RNA was used to synthesize cDNA by reverse transcription through
oligo dT primers. Synthesis of cDNA was performed according to manufacturer guidelines
(Promega GmbH. Germany). The cDNA concentration was examined at the NANODROP
(PegLab Biotechnology GmbH) and subsequent dilutions were made for the gRT-PCR. The
samples were stored at -20°C for further downstream applications.

2.4.5 Cloning the putative candidate genes

All putative coding sequences of candidates of interest were cloned through ‘one pot
Golden Gate Cloning mechanism’. This cloning strategy employs type IIs restriction
enzyme, which cuts outside the recognition site according to Engler and Marillonnet, 2008.
Further, the sub cloning mechanism involves restriction and ligation in one step simplistic
manner. All constructs were designed in silco using Geneious version 7.0.5

(http://www.geneious.com, Kearse et al., 2012).

The coding sequences of putative candidates of interest were amplified using a high fidelity
KOD Hot Start DNA polymerase (TOYOBO Life Science department, Osaka, Japan). This
proof-reading KOD DNA polymerase exhibits strong 3'-5' exonuclease activity, excellent
processivity and elongation capability compared to other Taq DNA polymerase. The
protocol was followed according to manufacturer guidelines using BIORAD C1000 Touch™
Thermal Cycler (BIORAD Laboratories Inc., Munich, Germany), with following cycling
conditions.

Table 6: Cycling conditions for candidates

Cycling conditions Temperature (°C) Time

Initial denaturation 95°C 2 min
Denaturation 95°C 20 sec
Annealing PCR for 34 cycles | Lowest primer Tm ‘C |10 sec
Extension 70°C 10 - 25 sec/ Kb
Final extension 72°C 5 min
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2.4.6 Isolation of plasmid DNA, Restriction digestion and ligation

Plasmid DNA was isolated using NucleoSpin® Plasmid EasyPure kit (MACHEREY-NAGEL
GmbH & Co. KG, Diren, Germany). The isolation was carried out according to the
manufacturer guidelines. Putative candidate gene fragments were cloned using Bpil or
Bsal restriction enzymes (Life Technologies GmbH, Germany) and T4 DNA ligase (Life
Technologies GmbH, Germany), with necessary buffers in one step process. Subsequent
plasmids were digested using Bpil, Bsal restriction enzymes along with CutSmart® and
Buffer-G (New England Biolabs and Life Technologies GmbH, Germany). Protocol for
restriction digestion and ligation reactions were performed according to manufacturer

guidelines.
24.6.1 Colony PCR for putative candidates

Colonies from LB plates with respective antibiotics were picked and analyzed by PCR,
through DreamTag DNA Polymerase (Life Technologies GmbH). The protocol was followed
according to manufacturer guidelines using BIORAD C1000 Touch™ Thermal Cycler

(BIORAD Laboratories Inc., Munich, Germany), with following cycling conditions

Table 7: Cycling conditions for colony PCR

Cycling conditions Temperature (°C) Time
Initial denaturation 95°C 3 min
Denaturation 95°C 30 sec
Annealing PCR for 30 cycles | 55-59°C (primer Tm - 5°C) 30 sec
Extension 72°C 1 min
Final extension 72°C 5 min

2.4.7 Agarose gel electrophoresis

PCR products were separated by electrophoresis at 80 - 100 volts in 1 % Agarose (BIO &
SELL GmbH, Germany), constituting 1x TAE buffer (section 2.1.4). Gel was pre-stained
using Stain-G (Serva GmbH, Heidelberg, Germany) and the resultant bands were
visualized under Fusion FX7 UV chemiluminescence (PegLab Ltd, VWR Life Sciences

Competence Center, Germany) detection machine.
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2.4.8 Capillary gel electrophoresis

Alternatively, PCR products were separated on QIlAxcel (Qiagen®, The Netherlands)
machine using QIAxcel DNA screening cartridge provided by the manufacturer. The
protocol for performing capillary gel electrophoresis was followed according to

manufacturer guidelines.

2.4.9 Quantitative real-time Polymerase Chain Reaction (QRT-PCR)

Quantitative analyses of transcript levels from WT and JA-treated leaf samples was
performed using ‘EVA GREEN’ master mix (BIO & SELL GmbH, Germany). Each biological
replicate was estimated with two technical replicates and the PCR was performed on
BIORAD CFX manager thermal cycler (BIORAD Laboratories Inc., Munich, Germany)

using following conditions.

Table 8: Cycling conditions for gRT-PCR

Cycling conditions for candidates Temperature (°C) Time
Activation of Tag DNA polymerase 95°C 15 min
Denaturation 95°C 15 sec
Annealing PCR for 39 cycles |58°C (optimal Tm °C) 20 sec
Extension 72°C 20 sec
Final extension 95°C 10 sec
Melt Curve analysis 65°C - 90°C (increment of 0.5°C) | 0.05 sec

2.5 Bioinformatics analyses

2.5.1 Transcriptome database construction and expression profiling

One pg/uL high quality total RNA was used to construct libraries for RNA sequencing
(Qubit Fluorometer (Invitrogen Q32857, Carlsbad, CA, USA) use with Quan-IT DNA assay
kit HS (Invitrogen, Q32851)), which was exclusively carried out at Jim Giovannoni lab, the
Boyce Thomson Institute for Plant Research (BTI, Ithaca, NY, USA). The constructed
libraries from RNA samples of different treatments were run on high-throughput Illumina

HiSeqg 2000 platform (lllumina, Inc. San Diego, CA, USA). The detailed procedure was
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described and the same was performed according to protocol published in Cold Spring
Harbor Protocols (Zhong et al., 2011).

2.5.2 Transcriptome data assembly and processing

Raw RNA-Seq reads were first processed to remove adaptors and low quality sequences
using ‘Trimmomatic’ (Bolger et al., 2014). The processed RNA-Seq reads were then
aligned to ribosomal RNA sequence database (Quast et al., 2013) using ‘Bowtie’ allowing
two mismatches (Langmead et al., 2009), to remove any possible contaminations of these
sequences. The resulting filtered reads were aligned to the tomato Heinz genome (The
Tomato Genome Consortium, 2012) using ‘TopHat' (Trapnell et al.,, 2009) allowing 1
segment mismatch. Following alignments, raw counts for each tomato gene were
normalized to reads per kilobase of exon model per million mapped reads (RPKM).
Differentially expression genes were identified with the ‘EdgeR’ package (Robinson et al.,
2010).

2.5.3 Custom expression analysis and annotations

Although, differentially expressed genes (DEG’s) were identified with EdgeR package as
mentioned in section 2.5.2, a customized RNA-seq data analyses was performed to identify
low abundant transcription factors and other differentially expressed genes according to
thesis objectives. Here the raw read counts of each tomato gene were log (log, fold change
(FC)) transformed and normalized to reads per kilobase of exon model per million mapped
reads (RPKM). The normalized log transformed read counts were tested based on multiple
statistical correction, Benjamini-Hochberg False Discovery Rate (FDR), by adjusting the p-
value < 0.05. The statistical correction yielded 18,354 transcripts which were differentially
regulated across the sample treatments. Further, these transcripts were annotated against

International Tomato Annotation Group (ITAG, version 2.3).

2.5.4 Gene Ontology (GO) analysis

To identify putative jasmonic acid regulated transcription factors and genes, an efficient,
fast and simple functional annotation software tool
(http://mapman.gabipd.org/web/guest/app/Mercator) was used to perform gene ontology.

For more details, please refer to (Lohse et al., 2014).
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2.6 Analytical techniques

2.6.1 Western blot

2.6.1.1 Protein extraction from Agro-infiltrated tobacco plants

Agro-infiltrated leaves of tobacco plants were harvested 2 days post infiltration using a cork
borer. About 50 mg of infiltrated tobacco leaf samples were frozen and grinded on bead mill
(Retsch GmbH, Germany). Protein extraction buffer of 200 yL was added to leaf powder
and incubated at 95°C heat bath for 5 minutes. Further, the crude extract was centrifuged
for 10 minutes at 13000 rpm and the supernatant was transferred to new 1.5 pL tubes for
further protein quantification.

2.6.1.2 Protein quantification by ESEN method

Protein extracts from tobacco-infiltrated leaves were quantified according to ESEN method.
All necessary procedures for quantifying protein extracts of putative candidates was
adapted to detailed protocol mentioned in Esen (1978). The eluted protein samples were
incubated at room temperature overnight and their optical density at 578 nm was measured
on spectrophotometer.

Calculation of protein concentration,

(Excitation of probe / Excitation of standard) * 2 = ug / L
2.6.1.3 SDS- Polyacrylamide gel electrophoresis (PAGE)

The Polyacrylamide-Gel Electrophoresis was carried out using Minigel-Twin chamber Mini-
PROTEAN Tetra Cell (BIORAD Laboratories Inc., Munich, Germany).

Table 9: Reagents for separation and collection gel

Reagents for 12% gel (2 gels) Separation gel | Collection gel
Acrylamide (37, 5:1, 40%) 1.5mL 200 uL

dH,0 2.175 mL 1.28 mL
Tris-HCI (1.5M, pH 8.8) 1.25 mL 500 uL

SDS (20%) 25 uL 10 L

TEMED 2.5puL 2.5 L

APS (10%) 50 pL 20 pL
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Stacking and collection gel

The gel cassettes were aligned and assembled vertically to Minigel-Twin chamber unit.
Both separation and collection gel were prepared according to Table 9. Firstly, stacking or
separation gel was mixed poured using a 5 mL pipette. To avoid air contact and oxidation,
the gel was overlaid with water up to the surface of cassette. Once the stacking gel was
polymerized after 2 hours, collection gel was mixed well and poured above stacking gel
layer. Immediately, the comb was placed without forming any air bubbles and the gel was

allowed to polymerize for 2 hours.

Loading the gel

Before loading the SDS-gel, the protein samples with a concentration of 10 pug were
thawed on ice for 15 mins. For each protein sample, two volumes of SDS-sample buffer
was mixed in a 1.5 mL tubes and incubated on thermo-block for 10 mins at 65°C. SDS gels
were placed into Mini-PROTEAN Tetra Cell (BIORAD Laboratories Inc., Munich, Germany)
containing electrode buffer and washed 2 to 3 times to eliminate air pockets. A Hamilton
syringe was used to load a PageRuler Plus Prestained protein ladder (Life Technologies
GmbH, Germany) at the corner wells and the protein samples. The electrophoresis was

performed with following conditions: 45 volts for 15 minutes and 135 volts for 45 mins.

Coomassie blue staining

SDS-gel was stained with Coomassie blue staining solution. Here, the gel was heated in a
microwave for 2-3 minutes at 600 watts. Similarly, excessive staining was removed by de-

staining in 7% acetic acid solution at 150 rpm overnight for proper band visualization.

26.1.4 Trans-Blot Semi Dry electrophoretic transfer

Proteins were transferred to nitrocellulose or polyvinylidene difluoride (PVDF) membrane
using Trans-Blot Semi Dry electrophoretic transfer apparatus (BIORAD Laboratories Inc.,
Munich, Germany). All necessary buffers and solutions are listed (section 2.1.4) and the
protocol for Trans-Blot Semi Dry electrophoretic transfer was followed according to

manufacturer guidelines.
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2.6.1.5 Immunostaining

Table 10: Antibodies for the detection of putative proteins

Antibodies Dilution rate
For GFP

Primary antibody — anti GFP from Rabbit 1:4000
Secondary antibody — Goat anti-Rabbit (Alkaline phosphatase coupled) 1: 5000

For c-Myc

Primary antibody — anti c-Myc from Mouse 1:1000
Secondary antibody — Goat anti-Mouse (Alkaline phosphatase coupled) 1: 5000

Membrane subjected to semi dry electrophoresis described in section 2.6.1.4 was further
washed with TBS buffer (100 mM Tris-HCI and 150 mM NacCl, pH 7.5) for 5 mins and
blocked with 5% milk powder (BIORAD Laboratories Inc., Munich, Germany) in TBS buffer
(pH 7.5). Further, the membrane was incubated overnight on shaker (150 rpm) at 4°C in
TBS buffer (pH 7.5) consisting of primary antibody (dilution rate, Table 10) and 5% milk
powder. The membrane was further washed 3 times with TBS T (TBS buffer, pH 7.5 +
0.05% Tween 20) and washed again with TBS buffer (pH 7.5) for 5 mins. Further, the
membrane was treated with secondary antibody mixture, (diluted in TBS buffer (pH 7.5)
containing 5% milk powder) for 2 hours at room temperature. The washing step was
repeated with TBS T and TBS buffer (pH 9.5). Lastly, the membrane was further washed
with reaction buffer (100 mM Tris-HCI (pH 9.5), 100 mM NaCl and 50 mM MgCl,) for 5
mins. For staining the membrane, Nitro blue tetrazolium (NBT), and 5-Bromo-4-chloro-3-
indolyl phosphate (BCIP) were diluted in 10 mL of reaction buffer and incubated on slow
rotor at 150 rpm. The reaction was stopped using stop buffer (10 mM Tris-HCI (pH 8.0)
andl mM EDTA) and stored in dark for further documentation

2.6.2 Determination of jasmonate levels

Young tomato plants were cultivated according to section 2.2.1. Wounding and collection of
plant material were according to section 2.2.4. Determination of phytohormones from
different plant parts of a young tomato plant was performed on ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) device (Balcke et al., 2012). Reagents
necessary for phytohormone measurements was prepared according to Balcke et al.,
(2012). Nearly 50 to 70 mg of frozen plant material powder was subjected to methanol
extraction using internal jasmonates (OPDA, JA and JA-lle) standards. Detection of
phytohormones and validation of measured values were performed according to Balcke et
al., (2012).
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2.6.3 Gas Chromatography-Mass Spectrometry (GC-MS)

Whole leaf extracts of stable transformed F1 generation tomato lines were performed using
n-hexane (Carl Roth GmbH). The protocol for hexane extraction and the data analysis was

followed as described, according to Scheler et al., (2016).

2.7 Microscopy works

2.7.1 GUS histological assay

Table 11: Components for GUS staining solution

Component Stock solution | Final concentration
X-Gluc 100mM 2mM

EDTA (pH 8.0) 500mM 10mM

Triton-X 10% 0.1%

Potassium ferricyanide (KsFe(CN)g) 100mM 0.5mM

Potassium ferrocyanide (K4;Fe (CN)g) 100mM 0.5mM

Disodium phosphate (Na,HPO,), pH-7.2 500mM 50mM

Monosodium phosphate (NaH,PO,), pH-7.2 500mM 50mM

Leaf samples were harvested with a cock borer and placed in a 24-well plate (Greiner Bio
one GmbH, Germany). Freshly prepared GUS solution was added to immerse the whole
tissue. Further, the leaf tissues were vacuum infiltrated using a desiccator for 5-10 minutes.
The infiltrated leaf tissues were then incubated at 37°C overnight, to obtain better staining.
De-coloration of leaf samples to remove chlorophyll content was carried out by washing
repeatedly with graded series of ethanol (50%, 60% and 70% respectively). The samples
were documented under light microscope (Nikon AZ100, Japan) and stored at 4°C for

further analyses.

2.7.2 Paraplast embedding of leaf material

Third true leaf samples were incubated in in small glass vails containing formaldehyde-
acetic acid (FAA) solution and vacuum infiltrated for 10 minutes. Further, the leaves were
washed in a graded ethanol series (10% for 30 minutes, 30%, 50%, 70%, 90% and 100%
for 1 hour). The washed leaf samples were treated with 100% ethanol (Merck, Germany)
plus 0.1 mg/mL Eosin (Merck, Germany) for one hour. The leaf specimens were washed in
combination with 96% ethanol (Carl Roth GmbH, Germany) and pure rotihistol (Carl Roth

GmbH, Germany) (in a mixture of 3:1, 1:1 and 1:3 ratios respectively), with each ratio
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mixture for 1 hour. Subsequently, leaf specimens were washed with pure rotihistol for about
30 minutes and transferred to 60°C incubator to repeat with pure warm rotihistol. Further,
liquid paraplast (Sigma-Aldrich) was added drop by drop until rotihistol was evaporated
leaving pure paraplast. Lastly, the leaf specimens were embedded on silica blocks,

solidified overnight and stored at 4°C for hybridization assays.

2.7.3 Polyethylene glycol (PEG) embedding of leaf material

All the chemical reagents and materials necessary for following PEG embedding procedure

was considered according to Hause et al., (1996) and Isayenkov et al., (2005).

Leaf samples were cut into small pieces (approximately, 4mm length * 3mm breadth) in
PBS solution containing 4% para-formaldehyde and 0.1% Triton X-100, using a sharp razor
blade. Fine leaf tissues were vacuum infiltrated for 2hrs. The infiltrated leaf specimens
were dehydrated in the graded series of ethanol (10% for 30 mins, 30% & 50% for 1 hour
each and overnight at 4°C in 70% ethanol respectively). Further the dehydration process
was continued with higher percentage of graded ethanol series (90% & 100% for 30
minutes each). In general, washing, dehydration in series of graded ethanol, infiltration of
PEG1500 and final embedment was performed according to method published in Hause B

et al., 1996 and modified according to Isayenkov et al., 2005 respectively.

2.7.4 Environmental Scanning Electron Microscopy (ESEM)

Surface of fresh young true leaves of WT and jail homozygous mutant about 14 days old,
showing detailed developmental phases of glandular trichomes were captured on scanning
electron microscope ESEM XL-30 FEG by Mr. Frank Syrowatka at the ICMS, Halle
(FEI/Philips, Eindhoven, The Netherlands). The ESEM was operated on wet mode and the
gas pressure of 1.5 millibar was applied. For imaging, a gaseous secondary electron

detector was used.
2.7.5 Localization of GFP- tagged proteins

Putative candidates fused with GFP reporters were infiltrated to N. benthamiana leaves.
Three days after infiltration, leaf discs of 1 cm? were excised using a cork borer and the
sub-cellular localization of GFP-tagged protein was visualized under laser scanning
microscope (LSM 700, Zeiss, Jena, Germany) using a wavelength between 495-550 nm

and excitation of 488 nm.
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2.7.6 Leaf imaging and counting glandular trichomes

The third true leaves and the newly emerged young leaves at the apical meristem were
imaged under bright field microscope (Nikon AZ100, Japan) with advanced Nikon software
(NIS Elements AR version 4.51). Leaves of same developmental stages were chosen for
imaging. Glandular trichomes were counted with the help of Image J (Image J version 1.48,
http://imagej.nih.gov/ij).

2.8 Plant transformation

2.8.1 Transient transformation of Nicotiana benthamiana leaves

Single colonies from successful Agrobacterium-mediated transformation confirmed through
colony PCR was incubated in LB with necessary antibiotics (see 6.2, Appendices) for 2-3
days at 28°C. The ODgq 0Of agro culture was measured at the spectrophotometer (Beckman
DU®530, Beckman Coulter, USA) and the required culture volume was calculated using a

simple formula,

OD (Required) * Total Volume (Required) = OD (Measured) * Culture (Required)

Culture (Required) = OD (Required) * Total Volume (Required)

OD (Measured)

The required culture volume for leaf infiltration was diluted with agro-infiltration buffer (5
mM MES, 10 mM MgCl, and 150 uM acetosyringone). Sterile syringes without needles
were used to infiltrate young N. benthamiana leaves (4 to 5-week-old plants). Further,

plants were transferred to green house to estimate the protein expression.

2.8.2 Transformation of N. benthamiana mesophyll protoplasts

Transient expression of putative candidate proteins was identified in mesophyll protoplasts
of N. benthamiana. Five-week-old plants with well expanded leaves were used for
protoplast isolation. Further isolation of protoplasts and PEG-mediated DNA transfection
were performed by adapting the protocol according to Yoo et al.,, (2007). Transfected
protoplasts were made into aliquots and used for sub-cellular localization under laser

scanning microscope and subsequently frozen in -80°C for protein immunoblot.
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2.8.3 Stable transformation of cultivated tomato

Stable transformation of tomato was generated by adopting and modifying the materials
and methods according to Fernandez et al., 2009, Cermak et al., 2015 and Van Eck et al.,
2006 respectively. Media components and antibiotics are described (Table 2, section
2.1.6).

2.8.3.1 Germination of seeds, plant growth and physiological conditions

Seeds of WT and jail heterozygous were sterilized using 3% H,0O, in 70 % ethanol. Around
15 to 20 seeds were sterilized in a 50 mL falcon tube. With a 5 mL sterilizing solution and
repeated washes with distilled water, the seeds were sterilized and placed in subsequent
order on plant cultivation media (Plant agar, DUCHEFA BIOCHEMIE B.V, The
Netherlands). Media plates were incubated in dark chamber for 3 days and transferred to
growth chamber.

2.8.3.2 Pre-conditioning and transformation

Six days after germinating seeds on % MS media, Agrobacterium culture carrying
constructs were inoculated with appropriate antibiotics (see 6.3, Appendices) overnight.
Seven-days-old cotyledons were pre-conditioned by gently excising the both ends of
cotyledons, placed upside down on KCMS media (Table 2, section 2.1.6) and incubated in
dark overnight. The ODgyo of Agrobacterium culture was adjusted to 0.08 by diluting with
liquid KCMS for transformation. The Agrobacterium culture was then poured into a petri-
dish and the pre-conditioned cotyledons were incubated in Agrobacterium culture for 30
mins on rotor at 20 rpm. Further, the cotyledons were transferred to new KCMS, placed

upside down and incubated in dark for 2 days.
2.8.3.3 Callus cultivation and regeneration

The inverted cotyledons after 2 days, were transferred on to 2Z-media (2 mg/l Zeatin
riboside, Table 2, section 2.1.6) plates in upright position and incubated in plant growth
chamber (growth parameters, see section 2.2.1) for 2 weeks until new callus were
generated. Those newly formed callus was then transferred to 1Z-media (1 mg/l Zeatin
riboside, Table 2, section 2.1.6) and incubated for 2 weeks. Once the callus was
proliferated to form new meristems, they were further transferred to 0.5Z-media (0.5 mg/I
Zeatin riboside, Table 2, section 2.1.6) containers for 2 weeks to develop shoots. Once the

shoots start to develop from proliferating callus, single shoots were excised with a sharp
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sterile razor and placed on shoot generation media containers, until the shoots were
matured. Approximately after 2 weeks, every single transformants were transferred to root
generation media until they formed stable roots. The transformants were renewed on new

media once in a week to avoid any sort of contamination.
2.8.34 Plant acclimatization

Once the transgenic plants attained stable shoot and root system, they were moved on to
pots containing expanded clay granules in phytochamber with controlled greenhouse
containers. The plants were further allowed to adapt and acclimatize to phytochamber
atmosphere conditions. Slowly, once acclimatized, the plants were transferred on to soil
and watered thrice a week.
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3 RESULTS

3.1 Prerequisite experimental analysis

The aim of preliminary analysis was to verify type VI glandular trichome numbers and to
select the right leaf material for the transcriptome sequencing. Previous research reports
that trichome numbers were significantly increased on newly developed leaves of
Arabidopsis and tomato after artificial wounding and exogenous application of jasmonates
(Traw and Bergelson, 2003; Boughton et al., 2005). In the current thesis, type VI glandular
trichomes were monitored in cultivated tomato species (cv MicroTom) by both approaches,

mechanical wounding and exogenous JA treatment.

3.1.1 Mechanical wounding

In order to quantify type VI glandular trichome numbers across the WT and jail mutant,

tomato leaves were mechanically wounded (Fig. 8).

W
WT_Control Jai1_Control WT_Wounded Jai1_Wounded

Figure 8: Artificial wounding experiments on tomato leaves

Three-week-old tomato leaves of WT and jail mutant was observed under bright field
microscope (3x magnification). (A) Control leaves of WT and (B) jail unwounded, were
compared with (C) WT and (D) jail wounded leaves.
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In the cultivated tomato, type VI glandular trichome numbers are significantly different
between WT and jail mutant (Li et al., 2004). During mechanical wounding, three-week-old
tomato leaves from the WT and jail, both control and wounded were compared (Fig. 8).
Fine and densely populated white heads were distinguished between WT and jail control
leaves (Fig. 8A-B). Two weeks after wounding, an abrupt increase in the type VI glandular
trichomes was observed on the newly developed leaves of WT plants (Fig. 8C). By
contrast, type VI glandular trichome heads remain unchanged on jail leaves (Fig. 8D).
During trichome quantification, type VI glandular trichomes were found to be significantly
different between control and wounded WT leaves (Fig. 9). Further, trichome quantification
showed that there was a 10 fold difference between WT and jail leaves after wounding
(Fig. 9). Overall, mechanical wounding experiments indicate significant changes in type VI
glandular trichome numbers between WT and jail leaves but no difference in type VI
glandular trichome numbers was observed within the jail control and wounded leaves (Fig.
9).

6000~ — | Figure 9: Quantification of type VI
glandular trichomes
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3.1.2 Exogenous JA treatment

In Arabidopsis and tomato, jasmonates (JA and MeJA) treatment has led to significant
increase in the trichome numbers and density (Traw and Bergelson, 2003; Boughton et al.,
2005). During preliminary analysis, twelve-days-old tomato plants with four true leaves
were treated with JA. To analyze the effect of JA, a minimum concentration of 50uM was
exogenously sprayed on every true leaves of young tomato plants. Type VI glandular
trichome numbers from JA-treated and control (water) leaves were estimated on the whole

leaf surface area (Fig. 10). Based on the quantitation data, type VI glandular trichome
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numbers across four individual true leaves were found to be higher compared to control
leaves (Fig. 10). For instance, type VI glandular trichome numbers on the second and third
true leaves were significant but not with the first and fourth true leaves due to high standard
deviations (Fig. 10). Further, type VI glandular trichome numbers were significantly higher
on JA-treated third true leaves compared to control leaves (Fig. 10). This indicates that
increase in type VI glandular trichome numbers at an early plant developmental stage after
JA treatment enables to select the right leaf material for the further downstream analysis.

. Figure 10: Quantification of type VI
30001 x — glandular trichomes upon JA treatment

l Type VI glandular trichomes were

guantified from JA-treated true leaves.
Leaf 1-4 depicts four true leaves of a 12-
days-old young tomato plant. Young
10004 ns — leaves treated with water and JA (50uM)
— shown on the x-axis and glandular

ﬁ trichome number determination per whole
0 |—T—\ ﬁ |_T_| . — leaf area on the Y-axis. Test of
significance (*p < 0.05, **p<0.01), n=3,
was determined by student t-test.

20004 l l

Glandular trichome number
(whole leaf area)

Leaf treatments

3.1.3 Importance of third true leaf for downstream applications

Choosing the right leaf material for downstream applications was certainly essential. This
was inferred through preliminary data obtained based on the significant changes in type VI
glandular trichome numbers after JA treatment (Fig. 8). A young tomato plant, preferably
twelve-days-old with four true leaves (Fig. 11A) was suitable for harvesting leaf samples.
Since the quantification of type VI glandular trichome numbers on the third true leaves
showed striking difference compared to other true leaves (Fig. 10), third true leaves were
initially investigated under bright field microscope (Fig. 11B). Interestingly, the adaxial and
abaxial leaf surface of third true leaves (0.6 cm) were densely populated with non-glandular
(type 1) and glandular (type VI) trichomes (Fig. 11B). Further, the magnification of third true
leaves under ESEM indicated both trichomes (type | and type VI) at different

developmental phases, from initiation to maturation (Fig. 11C). Collectively, the
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guantification of type VI glandular trichomes and its morphological features, third true

leaves were considered as a right leaf material for further downstream applications.

Figure 11: Morphology of type VI glandular

p— ‘ “w trichomes on the third true leaf

(A) Twelve-days-old plant with true leaves. (B)
Third true leaf under bright field microscope
after harvest. (C) Magnification of third true
leaf surface under environmental scanning
electron microscope (ESEM).

3.2 Validation of JA-induced genes to verify treatment conditions

The contribution of JA has been remarkable in the area of plant molecular functions and
mechanisms. By exogenous application, JA has proven to enhance and induce trichome
numbers significantly (Traw and Bergelson, 2003). To evaluate the transcript abundance of
JA-induced genes, RNA extracted from WT_CO, JA-treated (JA_2h and JA 24h) and
jail_CoO third true leaves were considered. Relative expression of early JA-induced genes
including Allene oxide cyclase (AOC) (Fig. 12A) and late induced genes like Proteinase
Inhibitor 2 (PIN2), leucine aminopeptidase A (LAP-A), Threonine deaminase (TD) (Fig.
15B, C and D) were analyzed for their transcript abundance across the treatment
conditions. AOC transcript levels were up-regulated shortly after JA treatment (JA_2h) and
decreased after 24 hours (JA_24h) (Fig. 12A). Further, AOC transcript levels were found at
the basal level in WT_CO and jail_CO treatment conditions (Fig. 12A), however presence
of huge standard deviation led to no significant fold changes across treatment conditions.
Similarly, LAP-A transcript levels were up-regulated after JA-2h treatment and decreased
after JA_24h treatment (Fig. 12B). The elevated transcript levels shortly after JA treatment
showed a fold change of 1.4 compared to WT_CO and jail_CO conditions (Fig. 12B).

Further, as a late JA-induced gene, PIN2 showed lower transcript accumulation after
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JA 2h treatment and increased transcript levels after JA_ 24h treatment (Fig. 12C). There

was no significant fold change observed in comparison to control and treatment conditions

due to huge standard deviation (Fig. 12C). Similar to LAP-A, transcript levels of TD were

significantly up-regulated after JA 2h treatment and decreased after JA 24h treatment.

Concurrently, transcript levels of TD were at the basal level across WT_CO and jail_CO

treatment conditions (Fig. 12D). The validation of potential JA-regulated genes not only

signifies transcript accumulation after JA-treated time points but also confirms the

guantitative estimation of RNA samples necessary for transcriptome sequencing.

>

Relative expression

Figure 12: Transcript accumulation of JA-induced genes in treatment conditions
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(A-D) Total RNA samples from WT, JA-treated and jail third true leaves were considered to
estimate transcript levels of JA induced genes, with reference to Solanum lycopersicum
ELONGATION FACTOR (EF) house-keeping gene. Leaf treatments on the X-axis
correspond to wild type control (WT_CO), wild type treated with JA (50 uM) and harvested
after 2 hours (JA_2h) and 24 hours (JA_24h), and lastly jail control (jail_CO), respectively.
JA-induced genes: Allene oxide cyclase (AOC), leucine aminopeptidiase A (LAP-A),
Proteinase Inhibitor 2 (PIN2) and Threonine deaminase (TD). Error bars indicate mean
values + SD (n=3), statistical significance was determined by the analysis of variance

(ANOVA) with a post hoc test (Newman-Keuls multiple comparison test).
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3.3 Validation of tomato homologs of trichome regulatory genes

The molecular mechanisms of key regulatory factors involved in the initiation and induction
of unicellular trichomes in Arabidopsis have been previously well described. The key
regulatory factors are primly involved in forming trimeric complex, commonly referred as
MYB-bHLH-WD40 (MBW) regulatory complex (Ramsay et al., 2005; Serna et al., 2006;
Balkunde et al., 2010; Feller et al., 2011 and Wada et al., 2011). To validate tomato
homologs of key trichome regulators, protein sequences of Arabidopsis key trichome
regulatory factors were blasted for sequence similarity against Solanum lycopersicum
genome database using BLAST tool (Altschul et al., 1990).
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Figure 13: Transcript accumulation of the tomato homologs of Arabidopsis trichome
regulatory genes

Total RNA samples from corresponding leaf treatments, descriptions of leaf treatments,
validation with reference to house-keeping gene and statistical significance test were
according to description in Fig. 12. The tomato homologs of Arabidopsis trichome
regulatory genes abbreviated as, (A) MYB family transcription factor (SIMYB23), (B)
GLABRA2 (SIGL2), (C) GLABRAS (SIGL3) and (D) TRANSPARENT TESTA GLABRAl
(SITTG1), respectively.
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The transcript accumulation of tomato homologs showed different expression profiles
across treatments conditions. Transcript levels of SIMYB23, which encodes a R2R3 MYB
transcription factor, were not significantly different across treatment conditions (Fig. 13A).
Tomato homolog of key trichome inducing gene, SIGL2 encoding a homeo-box leucine
Zipper protein showed equal distribution of transcript levels with no significant changes
across JA-treated and control samples (Fig. 13B). Another important tomato homolog of
MBW trimeric complex, SIGL3 encoding a bHLH transcription factor (Fig. 13C) showed
varying levels of transcript accumulation across JA-treated and control samples without any
apparent significant changes (Fig. 13C). The last homolog of MBW trimeric complex,
SITTG1, encodes a WD-40 protein. Transcript levels were significantly higher in JA_24h
compared to JA_2h treatments, but no significant difference in SITTG1 transcript levels
were observed among WT_CO and jail_CO treatment conditions (Fig. 13D). Collectively,
the transcript abundance of trichome regulatory factor homologs in tomato was found to be

very low or merely basal across the treatment conditions.

3.4 Validation of candidates from apex and glandular trichomes data
set

Tomato species predominantly comprise three different kinds of trichomes, type | (non-
glandular), type VI and VII (glandular) (Channarayappa et al., 1992). Within the species
and respective cultivars of tomato, common trichome types are shared. For instance, wild
type S. habrochaites share its glandular trichome types with cultivated tomato S.
lycopersicum cultivars (Channarayappa et al., 1992; Glass et al., 2012).

Table 12: Putative tomato homologs of key trichome regulators from apex and
glandular trichomes data set

Attributes Human readable-description Apex/Trichome ratio

Solyc019095640.1.1 | Myb, Myb family transcription factor IPR015495 | 125.00
GL2 / Homeobox-leucine zipper protein ATHB-
Solyc039120620.2.1 | 15 " |bR002913 Lipid-binding START 573
GL3 / Myc-like anthocyanin regulatory protein,
Solyc08g081140.2.1 IPR001092 bHLH dimerization region 3.78
Solyc03g097340.1.1 | TTG1/WD-repeat protein IPR017986 0.84
Solyc07g008010.2.1 CPC/ Myb transcription factor IPR015495 Myb 99.52
transcription factor
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Figure 14: Transcript accumulation of putative tomato homologs from apex and
glandular trichomes data set

Putative tomato homologs were identified from wildtype (S. habrochaites) and cultivated
tomato (S. lycopersicum) apex and glandular trichomes transcriptomic data. Total RNA
samples from corresponding leaf treatments, descriptions of leaf treatments, validation with
reference to house-keeping gene and statistical significance test was performed according
to Fig. 12. Tomato homologs of Arabidopsis trichome regulatory genes abbreviated as, (A)
R2R3 MYB transcription factor (SIMYB23), (B) GLABRA2 (SIGL2), (C) GLABRAS (SIGL3),
(D) CAPRICE (SICPC) and (E) TRANSPARENT TESTA GLABRAL1 (SITTG1), respectively.
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Unlike previous experiments, tomato homologs were selected based on the similarity
search, whereas here, the respective homologs of Arabidopsis key trichome regulatory
factors were selected based on the Solyc ID attributes through SOL genomics network
database. An overview and methodology for RNA-seq data has been described in the
upcoming section (section 3.5). Putative tomato homologs were identified from the RNA-
seq data of apices and glandular trichomes, harvested from wild type (S. habrochaites) and
cultivated tomato (S. lycopersicum) (personal communication, Dr. Stefan Bennewitz, IPB,
Halle). Apex signifies young leaf meristems, which is a hotspot for trichome initiation and
development. The identified putative tomato homologs of Arabidopsis trichome regulatory
factors were explicitly upregulated in the apex region, with significant log, fold changes
(log, FC), but not up-regulated in the trichomes (Table 12). The selected candidates were
validated on gPCR with two sets of biological replicates harvested from WT, JA-treated and
jail third true leaves, respectively. Transcript accumulation of MYB-like transcription factor
varied across JA-treated (JA_2h and JA_24h), WT_CO and jail_CO treatments with no
significant changes (Fig. 14A). Tomato homologs of other key regulators such as, GL2,
GL3, TTG1 and a negative regulator CPC (Table 12) showed almost equal levels of
transcript accumulation pattern across the treatment conditions (Fig. 14B-E), without
showing any significant changes. To conclude, validation of Arabidopsis trichome
regulatory homologs in tomato either by sequence similarity search (Fig. 13) or identifying
through transcriptomic data set (Fig. 14) showed no significant changes. Interestingly, the
relative expression of these transcription factors was found to be very low in control and
JA-treated samples (Fig. 13 and Fig. 14).
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3.5 Transcriptomic data analysis from young tomato leaves

The RNA-seq data analyses was conducted by Dr. Benedikt Athmer at the IPB, Halle. The
objective of candidate gene profiling was to identify genes that are differentially regulated
across control and JA-treated RNA samples. The key regulators involved in the initiation
and induction of trichomes in A. thaliana were collaboratively a group of transcription
factors. With this perspective, differentially regulated transcripts were predicted to play a
potential role in the formation of glandular trichomes in tomato. A robust and emerging
sequencing platform, RNA sequencing, is capable of more accurate quantification of
differential transcript expression and retrieving low-abundance transcripts in the course of

sequencing compared to other next-generation sequencing platforms.

In order to obtain a complete transcriptome analysis of WT, JA-treated (JA 2h and
JA _24h) and jail leaves, three biological replicates from each treatment condition was
subjected to paired-end RNA sequencing (2x 50 bp), performed at the Boyce Thompson
Institute collaborative partner. The resultant sequencing yielded one to several millions of
reads across each sample biological replicates (Table 13). Using a Trimmomatic software
tool (Bolger et al., 2014), raw reads were processed to remove low-quality reads, cut-down
adapter sequences and eliminate poor-quality bases. Further, the processed reads were
aligned to tomato reference (Heinz) genome.

Table 13: Total read counts for treatment biological replicates generated by RNA-seq

Paired-end RNA sequencing (2x50 bp reads) Alignment to tomato (Heinz) genome
Biological replicates Total raw reads Mapped reads Mapped reads (%)
jail_CoO_1 3,308,070 2,207,950 78.16
jail_CO_2 2,837,015 2,030,803 83.56
jail_CO_3 3,692,437 2,705,871 81.99
WT_CO_1 2,712,123 2,050,466 83.06
WT_CO_2 2,499,873 1,716,841 77.42
WT_CO_3 13,036,802 6,622,078 65.63

WT JA 2h_1 3,572,201 2,485,002 81.49
WT_JA_2h_2 2,464,533 1,645,703 76.13
WT_JA_2h_3 11,292,490 7,297,856 72.69
WT_JA_24h_ 1 3,240,957 2,166,467 81.48
WT_JA_24h 2 4,394,476 3,096,444 81.18
WT_JA_24h_3 1,142,861 758,639 82.18
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3.5.1 Distribution of treatment biological replicates

The aim of transcriptome analysis in tomato was to compare and identify transcripts or
genes that are differentially regulated among four different treatments, WT_CO, JA 2h,
JA 24h and jail_CO, respectively. To achieve this, estimation of biological coefficient of
variation (BCV) is highly essential, reliable and crucial to assess the biological replicates
within treatment conditions. BCV represents the variation in true abundance of genes
across sample biological replicates (Chen et al., 2008; McCarthy et al., 2012), which is
represented on a multidimensional scaling (MDS) plot. The MDS plot realistically depicts
WT control, JA-treated (JA_2h and JA_24h) and jail control biological replicates allotment
in the given dimensions (Fig. 15). The distribution and spacing of biological replicates at
different treatment conditions, however, explains batch effects. The distant allotment of
biological replicates from different treatments is due to technical variations, physiological

and growth parameters of plants.
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Figure 15: Treatment biological replicates on Multidimensional scaling (MDS) plot

Distribution of WT_CO, JA 2h, JA 24h and jail_CO treatment biological replicates. The
plot dimension BCV distance 1 (X-axis) refers to biological coefficient of variation across
treatment conditions and the second dimension (Y-axis) BCV distance 2 refers to
differences and distances in biological coefficient of variation in treatment biological
replicates (generated by Dr. Benedikt Athmer)
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3.5.2 Differentially expressed genes in between treatment comparisons

Processing and normalization of read counts are critical for differential gene expression

(DGE) analysis. DGE analysis was performed by incorporating edgeR® package on the R

platform (Chen et al., 2008). Through edgeR, using smear plot function, an entire set of
mapped genes were visualized on X-Y dimensional plots (Fig. 16). Smear plots provides an
overview of normalized count data (CPM) with their corresponding log, fold change for

each gene whether they are regulated differentially or non-differentially.
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Figure 16: Representation of normalized dataset on smear plots

Differentially and non-differentially expressed genes between the treatment comparisons
according to Benjamini-Hochberg correction (false discovery rate, FDR<0.05). (A) WT_CO
(B) JA_2h and (C) JA_24h treatments were exclusively compared with jail_CO (A-C),
respectively. Further comparisons include JA _2h vs WT_CO (D). Horizontal blue lines
indicate threshold log, fold change (log,FC). Red dots above and below threshold cut-off
line indicates differentially regulated genes. Dispersion of black dots between threshold
lines represents non-differentially regulated genes (generated by Dr. Benedikt Athmer).

Smear plots were based on average logarithmic count per million (logCPM) of every single

gene, which is plotted against their fold change expression values (logFC). The blue lines
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above and below zero signifies threshold log, fold change (logFC), with an allotment of
(logFC = -1 and 1) cut-off values, for genes at the FDR<0.05, p<0.001, respectively. Most
differentially regulated genes significantly up and down regulated, are depicted with red
and black dots above and below threshold log, FC cut-offs, across treatment comparisons
(Fig. 16A-D). However, a huge mass of genes between threshold log, FC indicate genes
that are not differentially regulated (Fig. 16A-D). Quantitative estimation of total number of
genes, which are most differentially regulated across treatment comparisons are correlated

with the representation of Venn diagrams (Fig. 17).

WT_CO vs jait WT_J2h vs jait

N I Up-regulated genes
' I Down-regulated genes

o/0 N/ 13875

WT_J24h vs jai1

Figure 17: Representation of differentially expressed genes on Venn diagram

Differentially expressed genes across treatment conditions, Benjamin-Hochberg corrected

at the FDR<0.05. Blue and violet arrows indicate genes that are up and down regulated

across treatment conditions. (Differential gene expression analysis conducted by Dr.

Benedikt Athmer).
In total 36,007 transcripts were expressed after mapping the reads to the tomato reference
genome (Heinz). Clearly, 17,800 genes were up-regulated and 18,207 genes were down-
regulated across wild type control (WT_CO), jail control (jail_CO) and JA treated (JA_2h
and JA_24h) samples, respectively. DGE analysis confirmed about 850 genes that were
significantly up-regulated across four individual treatment conditions. JA-insensitive mutant,
jail with significant decrease in glandular trichomes was kept as a reference for identifying

differentially expressed genes between treatment conditions. Comparison of WT_CO,
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JA 2h and JA_24h were exclusively made with jail _CO samples, as represented in the
Venn diagram (Fig. 17). Comparison between WT_CO and jail_CO (Fig. 17) yielded a total
of 89 significantly expressed genes, of which 60 genes were significantly up-regulated
across the WT_CO and 29 genes across jail _CO treatments (Fig. 17). Interestingly, we
found that around 621 genes were highly significant and differentially regulated between
JA_2h treated and jail_CO samples. Among those, 496 genes were significantly up-
regulated after JA_2h treatment and the remaining 125 genes were up-regulated across
jail_CO (Fig. 17). Lastly, comparison between JA_24h treated and jail_CO resulted
around 255 genes that were differentially regulated, of which 229 genes were significantly
up-regulated after JA_ 24h treatment and only 26 of them were significantly upregulated
across jail_CO samples (Fig. 17). The genes that are significantly upregulated across the
aforementioned treatment comparisons are also correlated with the smear plots (Fig. 16).
Subsequently, comparisons were made between JA _2h vs WT_CO, JA_24h vs WT_CO as
well as JA_2h vs JA 24h treatment conditions (Fig. A3, Appendices).

3.5.3 Functional enrichment analysis of differentially expressed genes
between treatments

Functional enrichment analysis of DEG’s is essential for further downstream experimental
analysis and drawing the hypothesis. To perform the functional enrichment analysis of
DEG’s from different sample treatments, a multi-platform fast and efficient user-friendly
graphical interface called PAGEMAN® (Usadel et al., 2006) was adopted.

With the use of a mapping file generated for DEG’s from four different treatments, genes
that are significantly up and down regulated between JA-treated (JA_2h) (Table 14) and
jail_CO (Table 15) samples were compared with different gene ontology (GO) platforms.
Further, DEG’s were scrutinized with Fisher's exact statistical test for over and under
representation (ORA) and allotted to respective BINs for their functionality (Table 14, 15).
The elements in the PAGEMAN® functional analysis correspond to number of candidates
which fall into particular functional BIN. For example in Table 14 under ‘Cell wall synthesis’
- cellulose synthesis, 11 elements were identified, which are over-represented in JA_2h
samples compared to the jail_CO. The over-representation of elements in JA_2h samples
were apparently not expressed in the jail_CO condition (Table 15). However, with the
PAGEMAN® analysis, more gene elements were over-represented under different gene
categories (Table 14). Most gene elements were identified in the gene categories: cell wall

synthesis, secondary metabolism, hormone metabolism, UDP glucosyl transferases and
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protein degradation, respectively (Table 14). By contrary, over-representation of gene
elements across jail_CO mainly corresponded to protein degradation function (Table 15).

Further, all the gene elements corresponding to their gene categories have shown a

significant log, fold change in JA_2h and jail_CO treatment conditions (Table 14 and 15).

Table 14: PAGEMAN functional enrichment analysis between JA_2h and jail_CO

Significant over-representation of genes in JA _2h compared to jail CO treatment
conditions Data points in each BIN which exceeded the value of 1.0 were tested for over
representation using Fisher's exact test. The p-values were adjusted according to
Benjamini-Hochberg correction (FDR <0.05).

Bin code | Gene Category Elements | Log2 FC
10.2 Cell wall. cellulose synthesis 11 2.0469947
10.2.1 Cell wall. Cellulose synthesis. cellulose synthase 19 3.082369
11.8 Lipid metabolism. 'Exotics' (steroids, squalene etc.) 23 2.260566
16 Secondary metabolism 1 8.996315
16.1 Secondary metabolism. Isoprenoids 14 3.4146688
16.1.2 Secondary metabolism. Isoprenoids. mevalonate pathway | 1 2.8141317
16.1.5 Secondary metabolism. Isoprenoids. terpenoids 40 2.5737693
16.2 Secondary metabolism. Phenylpropanoids 38 6.879835
16.7 Secondary metabolism. Wax 25 2.0891528
16.8 Secondary metabolism. Flavonoids 20 2.9557612
17 Hormone metabolism 4 3.7853312
17.2.1 Hormone metabolism. Auxin. synthesis -degradation 15 2.05578
17.3 Hormone metabolism. Brassinosteroid 1 3.4733658
1731 Hormone_ metabolism. Brassinosteroid synthesis- 21 3.9437618
degradation
17.31.2 Hormone_ metabolism. Brassinosteroid synthesis- 17 37683117
degradation. sterols
17.7 Hormone metabolism. Jasmonate 1 4.584445
17.7.1 Hormone metabolism. Jasmonate. synthesis-degradation | 30 2.7069879
Hormone metabolism. Jasmonate.synthesis-
17.7.1.3 degradation.allene oxidase synthase L 26850462
17.7.2 Hormone metabolism. Jasmonate.signal transduction 7 3.8305435
20.1.3 Stress. Biotic.signalling 5 2.5737693
22 Polyamine metabolism 1 2.0891528
22.1 Polyamine metabolism. synthesis 1 2.1813207
26 Misc. 1 7.2282376
26.2 Misc.UDP glucosyl and glucoronyl transferases 166 5.470038
26.1 Misc.cytochrome P450 27 2.778395
26.28 Misc.GDSL-motif lipase 58 2.5329518
29.5.3 Protein.degradation. cysteine protease 45 2.1813207
34.13 Transport.peptides and oligopeptides 67 2.7407417
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Table 15: PAGEMAN functional enrichment analysis between jail_CO and JA_2h

Significant over-representation of genes in jail CO compared to JA 2h treatment
conditions. Data points in each Bin which exceeded the value of 1.0 were tested for over
representation using Fisher's exact test. The p-values were adjusted according to
Benjamini-Hochberg correction (FDR <0.05).

Bin code Gene Category Elements Log2 FC
29 Protein 1 -3.9437618
29.2 Protein.synthesis 2 -3.7853312
29.5.11 Protein.degradation.ubiquitin 45 -2.8225207
3.5.4 Functional annotation putative transcription factors
l'-3 35V Allin-like CCAAT-HAP2 cpp SBP we Global High mohility
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oo :Z-EBE B? : E2F.DP EIL Trihelix uB Histone DAase Histone ATse
\SaeE .
I' 2 G2.like GRAS WRKY Histone
ARF ARR-B A RE AR e EREs
! 1 frgonaute AS2 JUMONJI
bHLH GRF
w . Al.rich ASR LuG Metind BD
RN " n] HB HSF
baiP L] AuxiAA B3
' e NIRIke NPR1
C2C2.COlike  C2C2-Dof MADS Bromodomain .BZR nucleosome assembhy
202 Gata C2C2-YABBY MYB Chromatin remodeling PHD finger PHOR1
C2HZ2 5- '. Dicer-Like DHAMT Pokcomb Psudo ARR
.CBH : HAC ELF FHA PYAAT domain SET-domain
CCAAT.DR1 ORPHAN GeBP General Silencing (RREERERRY
putative DNA-binding unspecified TAZ CCHC

Figure 18: MAPMAN functional annotation significant transcription factors

Most significantly up and down regulated (Benjamini-Hochberg corrected, FDR<0.05)
transcription factors in JA-treated (JA_2h) vs jail mutant (jail_CO) conditions. Color code
scale: red and blue bars on scale indicate high and low scores or expression levels of
genes according to log, scale transformation, across both treatment comparisons,

respectively.

Differentially expressed genes through Mercator pipeline were assigned to functional
categories called as ‘BINs’ in the MAPMAN® ontology suite (Thimm et al., 2004 and Lohse

et al.,2014). An important feature of Mercator tool is to search unknown sequences against
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known reference databases including blast-based and protein domain searches (Lohse et
al., 2014). To substantiate further, sequences with significant similarities to reference
proteins or domains were assigned to MAPMAN BIN (Lohse et al., 2014). The identification
of significantly regulated transcription factors within the treatment conditions, JA 2h and
jail_CO were majorly annotated to the classes of Myb, bHLH, WRKY and AP2/ERE BP
transcription factor families, and few were identified as putative DNA-binding factors (Fig.
18).

3.5.5 Clustering of differentially expressed genes

Clustering of normalized data from RNA-seq analysis was performed by incorporating
edgeR® package in R program. Clustering of normalized count data such as fragment per
kilobase million (FPKM), read per kilobase million (RPKM) or transcripts per million (TPM),
is an added advantage to elucidate novel molecular players or networks by comparing two
library groups or treatment conditions. Two factors are important prior to clustering: log,
transformation, which helps the expression values attain closer to normal distribution and
convenient for statistical tests and secondly, scaling the expression values by Z-
transformation. Here, scaling refers to scale the rows by calculating Z-scores within genes
but across the samples. This actually clarifies the hypothesis for genes expressed across
different treatment conditions and weighs equally when clustering. Therefore, Z-
transformed expression values (Row-Z-Score, Fig. 19) for each gene was used to generate

heatmaps.

Since our objective was to identify potential transcription factors which were in low-
abundance with significant expression levels, DGE analysis paved the way to identify
considerable number of transcription factors (Fig. 19). To substantiate this claim, clustering
yielded most highly variant and significantly expressed differentially regulated genes across
four treatment conditions, depicted on the heat maps (Fig. A4, Appendices). However,
significantly expressed transcription factors (FDR<0.05) across four treatment conditions
were aligned based on their Z-transformed scores (Fig. 18), indicated by color key intensity
based on the gene expression level. For functional annotation, these significantly
expressed transcription factors were performed with a homology search against plant

transcription factor reference database (Jin et al., 2017).
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Figure 19: Clustering of transcription factors on the heatmap

Cluster depicting list of transcription factors that were differentially regulated across
treatment conditions with p-values adjusted to Benjamini-Hochberg correction (FDR<0.05).
Color key represents Row-Z-Score for each transcription factor that has been scaled and
transformed to each treatment condition. Red indicates high expression (log2FC = 1) and
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blue indicates low expression (log2FC = -1) for each candidate across particular treatment
condition, respectively. Transcription factors highlighted in yellow were chosen for

validation analysis (generated by Dr. Benedikt Athmer).

3.6 Validation and selection of putative candidates

Table 16: List of putative transcription factors upregulated shortly after JA treatment

(JA_2h) compared

to jail mutant (jail_CO).

The p-values were adjusted according to Benjamini-Hochberg correction (FDR<0.05).

inhibitor | (PIN1)

. Log,FC - i Log, FC -
Gene ID Annotations RNA-Seq p-values GRT-PCR
Transcription factors
MYB transcription factor
Solyc05g052610.2.1 (DIVARICATA) 6.74 8.79E-08 0.62
Solyc06g083900.2.1 | Myb-related transcription factor | g 5¢ 5.43E-35 | 16.97
(MYB4)
MYB transcription factor
Solyc08g005870.1.1 (MYB308) 4.16 6.85E-05 3.65
Solyc08g082890.2.1 | MYB transcription factor (MYB9) | 4.75 6.50E-11 5.74
BHLH transcription factor Helix-
Solyc01g096370.2.1 loop-helix DNA-binding (MYC2) 5.03 3.63E-20 1.22
Ethylene responsive
transcription factor 2a
Solyc04g071770.2.1 Pathogenesis-related, DNA- 2.93 7.16E-18 2.52
binding (ERF2a)
WD-repeat domain
phosphoinositide-interacting
Solyc04g076720.1.1 protein 3 WDA40 repeat-like 5.65 0.00492751 | 0.90
(WD-40)
Transcription factor IPR011598 -
Solyc08g076930.1.1 | Helix-loop-helix DNA-binding 2.31 1.63E-15 3.1
(TF)
JA-induced genes (Reference validation)
Allene oxide cyclase IPR009410
Solyc029085730.2.1 | ° Allene oxide cyclase (AOC) 11.58 129.98 1.25E-18
Leucyl aminopeptidase
Solyc00g187050.2.1 | IPR011356 - Peptidase M17, 9.81 4.26 6.43E-16
Leucyl aminopeptidase (LAP A)
Proteinase inhibitor | IPRO00864
Solyc09g089510.2.1 | - Proteinase inhibitor 113, potato | 3.53 945.01 2.09E-15
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Figure 20: Transcript accumulation of putative transcription factors up-regulated

after JA_2h treatment

Relative expression levels of transcription factors (A-F, G & K) and JA-regulated genes (H-
J) estimated with reference to S. lycopersicum ELONGATION FACTOR (EF) house-
keeping gene. Error bars indicate mean values + SD (n=3), statistical significance was
determined by ANOVA with a post hoc test (Newman-Keuls multiple comparison test).
Genes encoding putative TF’s abbreviated as (A-D) MYB TFs (DIVARICATA, MYB4-like,
MYB308 and MYB9), Ethylene responsive factor (F) (ERF2a), (E, H) bHLH TF’s (MYC2
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and bHLH unknown TF) and (G) Phosphoinositide-interacting protein (WD-40) and (I-K) JA

regulated genes abbreviated according to Fig. 13, respectively. Treatment conditions were

described according to Fig. 12.
Seven transcription factors and three JA-regulated genes were selected for estimating their
transcript levels across treatment conditions. According to the statistical hypothesis,
putative transcription factors in the MYB, bHLH, ERF, WD-40 and Helix-loop-helix families
were selected based on the criteria, p-value<0.05 and respective log, fold changes (Table
16). According to the RNA-seq expression data, all putative transcription factors and
corresponding JA-regulated genes were significantly up-regulated after JA_2h (Table 16,
Fig. A4, Appendices) and severely down-regulated in the jail CO after clustering (Fig. 19).

Validation of transcription factors led to the identification of transcript accumulation patterns
across WT_CO, JA_2h, JA 24h and jail_CO treatment conditions. The significance level
and the fold changes of transcription factors were higher in the RNA-seq data (Table 16).
The transcript levels of putative DIVARICATA, MYB308, ERF2a and WD-40 (Fig. 20A, C, F
and G) showed variations in transcript accumulation and were not significant across
different treatment conditions. Their significance level could not be correlated with the
RNA-seq data. Other putative transcription factors like, MYB4-like, MYB9, MYC2 and
unknown helix-loop-helix transcription factor (TF) were significantly up-regulated after
JA_2h treatment compared to jail_CO (Fig. 20B, D, E and K), hence, validated according
to RNA-seq data. However, the relative expression of co-related transcription factors
showed no significant transcript accumulation between WT control and jail mutant (Fig. 20
- B, D, E and H). As a reference, transcript levels of JA induced genes were validated and
correlated with the RNA-seq data (Fig. 20I-K).

3.6.1 Putative transcription factors up-regulated in the jail mutant compared
to JA_2h treatment

As declared in the thesis objectives and possible hypothesis, putative transcription factors
showing negative responses to JA treatment were also selected. According to the RNA-seq
data, putative transcription factors were found to be significantly up-regulated in the
jail_CO compared to JA_2h treatment (Table 17). The allocation of Z-transformation
scores after data normalization and transformation has led to depict log, FC values in a
negative manner, which is correlated with clustering analysis (Row Z score color key, Fig.
19).
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Table 17: Putative transcription factors upregulated in jail_CO compared to JA_2h
treatment

The p-values were adjusted to Benjamini-Hochberg correction (FDR<0.05).

Log, FC —
RNAseq

Log, FC —

Gene ID Annotations gRT-PCR

p-values

Transcription factors

Homeobox-leucine zipper
protein PROTODERMAL
FACTOR 2 IPR002913 -
Lipid-binding START (PDF2)
NAC domain protein
IPR003441 - No apical
meristem (NAM) protein
(NAC)

WRKY transcription factor 6
Solyc09g015770.2.1 | IPR003657- DNA-binding -3.42 5.38E-05 1.64
WRKY (WRKY6)

WRKY-like transcription factor
Solyc09g014990.2.1 | IPR003657 - DNA-binding -3.35 3.90E-06 7.03
WRKY (WRKY-like)

WRKY transcription factor-30
Solyc08g008280.2.1 | IPR003657 - DNA-binding -2.50 0.00142220 | 2.98
WRKY (WRKY30)

Solyc069035940.2.1 -3.04 2.67E-15 12.67

Solyc10g055760.1.1 -3.63 5.37E-07 2.85

Putative PROTODERMAL FACTOR 2 (PDF2) encodes a homeo-box leucine zipper protein
(HD-Zip), has shown approximately 5-fold expression in jail CO compared to JA 2h
treatment conditions (Fig. 21A). The relative expression of putative PDF2 correlates with
the RNA-seq expression profile (Table 17). Another putative NAC domain transcription
factor, which encodes for NO APICAL MERISTEM (NAM) protein, has significantly up-
regulated in the jail_CO compared to the WT_CO (Fig. 21B). Concurrently, putative PDF2
and NACD TFs showed no significant transcript accumulation between JA_2h and JA_24h
treatment conditions (Fig. 21A-B). A group of WRKY TFs, particularly showing significant
up-regulation in the jail_CO were also selected for validation (Table 17). Transcript levels
of putative WRKY TFs in WT_CO, JA_2h and JA_24h treatments compared to jail_CO
showed variations (Fig. 21C-E). For instance, putative WRKY6 shows equal transcript
levels in jail_CO and WT_CO, low transcript levels in JA_2h and high transcript levels in
JA_24h treatment conditions (Fig. 21C). A similar transcript accumulation trend was also
observed for WRKY-like TF (Fig. 21D). Lastly, transcript levels of putative WRKY30 were
found to be equal across all four treatments (Fig. 21E). Among the putative WRKY’s, none

of them showed significant transcript accumulation during JA treatment conditions
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further characterization.
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Figure 21: Transcript accumulation of putative transcription factors up-regulated in

thejail CO

Relative expression levels of transcription factors (A-E) estimated with reference to S.
lycopersicum ELONGATION FACTOR (EF) house-keeping gene. Error bars indicate mean
values + SD (n = 3), statistical significance was determined by ANOVA with a post hoc test
(Newman-Keuls multiple comparison test). Genes encoding putative transcription factors
were abbreviated as PROTODERMAL FACTOR 2 (PDF2), NO APICAL MERISTEM (NAC
D) protein and WRKY TF’s (WRKY6, WRKY-like and WRKY30). Treatment conditions were
described according to Fig.12.

66



RESULTS

3.6.2 Putative JA-regulated genes up-regulated in the JA_2h treatment

Besides validating a set of significantly expressed transcription factors (Table 16, 17),
putative genes explicitly up-regulated after JA treatment (JA_2h and JA 24h) were also
considered for validation. Putative JA responsive candidates were up-regulated shortly
after JA treatment and showed a higher log, fold change values both in RNA-seq
expression profile and qRT-PCR validation (Table 18, Fig. 22).

Table 18: List of putative candidates selected for validation up-regulated after JA_2h
treatment

The p-values were adjusted to Benjamini-Hochberg correction (FDR<0.05).

. Log, FC — } . Log, FC -
Gene ID Annotations RNAseq p-value gRT-PCR
JA-regulated genes
F-box family protein 7.58 9.55E-10 4.16
Solyc09g005770.1.1 IPR001810 - Cyclin-like F-box
Solyc03g098780.1.1 | Kunitz-type protease inhibitor | g ¢ 1.04E-19

IPR002160 - Proteinase 10.45
inhibitor 13, Kunitz legume
Kunitz trypsin inhibitor
IPRO11065 - Kunitz inhibitor | ~0-1° 1-24E-12 | 5834
ST1-like
Purple acid phosphatase
Solyc07g008570.2.1 | IPR008963 - Purple acid 5.46 3.05E-19 347.24
phosphatase-like, N-terminal
Metallo-carboxypeptidase
Solyc07g007250.2.1 | Mhibitor . 9.43 1.58E-15
- IPR0O04231 - Proteinase ' ' 3.09
inhibitor 137,
carboxypeptidase A
Cysteine-rich extensin-like
protein-4

Solyc03g098720.2.1

Solyc01g006390.2.1 4.13 1.36E-07 46.42

Putative, cyclin-like F-box protein transcript levels were too low (Fig. 22A), and the
transcript accumulation pattern across four treatment conditions were almost similar due to
varying standard deviations. Expression of Kunitz-type protease inhibitor and Metallo-
carboxypeptidase, a group of plant protease inhibitors (PIs) (Habib and Khalid, 2007), were
up-regulated after JA treatment (JA_2h and JA_24h, Fig. 22 B & E). These inhibitors were
found to be down-regulated in the WT_CO and jail_CO conditions (Fig. 22B & E),
however, only Kunitz-type Pl showed significant transcript accumulation after JA_2h and
JA_24h treatments (Fig. 22 B). Transcript accumulation of both, putative Kunitz-Trypsin
and Purple Acid Phosphatase, were significantly higher after JA_2h treatment compared to

WT_CO, JA 24h and jail_CO treatment conditions whereas, a gradual decrease in
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transcript levels was observed after JA_24h treatment (Fig. 22C-D). For the last candidate,

putative Cysteine-rich extensin-like was found to be upregulated after JA 2h and JA_24h

treatments, showing significant transcript levels after JA 2h treatment compared to
WT_CO and jail_CO treatment conditions (Fig. 22F).
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Figure 22: Transcript accumulation of putative JA-regulated genes

Relative expression levels of putative JA-regulated genes up-regulated after JA treatment
(A-F) were estimated with reference to S. lycopersicum ELONGATION FACTOR (EF)
house-keeping gene. Error bars indicate mean values + SD (n = 3), statistical significance
was determined by ANOVA with a post hoc test (Newman-Keuls multiple comparison test).
Treatment conditions were described according to Fig.12.
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As per the validation data obtained for putative transcription factors, MYB4-like, MYB9,
MYC2 and bHLH TF were significantly up-regulated shortly after JA-treatment (JA_ 2h)
compared to the jail mutant (jail_CO) (Fig. 20). By contrary, putative PDF2 and NACD
transcription factors showed significant up-regulation in the jail mutant (jail_CO)
compared to JA-treated samples (JA_2h) (Fig. 20). These validated transcription factors
were positively correlated with the fold change expression values of RNA-seq data (Table
16, 17). Based on validation and significant correlation, putative MYB4-like, MYB9, MYC2
and PDF2 were further selected for their functional characterization.

3.7 Functional characterization of selected putative transcription factors

Protein sequences of putative candidates were analyzed on PROSITE database tool. Each
putative protein, encoded by transcription factors comprises DNA-binding domain, which is
crucial for regulating downstream genes, which are predicted to be involved in the
formation of type VI glandular trichomes.

A MYB9

MGRAPCCAKEGLRKGPWSTKEDLLLTNYINQYGEGQWRSLPKNAGLLRCGKSCRLRWVNY
LKPGIKRGNFSEDEEDLIVRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLTKKLRSTG
IEPKPHKNLTKLKEKSRKQTKKEKSRKEVGKKSNDEKLKGQTAQVEKIKVFAPKPIRISC
GISRNNSFENDTLSTTTCSSNSNFEKVDDGKDREKEVKLFPRELDFDELLEGGGEFYDEFL
MGESCNEFSNKVEMNDNMVEKVYEEYLLLLSEIQEDQTEQKESM

69



RESULTS

B MYB4-like

MGRSPCCEKLGLKRGPWSKEEDYLLINYIKKNGHPNWRALPKLAGLLRCGKSCRLRWTNY
LRPDIKRGNFTHQEEDTIIKLHQVLGNSWSATIAARLPGRTDNEIKNIWHTRLKKKRNESQ
LKETQSEPENTNVDVHLEEANNSNDKHSEISNLKINIEIQQQPSPSSSVSSSSEDSCSNT
TATSSESRNQIMSDNLLEIDDDIWSEVVWAQVDDNYVDLSLMEDNYHINSSEFDDNWEWDD
LFTRSNELMLELPEL

C MYC2

8

MEQLAVSSSPMAVAPPPVDVNQVPLGLQOMLQYVVKSQPEWWAYAIFWQTSNDDEGKNFL
AWGDGYFQGDGVVINNKGGGGSSSSLKSQAQSERKKVIKGIQALMDGNGDTDLVDDGDVT
DTEWFYVMSLARSFSAGDGSVTGKAFGSDDFLWITGPDQFQLHYSCERAKEAQIHGIQTL
VSIPTSNGVFELGSTQLIKQONLSLVQQVKSLFLCCPPIQFLEKTISFADIGLVTGLQQDD
NDYKLRENSRKPHPVVAKKRGRKPKGGEEDAHMAALNHVEAERQRREKLNHREFYALRSVV
PNVSRMDKASLLSDAVSYINQLKAKVDELELQLIDHTKKPKIVTESSSADNQSATTSSDD
QVIKAANPTAAPEVEVKIVGTDAMIRVQSENVDYPSAKLMIALQNLQOMQVHHASISSVNH
LVLHDVVVRVPQGLSTEDELRTALLTSYDL

D PDF2

MEKSTMELSNNRDGGVSGDELTSPDGSSERRHKESVNQIHELESVFKVSSHPDEKTKQEL
ATKEFSVDKKQVOEFWEFQONKRSISKTQSERYNKRVLOQENEKLRTEYAAMREVMKKSICDPC
RNKDTTIRNENVDEKEILNEHARLKDELARIATHADKSLGSSSFLEGSLTSMMEKFGLEL
NEVDFGKYLSSPLPTNLDVTLDKSMLLNLALDALNELLKLAMSDEPLWVRNLDGGGEMLN
MEEYATTFIPIIGIKPSHFTTEATRSSGTVVGNSLTLVEMLMNESQWVEAFPCIIGKVNT
FDVISTGIGEGKSGTLLLIEAELQIISNVVPVREIKFLRFCOQKHAEDSWIIVDVSVDTIK
EGSQQYKIEKCRRLPSGCIIQDMSNGYSKVTWIEHMEYDEIFVDHLYRPLIRAGLGFGAQ
RWMSSLORQSELLRVMASFVNSTVDPKGEIGMGILSQRMTRSEFCAVICATSHKWITIQKE
NGKDANLMMRRNISDAGEPIGVILSATKTIQLPIKSQCLEFQFFTNKNLRROQWDILSCSGA
MENITIHINKDENLESSVSLLCANGGANENNMMIFQDTCTDATGSLLVYAIVDSSKMNTVM
KGGDPSCVELLPNGISILPDLSANNNKEFGSGSLVTIMFQOMLVDNISTADLPQKSIVDAN
DIISHTIHKIKSALLI

Figure 23: Protein sequences of selected candidates

DNA-binding domains of (A) MYB9, (B) MYB4-like, (C) MYC2 and (D) PDF2 transcription
factors are highlighted in red. Protein domains were identified and generated using
PROSITE protein database tool.
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3.7.1 Localization studies in N. benthamiana protoplasts

Nicotiana benthamiana is a well-known plant model to conduct transient assays in plant
molecular biology (Yang et al., 2000). One of the important purposes of candidate gene
profiling is to determine the area of localization of the selected putative transcription
factors. To achieve this, coding sequences (CDS) of selected putative transcription factors
were cloned according to Golden Gate cloning technique, using cloning modules kindly
provided by Dr. Sylvestre Marillonnet, IPB, Halle.

35S::GFP:MYB9  35S::GFP:MYB4-like 35S::GFP:MYC2 35S::GFP:PDF2

Autofluorescence

Overlay

Figure 24: Localization of putative candidates in N. benthamiana protoplasts

Localization of putative (A) MYB9, (B) MYB4-like, (C) MYC2 and (D) PDF2 tagged to GFP
reporter under the control 35S CaMV promoter, respectively. All protoplasts expressing
putative TFs were visualized between 480-550 nm using laser scanning microscope (LSM).
To elucidate putative TFs intracellular localization, GFP reporter was fused to the N-
terminus of putative transcription factor coding sequence, driven under the guidance of 35S
CaMV promoter. For transient expression, 4 to 5-week-old, developed leaves were

considered for Agro-infiltration. The first attempts of Agro-infiltration through leaves led to
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unclear localization. For clarity and specificity, mesophyll protoplasts from young N.
benthamiana leaves with the same age was used. All selected putative transcription factors
were localized at the nucleus as predicted (Fig. 23). Interestingly, putative TFs such as
MYB4-like, MYC2 and PDF2 were also found to be strongly localized at the cytoplasm (Fig.
23B-D).

3.7.2 Protein detection on the western blot from transiently transformed
protoplasts

To confirm the respective sizes of putative proteins, aliquots of transformed protoplasts
from transient expression assay were further used to detect proteins on the SDS-PAGE
(Fig. 25). The sizes of putative proteins were detected with the help of anti-GFP antibody
(Fig. 25). For reproducibility, two lanes or aliquots from each putative candidate were
considered. As a positive control, GFP localized to plastids in tobacco (FNR: GFP) was
compared between the putative candidate proteins (Fig. 25), which confirms the selected

protein of interest.

MYB9 MYC2 MYB4-like PDF2 FNR:GFP kDa
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Figure 25: Protein detection on the western blot

Sizes of putative candidate proteins: MYB9 (59.67 kDa), MYB4-like (76.31 kDa), MYC2
(56.5 kDa) and PDF2 (102.1 kDa) respectively. As a positive control, a tobacco protein
localized to plastids with a size of 27 kDa was used. Proteins were detected using anti GFP
antibodies. PreStained Page ruler ladder was used to confirm the size of the protein.
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3.8 Elucidation of loss-of-function of putative transcription factors
through TILLING approach

Establishment of MicroTom TILLING platform has facilitated the analysis of tomato genes
(Okabe et al., 2011). To elucidate the loss-of-function of selected putative transcription
factors, TILLING mutant lines for putative MYB4-like (Solyc06g083900.2.1) and MYC2
(Solyc01g096370.2.1) were generated through EMS mutagenesis (Okabe et al., 2011)
from Dr. Yoshihiro Okabe at the University of Tsukuba, JAPAN. The screening resulted in
8448 lines harboring mutations for each candidate. Around 3-4 random mutations were
induced through mutagenesis for each selected candidate. Two out of three lines had
mutations in putative MYB4-like, showed a base exchange at the genome positions 379 bp
(W3551) and 645 bp (W2998), respectively (Table 19). For putative MYC2, two out of four
mutations, line W2529 and W2267, resulted in silent mutation without any amino acid
substitution (Table 20). Remaining two mutant lines from putative MYC2 had a base
exchange at the genome positions, 649 bp (line W6269) and 458 bp (line 7811),
respectively.

3.8.1 MYB4-like TILLING line

Table 19: List of TILLING lines for putative MYB4-like

Line Mutation position (genome) | Mutaion position (Protein)
W3551 G379A V84l

W3419 Gbh16T intron

W2998 C645T S119F

Since DNA-binding domain is important for a gene to function without interruption, out of
three random mutations in the MYB4-like protein, line 3551 had a mutation within the DNA-
binding domain (Fig. 26B). The mutation caused an exchange of amino acid from valine (V)
to isoleucine (1) at the 84™ position of MYBA4-like protein. Another random mutation, in the
line 2998, was induced few base pairs downstream of MYB4-like DNA-binding domain. The
mutation had an amino acid exchange from serine (S) to phenylalanine (F) at the 119"
position of MYBA4-like protein (Fig. 26B).
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A — —

MGRSPCCEKLGLKRGPWSKEEDYLLINY IKKNGHPNWRALPKLAGLLRCGKSCRLRWTNY
LRPDIKRGNFTHQEEDTIIKLHOMLGNSWSAIAARLPGRTDNEIKNIWHTRLKKKRNESQ
LKETQSEPENTNVDVHLEEANNSNDKHSEISNLKINIETIQQQPSPSSSVSSSSEDSCSNT
TATSSESRNQIMSDNLLEIDDDIWSEVVWAQVDDNYVDLSLMEDNYHINSSEFDDNWEWDD

LFTRSNELMLELPEL
B
— HTH domain HTH domain
Valine (V) > I . I Serine (S) >
Isoleucine (1) Line-3551 Line-2998 Phenylalanine (F)
V84l S119F

Figure 26: Putative MYBA4-like protein sequence with mutation positions

(A) Putative MYBA4-like sequence indicating the domain for DNA-binding activity highlighted
in red. Mutation positions on the protein sequence are marked in green. (B) Outline
depicting mutation positions and exchange of amino acids for the TILLING lines 3551 and
2998, respectively.

MYB4-like closely related homologs in different plant model species were identified using
PLANT ENSEMBL database (version 2.0). Further, MYB4-like protein sequence was
aligned with other closely related MYB protein homologs such as, Glycine max (GmMYB4-
like), Populus trichocarpa (PoptriMYB190), Theobroma cacoa (TcMYB13), Arabidopsis
thaliana (AtMYB13) and Solanum tuberosum (StMYB15), using Clustal-Omega tool
(version 1.2.1) (Fig. 27). Mutation position, valine (V), within the DNA-binding domain, was
highly conserved between tomato and potato, showing high similarity (91%) to StMYB15
protein and less similar (49%) to AtMYB13 protein (Fig. 27). The degree of similarity was
low between tomato and other plant (soybean, cotton and cacao) MYB protein homologs.
For the second mutation position, serine (S), outside the DNA-binding domain of MYB4-
like, is highly conserved between Arabidopsis and potato MYB homologs (Fig. 27). A
similar highly conserved asparagine (N) was found among soybean, Populus and cacao

MYB homologs, but they were less similar with tomato MYB4-like protein (Fig. 27).
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GmMYB4-1like MGRAPCCEKMGLKRGPWTPEEDQILINYINTYGHANWRALPKLAGLLRCGKSCRLRWINY 60
PoptrMYB190 MVRAPCCEKMGLKKGPWTAEEDQILINYIQLHGHGNWRALPKQAGLLRCGKSCRLRWINY 60
TcMYB13 MVRAPCCEKMGLKKGPWTPEEDQILINYIKLYGHGNWRALPKQAGLLRCGKSCRLRWTNY 60
AtMYB13 MGRRPCCEKIGLKKGPWSAEEDRILINYISLHGHPNWRALPKLAGLLRCGKSCRLRWINY 60
S1MYB4-like MGRSPCCEKLGLKRGPWSKEEDYLLINYIKKNGHPNWRALPKLAGLLRCGKSCRLRWTNY 60
StMYB15 MGRSPCCEKLGLKRGPWSKEEDDLLINY IKKNGHPNWRALPKLAGLLRCGKSCRLRWTNY 60
* % *****:***:***: * Kk Kk :*****‘ KK AKAKAKAAAKX AAAAAAAAAXAAKAKAK kK
GmMYB4-like LRPDIKRGNFTREEEDTIISLHEMLGNRWSAIAARLSGRTDNEIKNVWHTHLKKRLPONY 120
PoptrMYB190 LRPDIKRGNFSREEEDTIIKLHEMLGNRWSAIAARLPGRTDNEIKNVWHTHLKKRLEKNH 120
TcMYB13 LRPDIKRGNFTREEEDTIINLHEMLGNRWSAIAARLPGRTDNEIKNVWHTHLKKRLKQNH 120
AtMYB13 LRPDIKRGNFTPHEEDTIISLHQLLGNRWSAIAAKLPGRTDNEIKNVWHTHLKKRLHHSOQ 120
S1MYB4-like LRPDIKRGNFTHQEEDTIIKLHQVLGNSWSAIAARLPGRTDNEIKNIWHTRLKKKRNESQ 120
StMYB15 LRPDIKRGNFTHQEEDTIIKLHQVLGNSWSAIAARLPGRTDNEIKNIWHTRLKKKMNESQ 120
**********: .******.**::*** ******:* *********:***:***:

Figure 27: Multiple sequence alignment of putative MYB4-like and its homologs

Closely related protein homologs of putative MYB4-like compared during multiple sequence
alignment. DNA-binding domains are marked in red. The mutation positions among closely
related species in the mutant line 3551 and 2998 are highlighted in yellow and green,
respectively. Asterisks and dots represent conserved domains and degree of similarity
during sequence analysis.

3.8.2 MYC2 TILLING line

For the putative MYC2, two out of four TILLING lines had point mutations several base
pairs or amino acids before bHLH DNA-binding domain. The mutant line 7811 had an
amino acid exchange from tryptophan to a stop codon (Fig. 28B) at the 153 position of
MYC2 protein. This is claimed to be important since a stop codon before DNA-binding
activity can lead to protein dis-function. The second mutant line, W6269 had an amino acid
exchange from proline to serine at the 215" position of MYC2 protein (Fig. 28B).

Table 20: List of TILLING lines for putative MYC2

Line Mutation position (genome) | Mutaion position (Protein)
W2529 G267A Q89= (= means no a.a change)
W6269 C649T P215S

W2267 G876A R292= (= means no a.a change)
7811 G458A W153stop codon
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MEQLAVSSSPMAVAPPPVDVNQVPLGLOOMLOYVVKSQPEWWAYATFWQTSNDDEGKNEL
AWGDGYFQGDGVVINNKGGGGSSSSLKSQAQSERKKVIKGIQALMDGNGDTDLVDDGDVT
DTEWFYVMSLARSEFSAGDGSVTGKAFGSDDFLWITGPDOQFQLHYSCERAKEAQIHGIQTL
VSIPTSNGVFELGSTQLIKQONLSLVQQVKSLFLCCRBPIQFLEKTISFADIGLVTGLQQDD
NDYKLRENSRKPHPVVAKKRGRKPKGGEEDAHMAALNHVEAERORREKLNHREYALRSVV
PNVSRMDKASLLSDAVSY INOLKAKVDELELQLIDHTKKPKIVTESSSADNQSATTSSDD
QVIKAANPTAAPEVEVKIVGTDAMIRVQSENVDYPSAKLMIALONLOMQVHHASISSVNH
LVLHDVVVRVPQGLSTEDELRTALLTSYDL

B
bHLH domain —
Tryptophan I I
(W) >Stop >Line-7811 . Proline (P)
codon Line-6269 < > serine (S)
W153Stop P215S

Figure 28: Putative MYC2 protein sequence with mutation positions

(A) Putative MYC2 DNA-binding domain highlighted in red and corresponding mutation
positions are marked in green (W153 and P215). (B) Outline corresponding to (A) depicting
mutation positions and exchange of amino acids for the TILLING lines 7811 and 6269,
respectively.

The putative protein, MYC2, was aligned with closely related protein homologs of other
model plant species using Clustal-Omega tool (Fig. 29). Interestingly, tryptophan (W153),
highlighted in yellow, was found to be highly conserved among the closest MYC2 homologs
in other plant species. Another mutation, proline (P215), highlighted in green, was found to
be conserved between tomato, potato and soybean but not with Arabidopsis, cotton and
cacao MYC2 homologs, respectively (Fig. 29). However, both Populus and cacao share

conserved amino acid (Fig. 29).
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Figure 29: Multiple sequence alignment of putative MYC2 and its homologs

Closely related putative MYC2 homologs aligned using Clustal-Omega tool (version 1.2.1).
The DNA-binding domain is highlighted in red color. The mutation site among closely
related species for the mutant line 7811 and 6269, is highlighted in yellow and green. The
asterisks and dots represent conserved domains and the degree of similarity during the
sequence analysis.
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3.8.3 Phenotypic characterization of TILLING mutant lines

For characterization, a PCR-based simple technique called dCAPS (Neff et al., 1998) was
employed. Primers for dCAPS were designed using dCAPS finder version 2.0 web tool
(Neff et al., 2002). The dCAPS PCR assay and subsequent restriction digestion confirmed
homozygous, heterozygous and wildtype genotypes for MYB4-like. Transcript levels of
MYB4-like were investigated among the homozygous lines: Myb4-like 2998, Myb4-
like_3551 and the WT (Fig. 30A). Transcript accumulation of MYB4-like in homozygous
WT, Myb4-like_2998 and Myb4-like_3551 was almost equal due to high standard
deviations without showing any significant changes (Fig. 30A)
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Figure 30: Characterization of MYB4-like and MYC2 TILLING lines

(A) MYB4-like Transcript levels in the homozygous Myb4-like and WT mutant lines. (B)
Quantification of type VI glandular trichomes in Myb4-like mutant lines (Myb4-like_2998
and Myb4-like_3551) compared to WT. (C) Quantification of type VI glandular trichomes in
the myc2_7811 M2 mutant line compared to WT. Number of biological replicates for
quantifying MYB4-like transcript levels and glandular trichomes, n=10 and for
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myc2_7811 M2, n=3. Error bars represent meanSD, test of significance for Myb4-like was
determined by ANOVA with Newmann-Keul’'s multiple comparison post hoc test and T- test
for myc2 line.

Type VI glandular trichomes were quantified to verify the effect of point mutations in the
homozygous mutant lines of putative MYB4-like and MYC2 candidates. Ten biological
replicates were considered for the quantification of type VI glandular trichome numbers in
the Myb4-like and WT lines. WT, as a reference was recorded with an average of 356 type
VI glandular trichomes (Fig. 30B). The mutant line, Myb4-like_2998 yielded an average of
429 type VI glandular trichomes compared to the WT without any significant changes (Fig.
30B). Interestingly, with an average of 198 type VI glandular trichomes, Myb4-like_ 3551
showed significant reduction in glandular trichomes compared to WT, as well as with Myb4-
like_2998 mutant line (Fig. 30B). Concerning putative MYC2 TILLING line, initial screening
with M1 population resulted in no homozygous plants to MYC2. Screening of M2 population
yielded three individual homozygous plants, which were considered to quantify glandular
trichome numbers. Quantification data recorded an average of 600 type VI glandular
trichomes in the WT as a reference. Strikingly, myc2_ 7811 M2, representing a stop codon,
showed a significant reduction in type VI glandular trichomes compared to the WT,

recording an average of 400 type VI glandular trichomes per leaf (Fig. 30C).
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3.9 Cloning and characterization of Arabidopsis thaliana Meristem

Layer 1 (ATML1) promoter

Trichome formation takes place at the plant epidermal surface. Noting this, it was essential

to clone and examine the activity of Arabidopsis thaliana Meristem L1 layer (ATML1)

promoter among the putative candidates in tomato (Fig. 31). The ATML1 is a homeo-box

gene, which shares its close sequence homology with Arabidopsis homeo-box gene and a
key trichome regulator, AtGL2, (Rerie et al., 1994). The characterization of ATML1

promoter regulatory elements by Sessions et al., (1999) paved a way to clone the entire

promoter region for further functional studies.
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Figure 31: Cloning the promoter ATML1 using golden gate strategy

(A) A 3908 bp promoter initially cloned to a destination vector using Gateway cloning
mechanism, (B) was modified to clone using golden gate cloning strategy. Black arrows
represent primer sequences necessary for the amplification of promoter fragments.

Modification of bases at the enzyme recognition sites by Bsal and Bpil are shown.

80



RESULTS

The pATML1::GFP:GUS construct, cloned in the GATEWAY destination vector (Fig. 31A),
was kindly provided by Prof. Dr. Thomas Schmilling lab, Freie University, Berlin. Initially,
the Agro construct harboring pATML1::GFP:GUS was used for transient GUS expression in
N. benthamiana leaves (Fig. 32A, B). Further, the same construct was used to determine
the GUS activity in transgenic WT tomato plants (Fig. 32C, D). The transient GUS
expression was found to be lower in the epidermal surface of N. benthamiana leaves
compared to transgenic tomato leaves (Fig 32B, D). A strong activity of promoter ATML1 in
transgenic tomato leaves was promising to fuse them with the selected transcription factors
of interest. Therefore, the entire ATML1 promoter sequence was re-cloned using golden
gate cloning modules. In the golden gate cloning strategy, the huge promoter sequence
(3908 bp) was fragmented into 4 parts and ligated to final vector after sequencing (Fig.
31B).

GUS assay on N. benthamiana leaves

Control pATML1::GFP:GUS

Figure 32: pATML1-GUS activity in tobacco and tomato leaves

(A, B) Promoter ATML1 induced GUS activity in transiently transformed N. benthamiana
leaves and transgenic tomato leaves (C and D). Scale bars represent 50 um (A, B and D)
and 65 um for C, respectively.
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3.9.1 Elucidation of ATML1 promoter activity in tomato

ATML1 plays a significant role during different stages of shoot meristem development,
apex and floral meristems (Lu et al., 1996). To elucidate ATML1 promoter activity, GUS
assay was performed with 4-week-old mature and young developing leaves of WT
transgenic tomato lines (Fig. 33). The majority of the GUS activity was detected across the
basal region and a minor detection at the apex region of developing leaves (Fig. 33A, C).
Subsequently, both mature and young leaves were subjected to embedding through PEG.
Interestingly, transverse sections of mature and young leaves showed GUS activity
towards lower epidermis, palisade mesophyll cells and trichome stalk cells (Fig. 33B, D).

The signal strength differs according to GUS activity on the leaf samples.

Figure 33: pATML1-GUS activity in the developing leaves of transgenic tomato plants

(A) Four weeks-old mature tomato leaves and (B) subsequent cross-section through PEG
embedding. (C) Young tomato leaf and (D) subsequent cross-section through PEG
embedding. Cross-sections of PEG embedded tomato leaves were 9 um thickness. Black
arrows indicate pATML1::GUS expression across lower epidermis, palisade mesophyll cells
and trichome stalk cells. Scale bars represent (A) 50 um, (B and D) 10 um and (C) 20 pm,
respectively.
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3.10 Overexpression of putative transcription factors in tomato

According to the hypothesis of current thesis, putative transcription factors, MYB9, MYB4-
like, MYC2 and PDF2 were selected for functional characterization by generating stable
transgenic tomato lines. Since homozygous jail are known to be female sterile and are

impaired in seed production for future generations (Li et al., 2004), stable tomato

transformants were generated in the heterozygous jail background.

A: Young cotyledons
B: Callus generation
C: Growth of callus into young meristems
D: Shoot generation; E: Root generation
F: Mature plant with developed shoot and
roots

G: Transformants on lecathon

H: Transformants on soil

I & J: F1 generation plants

Figure 34: Generation of tomato transformants

(A) Eight-day-old tomato cotyledons pre-conditioned on KCMS media. (B) Formation of
young callus from cotyledons on zeatin-riboside (2-Z) media. (C) Callus growth and
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proliferation to form young meristems. (D) Shoot induction on shoot generation media. (E)
Root induction on root generation media. (F) Transformants with developed shoots and
roots. (G) Primary transformants transferred to lecathon for acclimatizing phytochamber
conditions. (H) Primary transformants transferred to soil. (I and J) Successful transgenic
lines in the F1 generation.

Eight-day-old tomato seedlings with young cotyledons were pre-conditioned on the KCMS
media before transforming agro-constructs harboring putative candidates (Fig. 34A). Media
necessary for growth and proliferation of the callus was maintained with descending
concentration of zeatin-riboside and subsequent exchange of media with antibiotics:
kanamycin for plants and B-bactyl for avoiding agro-contamination (Fig. 34B-C). Each
callus formed with several shoots was separated and numbered prior to being transferred
into shoot generation media (+GA) (Fig. 34D). Individual transformants were then
transferred to root generation media (+IAA) (Fig. 34E) until the transformants were fully
developed (Fig. 34F). To acclimatize from the plant growth cabinets to phytochamber,
primary transformants were transferred initially onto expanded clay pots (Fig. 34G) and
then to soil (Fig. 34H). Presence of transgene and the plant genotype was confirmed
through genotyping PCR, in primary transformants (Fig. 34H) and in F1 segregated lines
(Fig. 341-J).

3.10.1 Localization studies for primary transformants under constitutive and
ATML1 promoter

Developing transgenic tomato lines and assessing the functionality of putative candidates
in planta was an estimated objective for functional characterization. In order to achieve this
goal, transgenic tomato lines harboring putative candidates were overexpressed under the
control of constitutive (35S) and tissue specific pATML1 promoters. During plant
acclimatization period in the phytochamber, tomato leaf disc's of 35S::GFP:MYB9 (Fig.
35A) and 35S::GFP:PDF2 (Fig. 35B) primary transformants were examined under a laser
scanning microscope (LSM) at a wavelength between 480-550 nm, respectively. The
primary transformants harboring 35S::GFP:MYB9 and 35S::GFP:PDF2, showed their
localization at the nucleus of mesophyll cells (Fig. 35A-B). Similarly, primary transformants
of MYB9, MYC2 and MYB4-like, overexpressed under the control of tissue-specific
promoter pATML1, were also found to be localized at the nucleus of mesophyll cells (Fig.
35C-D).
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35S::GFP:MYB9 35S::GFP:PDF2  pATML1::GFP:MYB9 pATML1::GFP:MYC2
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Figure 35: Localization of putative candidates in the primary transformants

Overexpression of putative transcription factors under the control of 35S and ATML1
promoters in the heterozygous Jail background. (A) Subcellular localization of putative
MYB9 and (B) PDF2 under the control of 35S promoter. (C) MYB9 and (D) MYC2 under the
control of ATML1 promoter. White arrows indicate localization of putative candidates. Scale
bars represent 50 um.

3.10.2 Quantification of GFP levels in primary transformants (To)

To assess GFP reporter gene expression analysis, relative expression of GFP reporter
gene from individual primary transformants 35S::GFP:MYB9 and 35S::GFP:PDF2 showed
little or no expression (Fig. 36A-B). However it was found that, only line 8 from
35S::GFP:MYB9 (Fig. 35A) and line 4 from 35S::GFP:PDF2 (Fig. 36B) showed higher
expression levels. Variations in transcript accumulation of GFP reporter gene were
observed among individual transgenic lines of MYB9, MYC2 and MYB4-like under the
control of ATML1 promoter (Fig. 36 C, D and E). As a control, empty vector without GFP-
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tag was used for comparison between primary transformants. The individual lines with

highest expression levels of GFP were considered for characterizing in the F1 generation.
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Figure 36: Relative transcript accumulation of GFP in primary transformants (Tg)

Relative expression of GFP reporter gene in primary transformants. (A) 35S::GFP:MYB9,
(B) 35S:GFP:PDF2, (C) pATML1::GFP:MYC2, (D) pATML1:GFP:MYB9 and (E)
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pPpATML1::GFP:MYB4-like, respectively. Numbers on the X-axis represent individual
transformants in the respective transformation event. EV represents empty vector.

3.10.3 Localization of putative candidates in the F1 segregation lines

According to the hypothesis, it was important to know the functionality of overexpression
lines in the homozygous jail and WT background. Therefore, Individual transgenic lines
from primary transformants batch with highest expression levels of GFP were selected to

validate and characterize subsequent lines in the F1 generation.

35S::GFP:PDF2_1 35S.:GFP:PDF2_2 35S::GFP:PDF2_4 PATML1::GFP:MYB9
B C
v %

Figure 37: Localization of putative candidates in the F1 generation

Autofluorescence

Overlay

(A, B and C) Transgenic lines 35S::PDF2_1/2/4 in the WT background and (D)
pATML1::MYB9 in the jail mutant background showing their localization. White arrows
indicate GFP signals of putative transgenic candidates (A-D), scale bar represents 20 pm.
Data was reproduced with three biological replicates.

Transcription factors corresponding to MYB and HD-Zip families are known to be involved
in the formation of multicellular trichomes in other model plant species. Due to lack of time,

seed setting in some individual lines (Fig. 36) and a varying number of individual lines
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across primary transformants, putative MYB9 and PDF2 were selected for functional
characterization. Three- lines from 35S::PDF2_F1 (Fig. 36B) and one-line from
pPATML1::MYB9 F1 transformation event were considered (Fig. 36D). Young developing
leaves from three-week-old F1 transgenic plants were used for localization studies (Fig.
37). All three individual lines from 35S::PDF2_1/2/4 (Fig. 37A-C) and one individual line

from pATML1:GFP:MYB9 (Fig. 37D), were found to be localized at the nucleus of
mesophyll cells (Fig. 37A-D).

3.10.4 Quantification of putative candidate gene expression

To assess expression levels of individual F1 transgenic lines, GFP reporter gene
expression from individual selected lines of 35S::PDF2_1/2/4 and pATML::MYB9_F1 was
quantified. To remind again, according to the hypothesis in overexpression lines,
expression of 35S::PDF2_1/2/4 was vital if over-expression in WT could rescue and
increase type VI glandular trichomes and vice versa with respect to pATML1::MYB9 in jail
background.

>
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Figure 38: Relative expression of GFP in F1 transgenic lines

(A) 35S::GFP:PDF2_1/2/4 and (B) pATML1::GFP:MYB9 showing their relative transcript
accumulation of GFP in the F1 generation. Non-transformed WT and jail were used as
control for F1 transgenic lines. X-axis represents individual F1 transgenic lines. Test of
significance was determined by ANOVA with post hoc test (Newmann-Keul’s). Error bars
represent meanzSD, n=7 for 35S::GFP:PDF2_1/2/4 (A) and n=3 for pATML1::GFP:MYB9
(B), respectively.
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Young developing leaves for RNA extraction (Section. 2.9.3) from seven-biological
replicates for each individual lines of 35S::PDF2_1/2/4 F1 (37A) and three-biological
replicates from pATML::MYB9_F1 (37B), were considered. For cDNA synthesis, protocol
and synthesis kit from ProtoScript Il (NEB Inc.) was adopted where RNA concentration was
scaled down to 300 ng/uL instead of 500 ng/uL (Section 2.9.4). From the inference of real
time analysis, transcript accumulation of GFP reporter remained nearly equal among 3
individual lines of 35S::PDF2_1/2/4 (Fig. 37A). The transcript levels of GFP reporter in
putative pATML1::MYB9 showed low expression levels. However, a huge standard
deviation exists among 35S::PDF2_1/2/4 and pATML1:MYB9 transgenic individuals.
Nevertheless, as a control, WT and jail mutant showed no GFP expression. This
conclusion also confers the level of significance between transformed and non-transformed

lines.

Putative MYB4-like transcription factor was over-expressed under the control of constitutive
35S promoter initially in the homozygous jail background. To rescue the primary
transformants, they were crossed with WT for retrieving the seeds and to characterize of

segregation events of 35S::MYB4-like:Flag overexpression lines.
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Figure 39: Relative expression of MYB4-like in F1 and F2 overexpression lines

(A) F1 and (B) F2 transgenic lines over-expressing 35S::MYB4-like::Flag. Numbers on the
X-axis represent individual transgenic lines in F1 and F2 generations, respectively.
Significant expression from line 6 and line 10 F1 segregation events (A) were further
considered for characterization in F2 generation (B). Error bars represent mean+SD, n=3,
significance test was determined by ANOVA with post hoc test (Newmann-Keul’s). ** and
*** indicates p<0.01 and p<0.001, respectively.
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Since, primary transformants of MYBA4-like was in the homozygous jail background, further
crossing with WT yielded only transgenic heterozygous lines (Jail) across F1 generation
(Fig. 39A). The quantity of seeds was less in the F1 generation. This led analyze nearly 10-
11 individual plants for MYB4-like expression (Fig. 39A). Among 10 individual lines, line 6
and linel0 accumulated significant levels of MYB4-like transcripts (Fig. 39A), therefore,
respective lines were considered for further characterization in the F2 generation. Although
seed production in line 6 and line 10 from F1 segregation was too low, six plants for line 6
and two plants for line 10 were selected for validation. Prior to validation on the real-time
PCR, genotyping for jail homozygosity and transgene PCR confirmed that individual lines
from line 6 and line 10 were in the heterozygous jail background. The relative expression
of MYB4-like in sub-individual lines of 6 2 and 6_4 showed significant transcript
accumulation (Fig. 39B). By contrast, line 6_1, 6 5 and 10_1 showed nearly basal or no
transcript accumulation (Fig. 39B). Functional characterization of MYB4-like over
expression lines indicate that further characterization of homozygous lines in the F3
generation is necessary to address the overexpression status of putative MYB4-like.

3.10.5 Quantification of type VI glandular trichomes

A primary objective of this thesis is to quantify and compare the modifications in type VI
glandular trichome numbers transgenic overexpression lines against control lines (Fig 40).
Third true leaves, harvested from seven biological replicates of 35S::PDF2_1/2/4 F1 lines
(Fig. 40A) and three biological replicates from pATML1::MYB9 F1 lines (Fig. 40B) were
considered to quantify type VI glandular trichomes against control WT and jail lines. Type
VI glandular trichomes among three individual F1 lines of 35S::GFP:PDF2 was recorded
with an average of 150-200 glandular heads. Although, there was minor variations in type
VI glandular trichome numbers, there was no significant difference in trichome numbers
between 35S::GFP:PDF2_1/2/4 individual lines compared to WT control (Fig. 40A). The
second candidate transgenic line, pATML1::GFP:MYB9 in the F1 generation was assessed
in the jail background. Type VI glandular trichome numbers were almost equal number
compared to control jail leaves (Fig. 40B), showing an average of 160 type VI glandular
heads. Subsequently, type VI glandular trichome numbers were assessed between control
WT and jail lines. Interestingly, a significant difference in type VI glandular trichome
numbers was observed between control WT and jail genotypes, with nearly 75% increase
in the WT compared to jail (Fig. 40 A), hence drawing the correlation with the previous

research work (Li et al., 2004).
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Figure 40: Quantification of type VI glandular trichomes in F1 transgenic lines

Type VI glandular trichomes on (A) 35S::GFP:PDF2 and (B) pATML1::GFP:MYB9 F1
transgenic lines. Third true leaves with n=7 for 35S:.:GFP:PDF2 and n=3 for
pATML1::GFP:MYB9 F1 lines, respectively. Non-transformed WT and jail were used as
control in comparison to F1 lines. Test of significance was determined by ANOVA with post
hoc test (Newmann-Keul’s). Error bars represent mean+SD.

3.10.6 Qualitative analysis of terpene levels on F1 transgenic lines

To determine the secondary metabolites like monoterpenes and sesquiterpenes, young
leaves from the individual biological replicates of 35S::GFP:PDF2 and pATML1::MYB9 F1
lines, control WT and jail lines, were subjected to hexane extraction to analyze terpene
levels on gas chromatography-mass spectrometry (GC-MS) platform. Comparisons were
made according to the hypothesis: WT control was compared with 35S::GFP:PDF2_1/2/4
F1 lines and jail control was compared with pATM1L::GFP:MYB9 F1 lines. Monoterpenes
like a- pinene and 3, 4- Carene, with the molecular weight 136.12 was measured at the
retention time (RT) 5.42 (Fig. 41A). Class | sesquiterpenes like B- caryophyllene and a-
humelene, with the molecular weight 204.18 was measured at the retention time (RT)
15.22 (Fig. 41B). Content of monoterpenes (a- pinene and 3, 4- Carene) between WT and
35S::GFP:PDF2_1 and 35S::GFP:PDF2_2 were not significant due to huge error bars,
whereas significant levels between WT and 35S::GFP:PDF2_4 were observed (Fig. 41A).
In order to analyze monoterpenes levels between control jail and overexpression line,
PATM1L::GFP:MYB9 in jail background were found to be non-significant either.

Sesquiterpenes, on the other hand, were found to have almost equal levels across WT and
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35S::GFP:PDF2 F1 lines without any significant changes, which also holds true for jail and
PATML1::MYB9 lines, respectively (Fig. 41A-B).
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Figure 41: Measurement of terpenes from the leaf extracts of F1 transgenic lines

(A) Analyses of peak area of monoterpenes (a — pinene, 3, 4 —Carene, MW — 136.12, R.T
— 5.42) and (B) sesquiterpenes (B- caryophyllene and a-humelene, M\W — 204.18, R.T -
R.T — 15.22) from hexane leaf extracts of F1 transgenic lines. Biological replicates, n=3 for
WT, jail and pATML::GFP:MYB9 F1 lines and n=7 for 35S::GFP:PDF F1 lines. Test of
significance was determined by T-test. Metabolite comparisons were made between WT
and 35S::GFP:PDF2_1/2/4 F1 lines and jail and pATML::GFP:MYB9 F1 lines. Error bars
represent mean+SD.
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4 DISCUSSION

This thesis addresses novel regulatory players involved in the formation of tomato
glandular trichomes, potentially induced by JA. External application of jasmonates (JA and
MeJA) are known to induce trichome numbers in Arabidopsis and tomato (Traw and
Bergelson, 2003; Boughton et al., 2005). Thorough molecular characterization of jail
mutant in tomato showed a significant reduction in type VI glandular trichomes compared to
WT (Li et al., 2004). However, potential regulators of type VI glandular trichomes in tomato,
influenced primarily by JA were still an unanswered question. Serna and Martin predict that
development of multicellular trichomes are operated under unique regulatory mechanisms
unlike unicellular trichomes (2006), although there is a plausibility that common regulators
exists between uni- and multicellular trichome initiation processes (Maes et al., 2011). To
fill this gap, current thesis focuses on the identification and characterization of fundamental
molecular regulators of type VI glandular trichomes in tomato. To achieve this primary
objective, an approach with the current state-of-the-art transcriptome sequencing and its
analysis concerning gene ontology and differentially expressed genes was performed.
Subsequently, putative candidate transcription factors, preferentially regulated by JA,

indicate possible outcomes based on the trichome quantification data.

4.1 Importance of prerequisite experimental approach

Mechanical wounding and insect-herbivory are known to trigger JA dependent responses in
plants (Bostock, 1999; Reymond et al., 2000). In this view, trichome numbers and densities
were reported to be significantly higher in mechanically wounded Arabidopsis accessions
compared to equivalent leaves of control plants (Traw and Bergelson, 2003). Our
experimental approach in the preliminary phase led to quantify type VI glandular trichomes
on the WT and jail leaves of cultivated tomato (MT) using both approaches: mechanical
wounding and exogenous JA treatment. In the first approach, mechanical wounded plants
showed a striking increase in type VI glandular trichome numbers, nearly a 10-fold increase
in wounded WT leaves compared to control leaves (Fig. 9). Further, type VI glandular
trichome numbers between wounded and control leaves of jail mutant were found to be
unchanged. This lies in agreement with Arabidopsis JA-deficient mutants like aos and coil,
where both JA deficient mutants failed to increase trichome numbers after wounding (Park

et al., 2002; Yoshida et al., 2009). The correlation between Arabidopsis and tomato JA-
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deficient mutants indicates that JA might play an important role in the formation of
trichomes. In the second approach, young tomato plants with four true leaves were treated
with JA instead of MeJA due to its high volatility and chances of contaminating other batch
experiments. JA-treated leaves showed a striking difference in type VI glandular trichome
numbers between older and younger leaves (Fig. 10). Newly developed leaves, such as
third and fourth true leaves showed nearly a 10-fold increase in type VI glandular trichomes
compared to first and second true leaves (Fig. 10). The quantification of JA-treated type VI
glandular trichomes holds true with previous work, where newly developed leaves upon
MeJA treatment yielded a 9-fold increase in type VI glandular trichome numbers compared
to control plants (Boughton et al., 2005; Maes et al., 2008; 2011). Furthermore, type VI
glandular trichomes on the third true leaves, observed under ESEM interestingly showed
different developmental phases from initiation till maturation. Collectively, we hypothesized
that JA functions as hormonal signal to induce type VI glandular trichome formation on
young tomato leaves. The analyses of underlying molecular mechanisms may substantially
contribute to identify key regulators involved in the formation of glandular trichomes. With
this perspective, third true leaves were selected as right physiological material for

transcriptome analysis and further downstream applications.

4.2 Tomato homologs of key Arabidopsis trichome regulators behave
explicitly different

Both Arabidopsis and tomato comprise different types of trichomes: unicellular and
multicellular, respectively. Previous studies reported that either MeJA or JA induce the
expression of AtGL3 or AtEGL3, positive regulators of MBW trimeric complex in
Arabidopsis (Maes et al., 2008; Yoshida et al., 2009). Although trichome morphological
features and types are distinct in Arabidopsis and tomato, there is a likelihood of common
molecular regulators involved in unicellular and multicellular trichome initiation processes
(Maes et al., 2011). According to phylogenetic analyses, key trichome regulatory gene
homologs are considerably related between Arabidopsis and tomato (Tominaga-Wada et
al., 2013). For instance, SIGL3 shares 45% amino acid sequence with AtGL3 and 46% with
that of AtEGL3 (Tominaga-Wada et al., 2013). The bHLH motif of SIGL3 shares 46% and
50% amino acid identity with AtGL3 and AtEGLS3, respectively (Tominaga-Wada et al.,
2013). Furthermore, both SIGL3 and SITRY were known to be expressed in the aerial
regions of tomato plant (Tominaga-Wada et al., 2013) but their transcript levels was not

specifically detected in young leaves. Based on gPCR validation analysis, transcript levels
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of SIMYB23, SIGL2, SIGL3 and SITTG1 were detected at the basal level with variations in
transcript accumulation pattern across treatment conditions (Fig. 13). The variation and the
accumulation of low number of transcripts was compared with JA reference genes (Fig.
12). Similar validation was performed for the tomato homologs of Arabidopsis trichome
regulators detected by RNA-seq data of S. habrochaites young leaves vs glandular
trichomes (S. Bennewitz, personal communication). The tomato homologs of Arabidopsis
trichome regulators showed extremely low transcript levels with equivalent transcript
patterns across treatment conditions (Fig. 14). This indicates that tomato homologs,
identified from two different sources (BLAST and RNA-seq data), follows similar transcript
accumulation trend which means no potential role in young tomato leaves. Although a
close sequence similarity exists between Arabidopsis and tomato trichome inducing gene
homologs, SIGL3 and SITRY were found to have higher transcript levels in older leaves
(Tominaga-Wada et al., 2013) compared to young tomato leaves. Therefore, it is
speculated that there might be different homologs responsible for the formation of glandular
trichomes in tomato leaves at different developmental stages. In future, tomato homologs
of Arabidopsis trichome regulators can be considered for complementation experiments in
Arabidopsis trichome inducing mutant background. In addition to this, exogenous treatment
of JA could potentially uncover the role of trichome regulatory components induced by JA

in trichome formation.

4.3 Analysis of differentially expressed genes across sample
treatments

Identification of key regulatory factors of type VI glandular trichomes potentially regulated
by JA treatment in young tomato leaves was one of the prime goals of the current thesis. In
order to identify those putative regulatory factors, a high throughput, state-of-the-art
lllumina sequencing platform was employed. Initial analysis of the RNA-seq dataset was
normalized by TMM strategy (Robinson and Oshlack, 2010). This was essential to know if
there was any distant clustering of individual biological replicates across the treatment
conditions (Fig. 15). Distant clustering and variations across the biological treatment
samples are well represented on MDS plot (Fig. 15), which indicates biological variability
within the sample type. This could be affected due to the plant physiological and growth
parameters. However, there was no data concerning variance decomposition (Shi et al.,

2013) reported during the analysis.
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4.3.1 Early JA response-related genes on young tomato leaves

The transcriptome analysis led to identify differentially expressed genes across JA-treated
and non-treated leaf samples, which is clearly represented on smear plots (Fig. 16). This
result confers both up and down regulation of genes based on the log, fold cutoff values. In
the current dataset, shortly after exogenous JA treatment (JA 2h), 496 genes were
significantly upregulated compared to control jail (jail_CO). Most of the genes upregulated
were known to have diverse functions such as cell wall synthesis, secondary metabolism,
protein degradation, UDP glucosyl transferases reaction, hormone metabolism and
degradation of auxins, brassinosteroids and jasmonates. Further, based on the PAGEMAN
functional enrichment analyses, there were 39 gene elements exclusively identified as JA
dependent. These genes within the gene elements correspond to lipases, lipoxygenases,
12-OPDA reductases, methyltransferases and JAZ’s, which are known to be involved in
signal transduction, biosynthesis and degradation activity (Table 14). A similar set of JA-
dependent genes was found to be upregulated in the RNA-seq data generated from JA
treated tomato stem trichomes (Spyropoulou et al., 2014), supporting our RNA-seq data.
Further, the functional enrichment analyses indicated 45 gene elements that were
significantly upregulated in jail CO samples. Most of the genes within the gene elements
were categorized in protein degradation and ubiquitination process. Lastly, to confirm the
normalized expression levels of JA-dependent genes from RNA-seq data, initial validation
of JA reference genes (AOC, LAP A and PIN1) was performed on gPCR and the transcript
accumulation was found to be significantly elevated in JA-treated leaf samples compared to

control WT and jail, respectively (Fig. 20).

4.3.2 Selection of putative candidates involved in trichome development

Clustering of significantly expressed genes that are differentially regulated across treatment
conditions revealed set of genes and transcription factors that were primarily detected in
the pathways of hormone metabolism, secondary metabolism, cell wall and protein
synthesis (see Appendices, Table A10). The large number of putative genes upregulated
after JA treatment (JA_2h and JA_24h) indicates JA involvement in several biological
functions of plant development. JA has a potential role in altering glandular trichome
density, induction of defense compounds such as monoterpenes and sesquiterpenes
(Kang et al., 2010; Tian et al., 2012) and regulation of one of the key trichome formation
regulator GL3 in Arabidopsis (Yoshida et al., 2009). These activities influenced by JA were

mainly mediated by transcription factors. Based on this evidence, a detailed index of
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transcription factors was analyzed to select transcription factors significantly upregulated
shortly after JA treatment against down regulation in jail biological replicates. Based on the
expression scale between 2h_JA and jail_CO, clusters representing transcription factors
from MYBs, bHLHs, WD40, ethylene, WRKYs and HD-Zip families were hypothesized as
positive and negative regulators of JA, according to Meinhardt and Gierer (1974). Putative
TFs upregulated by JA, such as Myb4-like, Myb9, MYC2, an unknown bHLH TF, and the
TFs upregulated in jail mutant (jail_CO) like PROTODERMAL FACTOR 2 and to some
extent NAC D TFs, were shown to have similar trend in transcript accumulation between
RNA-seq data and qPCR validation (Fig. 20 and 21).

Recently, genome-wide classification of R2R3 MYB transcription factor superfamily in S.
lycopersicum led to identify putative MYB4-like and MYB9 TFs, assigned as MYB14 and
MYBG66, respectively (Li et al., 2016). Putative MYB4-like and MYB9 TFs upregulated after
JA_2h share nearly 40% sequence identity and represents conserved amino acids in R2R3
domain. These characteristics remain in concurrence with recently classified MYB14 and
MYB66 TFs, which show no gene duplication within the tomato genome and were strongly
upregulated after 2 hours MeJA treatment (Li et al.,, 2016), supporting the candidate
validation. Further, based on the phylogenetic analyses, putative candidates were found to
have high sequence homology with Arabidopsis TFs with known function. Putative MYB9
was found to have sequence homology with AtMYB3 (AT1G22640.1) (38.5%) and AtMYB4
(AT4G38620.1) (40.3%) DNA-binding domain. They are highly expressed in most of the
tissues, preferentially in young leaves responding to phytohormones like JA and indulging
in stress related activities (Kranz et al., 1998; Chen et al., 2006). Secondly, putative MYB4-
like shares close homology with two MYB protein homologs, AtIMYB13 (AT1G06180) (49%)
and AtMYB14 (AT2G31180.1) (67.4%). Though both MYB homologs are involved in stress
tolerance, AtMYB14 loss-of-function mutants are negatively regulated during cold
treatment, inducing cold-resistant (CBF) genes (Chen et al 2013).

Third potential candidate significantly upregulated shortly after JA treatment was MYC2, a
bHLH TF primarily targeted by JAZs and a master regulator involved in the activation and
repression of distinct JA-responsive genes in Arabidopsis (Dombrecht et al., 2007; Lorenzo
et al., 2004; Kazan and Manners, 2013). Putative MYC2 shares sequence homology with
AtMYC4 (AT4G17880.1) (57%), which is known to be regulated by JA and interacting with
JAZ proteins (Fernandez-Calvo et al., 2011; Schweizer et al., 2013). Similar JAZ interaction
domains (JID) were identified in other bHLH TFs, like AtGL3, AtEGL3 and AtTT8, which are
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potential regulators of trichome initiation in Arabidopsis (Qi et al., 2011). During the
classification of bHLH TF superfamily in S. lycopersicum, putative MYC2 was assigned as
bHLH13 within the subfamily 1l (d+e) (Wang et al., 2015). Further, differential gene
expression analysis showed that members of subfamily Il (d+e) were involved in JA-
signaling network and defense against tomato yellow leaf curl virus (Wang et al., 2015).
This gives a hint that MYC2 upregulated by JA treatment may have potential roles in

glandular trichome formation.

The fourth putative candidate, PROTODERMAL FACTOR?2 (PDF2) is a HD-Zip class IV TF
family member, found to be significantly upregulated in control jail leaves compared to
control WT leaves (Fig. 21A). Most of the HD-Zip class IV genes identified in the past are
exclusively involved in the formation of epidermal structures (Javelle et al.,, 2011,
Nadakuduti et al., 2012). For instance, AtGL2 is specifically expressed in leaf trichomes.
Further, both ATML1 and PDF2, are expressed in the epidermal layer of most plant parts
(Rerie et al., 1994; Masucci et al., 1996; Lu et al., 1996). Putative PDF2 has shown highest
sequence homology with HDG11 (AT1G73360.1) (60.2%). AtHDG11 is known to exhibit
highest degree of amino acid similarity with AtGL2 and both function redundantly in
trichome branching and development in Arabidopsis leaves (Khosala et al., 2014). Based
on the candidate validation, PDF2 transcript levels were slightly increased at JA_2h time
point compared to the WT, whereas transcript levels at JA_24h were decreased compared
to JA_2h time interval (Fig. 21A). This subtle change in PDF2 transcript levels after JA
treatment led to the prediction that putative PDF2 negatively regulates JA responses.
Another tomato homolog in Arabidopsis, ANTHOCYANINLESS (ANL2), expressed in the
sub-epidermal layer of vegetative meristem, rosette leaves and the seedling roots (Kubo et
al., 2008), was found to have a close homology with putative PDF2. This gives a hint that

the putative PDF2 might have a potential role in the formation of epidermal structures.

Some of the key transcription factors involved in the formation of glandular trichomes in
other model plants have also been reported in previous studies. For instance, AMMIXTA,
an R2R3 MYB TF from A. majus is known for its ectopic expression in the development of
tobacco glandular trichomes (Glover et al., 1998). Further, GoPGF, a bHLH transcription
factor from Gossypium spp., acts as a positive regulator in the formation of glandular
trichomes (Ma et al., 2016). Furthermore, AaHD1, a homeodomain-Leu Zipper TF is known
to regulate glandular trichome initiation in A. annua through jasmonates (Yan et al., 2017).

Furthermore, overexpression of AaMYB1 from A. annua induces increased number of
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trichomes (Matias-Hernandez et al., 2017). Similarly, mutation at the CsGL3 locus, which
encodes a HD-Zip TF in cucumber, has led to glabrous phenotype (Cui et al., 2016).
Overall, these supportive data led to consider above described putative TFs as the

candidates of interest for validation and functional characterization.

4.3.3 Validation of other significantly expressed JA regulated genes

Among the list of differentially expressed genes that are significantly regulated across
biological treatments (see Appendices, Table A10), few proteinase inhibitors were found to
be upregulated shortly after JA treatment. For instance, most prominent JA responsive
defense-related protein PIN2, was found to be significantly expressed in the tomato
glandular trichomes upon herbivore feeding (Tian et al., 2012). Further, SaPIN2b from
Solanum americanum has close homology with S. habrochaites PIN2. Furthermore,
promoter SaPIN2b::GUS was found to be constitutively expressed in the glandular
trichomes of S. americanum and tobacco plants, respectively (Liu et al., 2006). As there is
a growing circumstantial evidence that PIN2 might be involved in trichome development
and plants defense against herbivory, essential proteinase inhibitors (Pls): Kunitz trypsin,
Cysteine-extensin, Metallocarboxypeptidase (MCP) PI's, a phosphatase activity candidate,
purple acid phosphatase (PAP) and an unknown F-box protein were validated based on
their extreme log, fold changes (p<0.001) against jail CO (Table 18). All PI's transcript
levels were found to be responsive after JA treatment (Fig. 22B, C, E and F). Most
importantly, Kunitz type, Metallo-carboxypeptidase and Cysteine-extensin PlI's had a
significant transcript accumulation in JA_2h and JA 24h treatments compared to WT_CO
and jail_CO (Fig. 22B, E and F), raising a possibility that PI's are coordinately expressed
during the wound response for certain period of time. Precisely, putative MCP was also
found to be upregulated in the type VI glandular trichomes of tomato stem (Schilmiller et
al., 2010). This indicates that putative MCP is responsive to JA and might be active in stem
glandular trichomes for secondary metabolite production. Two other putative candidates,
Purple acid phosphatase (>5 log, fold) with phosphatase activity in tomato due to
phosphate stress response and a Kunitz Trypsin Pl (>10 log, fold), were significantly
upregulated shortly after JA treatment, but the transcript levels were declined after JA_24h
compared to WT_CO and jail_CO (Fig. 22C, D). As PI's are positively upregulated upon
JA treatment, functional analyses of validated putative proteinase inhibitors could possibly
lead to discover their potential role in the trichome developmental process. Apart from the

PI’'s, another well-known JA responsive candidate, F-box protein was significantly

100



DISCUSSION

upregulated after JA_2h and JA_24h treatment (>7 log, fold higher), compared to jail CO
(Fig. 22A). The role of F-box protein in the development of glandular trichomes is still

unknown (Suen et al., 2015).

4.3.4 Selected putative transcription factors are located in the plant cell
nucleus

Initially, tomato and tobacco Agro-infiltration experiments were found to be non-promising
and fairly difficult to visualize putative candidate proteins. Later, successful localization of
putative candidate proteins in mesophyll protoplasts of tobacco led to draw few
conclusions: Putative MYB9 TF was localized to the nucleus encompassing bright speckles
(Fig 24A). Putative MYB4-like, MYC2 and PDF2 proteins were not only localized to the
nucleus but also towards the cytoplasm (Fig 24B, C, and D). A similar kind of localization
was found with Woolly::GFP, expressed in onion epidermal cells under the control of 35S
promoter (Yang et al., 2011). There could be two possible reasons where putative protein
localization could its localization pattern. Firstly, tagging of GFP reporter to the N-terminus
of the candidate coding sequence might affect the localization and secondly, the
overexpression by using constitutive 35S promoter itself. Based on these anticipations, it is

concluded that selected putative transcription factors were localized to the nucleus.

4.4 Functional characterization of selected putative transcription
factors

4.4.1 Characterization of ATML1 promoter activity in tomato leaves

ATML1 belongs to HD-Zip TF family, which is expressed in the outermost cell layer (L1) of
shoot meristems (Lu et al.,, 1996; Sessions et al., 1999). Since the characterization of
ATML1 and its promoter activity, cis-elements in the promoter region are essential to
regulate the outer cell layer (L1) of embryo, shoot epidermis and floral meristems (Abe et
al., 2003; Takada et al., 2007; 2013). ATML1 was reported to transactivate its native
promoter, especially binding to the L1-box region. Similar transactivation mechanism was
also identified with other HD-ZIP class IV transcription factors in vitro, which suggest that
ATML1 and its closest homologs are involved in the differentiation of epidermal cells (Abe
et al., 2001; Nakamura et al., 2006; Takada et al., 2013). In a recent study, using live-
imaging, quantitative image analyses and mathematical modeling, ATML1 was shown to

play an important role, specifying cell-fate in Arabidopsis sepal development (Meyer et al.,
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2017). In the current thesis, for the first time in tomato, a full-length ATML1 promoter (3908
bp) was used to elucidate its functional activity as suggested by Sessions et al (1999) (Fig
31). Although a minimal promoter (179 bp), comprising cis-regulatory elements like L1-box
and WUSCHEL-binding site is sufficient to promote ATML1 expression in different stages
of Arabidopsis embryo development (Takada et al.,, 2007), it is predicted that other
promoter-binding elements might be essential for leaf epidermis activity in tomato.
Therefore, initial transient expression experiments of ATML1 promoter driving GFP and
GUS reporter expression in tobacco showed low levels of GUS expression in leaf discs
(Fig. 32A, B), and distinctly towards lower palisade mesophyll cells in transverse
longitudinal sections (data not shown), whereas the GUS signal was stronger in transiently
expressed mature WT tomato leaves (Fig. 31C, D). Interestingly, in transgenic WT tomato
leaves, ATML1 promoter was active both in mature and young leaves, where the GUS
signal was majorly observed at the basal region and slightly at the leaf tip (Fig. 33A, C).
The microscopic data showed GUS staining in type | non glandular trichomes of mature
and young leaves but not in type VI glandular trichomes. By contrast, AaHD1::GUS, an A.
annua HD-Zip class IV TF, was reported to be strongly active at the basal region of
glandular and non-glandular trichomes in young leaves of Artimisia annua (Yan et al.,
2017), which suggests, HD-ZIP class IV TFs may have distinct functions in different plant
epidermal surfaces. Further, transverse sections of mature and young tomato leaves
expressing ATML1::GUS revealed promoter activity not only in lower epidermis and
palisade mesophyll cells but also in the trichome stalk cells (Fig. 33B, D). This indicates
that ATML1 promoter can be active at different layers of plant epidermis which lies in
argument with the promoter activity at different embryonic differentiation phases in
Arabidopsis (Takada and Juergens, 2007). As modification of ATML1 promoter elements
leads to varied GFP expression at specific embryonic cell divisions (Takada and Juergens,
2007), similar method could be employed to analyze the activity of promoter targeting

trichome specific cells in tomato.

In Arabidopsis, HD-ZIP class IV transcription factors, ATML1 and PDF2 were shown to
auto-regulate themselves by binding to their promoter L1-box elements (Abe et al., 2003;
Takada et al., 2013; Ogawa et al., 2015). Recently, recognition of L1-box elements from
the promoter sequence of AaHD1 was shown to be required for JA mediated glandular
trichome initiation (Yan et al., 2017). Based on this knowledge, in future experiments, it is

worth to consider HD-Zip class IV TFs in tomato for similar transcriptional activation
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mechanism using their native promoters to determine its effect on glandular trichome

formation.

4.4.2 Approaches for functional characterization of candidates:
Overexpression and identification of mutants

The functionality of putative candidate proteins was elucidated based on gain-of-function
and loss-of-function characteristics. According to the hypothesis, putative candidates were
overexpressed in heterozygous jail background under the control of ubiquitous 35S and
tissue specific ATML1 promoters. Relative transcript levels of GFP among primary
transformants (T,) of putative MYB9, MYC2 and MYB4-like under the control of ATML1
promoter and ubiquitous 35S promoter were found to be fluctuated (To, Fig. 36).
Genotyping and localization studies could confirm the presence of the transgenes and their
expression in leaves (Fig. 35). Further, only few individual lines out of actual humber of
primary transformants were able to bear the minimum seeds for the next generation (T,).
Moreover, putative 35S::GFP:MYC2 successive T, lines were unable to survive on the
potting mix, indicating that the transgenic lines were stressed due to the transformation

process and failed to cope up with the regeneration process.

Based on the transcription factors role in other model plant species, MYBs and HD-Zip TFs
were anticipated to have a greater role in the development of glandular trichomes,
therefore, pATML::GFP:MYB9 and 35S::GFP:PDF2_1/2/4 overexpression lines were
predicted to have a stronger impact on tomato type VI glandular trichome development.
Apart from putative MYB9 and PDF2 TFs, further sections emphasize on putative MYB4-
like and MYC2 with two approaches — overexpression and characterization of TILLING

mutants.

4421 MYB9

Putative MYB9 was found to be upregulated shortly after JA treatment (JA_2h). MYB9
transcript levels were significantly higher compared to jail mutant in young tomato leaves,
according to our RNA-seq data. Similarly, putative MYB9 closest homologs in Arabidopsis,
AtMYB3 and AtMYB4 were found to be active in young leaves and responded to JA (Kranz
et al., 1998; Chen et al., 2006a). AtMYB3 was known to interact with ABA-stress related
protein, Arabidopsis CTD protein Like (AtCPL1) (Bang et al., 2008) but there was no
functional proof related to trichome initiation and induction. Similar to AtCPL1-AtMYB3

protein-protein interaction, it is predicted that putative Solanum MYBs might also be

103



DISCUSSION

involved in the protein interaction at the conserved domains of JA responsive genes (Fig.
20).

Since putative MYB9 was upregulated 2 hours after JA-treatment in WT compared to other
sample treatments, its overexpression was intended to be analyzed in the mutant jail.
Putative MYB9 was overexpressed under the control of ubiquitous 35S promoter and
epidermal specific ATML1 promoter. Most of the 35S::GFP:MYB9 primary transformants
with relatively low GFP expression had low or no seeds for further characterization in F1
generation, whereas transgenic lines of pATML::GFP:MYB9 with sufficient seed material
were considered for further characterization. Interestingly, type VI glandular trichome
numbers were found to be more or less similar between jail plants expressing
pPpATML::GFP:MYB9 and control jail lines (Fig. 40B). In a recent study, one of the
uncharacterized homologs of putative MYB9 in Arabidopsis, AtMYB17 was found to be the
ortholog of AMMIXTAL. AmMMIXTAL, under the control of native promoter was localized at
the cuticular layer and basal region of glandular secreting trichomes in young leaves of A.
annua (Shi et al., 2017). It is assumed that putative MYB9 might be a far-related ortholog of
AmMIXTAL. Further, an unaltered number of type VI glandular trichomes indicates that
putative MYB9 has subtle or no role in glandular trichome initiation. With this perspective,
to decipher a possible role of putative MYB9, MYB9::GUS assay gives an overview of
putative MYB9 expression in leaf tissues. Further, generating MYB9 knockout lines either
by RNAi or through CRISPR/Cas9 will be essential to look at the protein functionality in

tomato.

4.4.2.2 PDF2

Significant PDF2 transcript accumulation in the jail mutant compared to control WT and JA
treatments, and further depletion of PDF2 transcript levels after JA treatment in the WT,
raise the possibility that PDF2 might act in a negative manner (Fig. 21A). Such a negative
activity was also observed for HOMEODOMAIN GLABROUS11 (HDG11) in Arabidopsis,
where hdgll mutants showed excessive trichome branching (Khosala et al., 2014).
According to the hypothesis, there were no significant differences in the quantification of
type VI glandular trichome numbers between 35S::GFP:PDF2_1/2/4 overexpression lines,
in the WT background, compared to control WT lines (Fig. 40A). The inference indicates
that putative PDF2 in the WT has no significant contribution in the formation of type VI

glandular trichomes. However, being strongly upregulated in the jail mutant, it would be
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worth to analyze the overexpression effects of putative PDF2 in the jail background. By
contrast, one of the far-related putative PDF2 homolog in A. majus, AaHD1, was highly
expressed in young leaves. Overexpression of AaHDL1 in transgenic A. majus was found to
promote glandular trichomes under the control of its native promoter. Further, increase in
A. majus glandular trichomes was reported upon exogenous MeJA treatment (Yan et al.,
2017). This indicates that further experimentation is required to prove the functionality of
putative PDF2 in tomato.

Previous studies report that HD-Zip class IV TFs like ATML1 and PDF2 in Arabidopsis are
involved in the transactivation mechanism with their native promoters for epidermal specific
activity. For instance, successive overexpression of HDG11 under the control of ATML1
promoter in gl2-5 mutant background has led to regain trichome branching on leaf margins
(Khosala et al., 2014). The transactivation method could be employed by putative PDF2
with its native promoter which may be beneficial for overexpression studies. Additionally,
developing leaves of putative PDF2 transgenic lines could be treated with JA for monitoring
type VI glandular trichome numbers in tomato. Since MeJA was known to increase
glandular trichomes in transgenic A. majus lines, to prove whether there exists a link
between putative candidates and JA-signalling perception, yeast two-hybrid assays with

tomato JAZ proteins could facilitate and strengthen the functional analyses.

4.4.2.3 Metabolic activity in MYB9 and PDF2 overexpressing plants

Leaf epidermis of young developing leaves is responsible for the formation of higher
densities of type VI glandular trichomes. This is not just limited to glandular trichome
numbers alone but also contributing towards high terpene levels, since young leaves are
known for producing volatile compounds in response to plant defense (Andersson et al.,
1980; Buttery et al., 1987). Application of methyl jasmonate (MeJA) has shown to induce
tremendous accumulation of caffeoylputrescine (CP), which is synthesized in WT tomato
(MT) leaves and flowers but not in jail mutant. This signifies that accumulation of CP might
be mediated by JA biosynthetic pathway (Chen et al., 2006). The jail mutant with
significant reduction in type VI glandular trichomes compared to WT also indicated absence
of monoterpenes like a- and - pinene, limonene and cis-ocimene from type VI trichome
exudates of tomato fruits and sepals (Li et al., 2004). These important secondary
metabolites from cultivated tomato lines, elucidated from previous researchers motivated to

uncover whether overexpression of putative MYB9 and PDF2 affects secondary metabolite
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composition. Although there were minor fluctuations but no significant differences in type VI
glandular trichome numbers between putative pATML1::GFP:MYB9, 35S::GFP:PDF2 and
control leaves, occurrence of monoterpenes and sesquiterpenes were qualitatively
analyzed (Fig. 40). Though monoterpenes like a— pinene and 3,4- carene were known to
be absent in homozygous jail (Li et al., 2004; Besser et al., 2009), leaf-surface extracts of
control jail still possess nearly half of monoterpene levels compared to
pPpATML1::GFP:MYB9 in jail background, whereas leaf-surface extracts of
PATML1::GFP:MYB9 in jail background shows slightly higher levels of monoterpenes
compared to control jail and WT (Fig. 40A). This indicates, although glandular trichome
numbers are not significantly higher, the amount of terpenes produced is significantly
higher in pATML1::GFP:MYB9 across the homozygous jail background. Further, higher
levels of monoterpenes in pATML1::GFP:MYB9 might be due to the activity of putative
MYB9. Monoterpene levels across the leaf extracts of individual F1 transgenic lines of
35S::GFP:PDF2_1/2/4 in the WT background were at varying levels compared to control
WT(Fig. 40A). Among the three individual lines of 35S::GFP:PDF2_1/2/4, monoterpene
terpene levels were significantly lower in the leaf extracts of 35S::GFP:PDF2_4 compared
to 35S::GFP:PDF2_1 and 35S::GFP:PDF2_2 lines, respectively. This indicates, although
three individual lines from 35S::GFP:PDF2_1/2/4 shows varying monoterpenes levels to
that of type VI glandular trichome numbers, density of type VI glandular trichomes may not
be significantly involved in the variation of monoterpenes levels. Fluctuations in both type
VI glandular trichomes and monoterpene levels in three individual lines of
35S::GFP:PDF2_1/2/4 led to anticipate that putative PDF2 may not significantly contribute

for terpene production rather it may be constrained to epidermal specific activity in tomato.

Class | sesquiterpenes were found to be strongly accumulated in the WT leaves compared
to jail mutant (Fig. 40B). Class | sesquiterpenes like - elemene, B- caryophyllene and a-
humelene, were found to be significantly elevated in the type VI glandular trichomes of WT
leaves compared to stem trichomes (Schillmiller et al., 2010). Leaf-surface extracts of
pPpATML1::GFP:MYB9 showed equivalent levels of class | sesquiterpenes compared to
control jail (Fig. 40B), which correlates with the quantification data (Fig. 39B). This
indicates that minimum number of type VI glandular trichomes on jail leaves may be
sufficient for accumulating class | sesquiterpenes. Furthermore, due to unchanged type VI
glandular trichome numbers and class | sesquiterpene levels, pATML1::GFP:MYB9 may

not have a vital role either in glandular trichome development or towards sesquiterpene
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synthesis. Constitutively overexpressed PDF2 in the WT background, with three individual
lines showed different accumulation patterns of class | sesquiterpenes compared to control
WT leaves (Fig 40B). Although, sesquiterpenes levels were found to be lower in the
cultivated tomato lines compared to LA1777 (WT) (Besser et al., 2009), overexpression of
putative PDF2 in the WT background failed to contribute for significant sesquiterpenes
levels compared to control WT. This indicates, overexpression of both putative MYB9 and

PDF2 may not significantly contribute to class | sesquiterpenes synthesis.

Use of tissue specific promoters could contribute significant role in the expression of
terpene synthase genes. For instance, Monoterpene synthase 1 (MTS1) promoter was
known to drive the expression of zingeberene synthase enzyme (ShZIS) in transgenic
tomato type VI glands (Bleeker et al., 2012). Further, JA-regulated transcription factors like
SIMYC1 and SIWRKY73 were known to transactivate terpene synthase promoters in N.
benthamiana, specifically via G-box elements (Spyropoulou et al., 2014; Y. H Xu et al.,
2017). Therefore, the transactivation mechanism supports that epidermis specific ATML1
promoter may partially contribute to monoterpene accumulation in transgenic young
cultivated tomato leaves. Secondly, putative transcription factors role in the production of
terpenes can be estimated by selecting glandular trichome specific expression promoters.
Further, it is important to analyze relative expression of both monoterpenes and
sesquiterpenes synthase genes in the overexpression lines across WT and jail
background. To strengthen further, employing yeast one-hybrid and ChIP assays to
analyze binding activity of putative tomato TF with that of terpene synthase promoters

could indicate their role in the synthesis of mono- and sesquiterpenes.

4.4.2.3 MYB4-like

Putative MYBA4-like was a candidate of interest due to its JA responsiveness, characterized
for tomato flower development from another member of the same lab. Initially, 35S::MYB4-
like:Flag primary transformants were generated in the homozygous jail background. In the
35S::MYB4-like:Flag overexpressing plants, low expression of MYB4-like was detected
during flower development but high levels were found in the leaves (R. Schubert, personal
communication). One of the closest homologs of MYB4-like in Arabidopsis, AtMYB13
showed strong activity at the shoot branching points and in the young flowers before
anthesis, in the AtMYB13::GUS lines. Further, under the control of constitutive 35S

promoter, AtMYB13 was found to be active in the inflorescence and showed distorted
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phenotype in the aerial development (Kirik et al., 1998). Although both AtMYB13::GUS and
AtMYB14::GUS fusions were active during different stages of seedling, shoot and
inflorescence development in Arabidopsis, no function corresponding to trichome initiation
and development was reported. In this work, the offspring of individual transgenic
35S::MYB4-like:Flag F1-lines showing high MYB4-like transcript levels was analyzed (Fig.
39B), but none of the lines were homozygous for jail. Therefore, putative MYB4-like was

considered for TILLING approach.

Two mutant lines harboring amino acid substitutions within and downstream of the DNA-
binding domain were identified in putative MYB4-like. Both point mutations, V84l and
S119F (Fig. 26A) are located at the C-terminus region of MYBA4-like. According to the
multiple sequence alignment (clustalWomega), putative MYB4-like DNA-binding domain
was highly conserved among its close homologs, AtMYB13 (56%) and with other plant
MYB homologs (Fig. 27). The V84l is located within the DNA-binding domain and appears
to be weakly conserved among other plant MYB homologs (Fig. 26A). According to the
predicted DNA-binding domain structure, V84l substitution occurs on the outer-surface
layer of second Helix-Turn-Helix a-helix domain (Fig. 41). Substitution of valine with
isoleucine (V84l) may not induce a greater conformational change, since both valine and
Isoleucine possess similar structural properties and belong to aliphatic chain group (Betts
and Russel, 2003). Relative transcript levels of MYB4-like were found to be almost equal in
homozygous mutant lines, Myb4-like 3551 and Myb4-like_2998, as well as the WT, without
any significant difference (Fig. 30A). Interestingly, quantification of type VI glandular
trichome numbers revealed significant differences between Myb4-like 3551 and WT (Fig.
30B). This raises the possibility that substitution from valine to isoleucine within the MYB4-
like DNA-binding domain could partially de-regulate protein function and lead to nearly 50%

reduction in type VI glandular trichome numbers (Fig. 30B).

In the second mutant line, two amino acid positions downstream of putative MYB4-like
DNA-binding domain, was found to be tightly conserved among the AtMYB and potato
homologs, AtMYB13 and StMYB15, respectively, whereas, other MYB4-like homologs
carry an asparagine (N) at position 119 in the Myb4-like_2998 mutant line compared to the
WT (Fig. 26). Substitution of serine to phenylalanine (S119F) may cause greater
conformational change due to substitution from polar nature to hydrophobic nature (Betts
and Russel, 2003) and also based on the predicted DBD protein structure (Fig. 41). The

average type VI glandular trichome numbers were found to be equal between Myb4-
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like 2998 and WT but significantly different between Myb4-like 2998 and Myb4-like 3551
(Fig. 30B). Although S119F could cause greater conformational change, equivalent levels
of type VI glandular trichomes between Myb4-like 2998 and WT might indicate no
significant effect of S119F mutation on the MYB4-like function. This characteristic point
mutation could lead to either positive or negative impact on plant meristematic activity,
where trichome cell differentiation takes place (Dai et al., 2016). By contrary, no significant
impact was observed in the quantification of type VI glandular trichomes in tomato, possibly
due to the mutation outside the DNA-binding domain which may not affect the functionality
of MYB4-like protein.

Figure 42: Predicted secondary structures of putative MYB4-like protein

The DNA-binding domain of putative MYB4-like depicts mutation positions at valine (V84I)
and serine (S119F). Rainbow color scheme for MYB4-like domain protein is indicated by
blue (N-terminus) and red (C-terminus) (generated on Phyre2 server).

Taken together, there were no significant changes in MYB4-like transcript levels in
both mutant lines compared to WT. Significant reduction in type VI glandular trichomes
was observed in the Myb4-like 3551 compared to WT and Myb4-like_2998 line, but
not in between Myb4-like 2998 and WT. This indicates that V84l within the DNA-
binding domain is important for proper MYB4-like function. Phenotypic effects are
obscure with the TILLING approach which may lead to minimal or no changes.
Therefore, in future, characterization of MYB4-like loss-of-function mutants generated

through CRISPR/Cas9 genome editing technology would be highly beneficial.
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44.2.4 MYC2

Primary transformants overexpressing putative MYC2 failed to survive on plant
regeneration media, which is assumed that overexpression of 35S::GFP:MYC2 might
cause stress in transgenic plants. Alternatively, putative MYC2 was characterized through
TILLING approach. In tomato, putative MYC2 full length protein was found to have a high
similarity (41%, E-value<0.001) with uncharacteristic homolog, AtBhlh14 (Fig. 29). The N-
terminus of the putative MYC2 protein (5-242 aa), necessary for repressing MYC2 activity
by JAZ was highly similar (69%) to AtMYC2 and AtMYC3 (Zhang et al., 2015; Lian et al.,
2017). Arabidopsis MYC2 and its closest homologs, MYC3 and MYC4, are highly similar on
the protein level, but their functional properties differ from each other (Zhang et al., 2015;
Lian et al., 2017).

Two TILLING mutation lines were obtained, a W153stop mutant in MYC2_7811 and a
P215S exchange in line MYC2_6269 (Fig. 28B). Proline was conserved within Solanum
and cotton MYC2 homologs but not with other plant bHLH encoding homologs.
Unfortunately, there were no homozygous mutants obtained after genotyping for line
MYC2_6269. Interestingly, mutation position at tryptophan (pos. W153) in putative
MYC2_7811 generated a stop codon, which was also a conserved amino acid among other
homologs (Fig. 29). According to the predicted secondary structure of putative MYC2 in
tomato, the sequence similarity gives an idea that, tryptophan (pos. W153) might form a
bridge between two a-helices by a beta-sheet at the C-terminus region of the predicted
domain (5-242 aa) (Fig. 42). Bridging between two a-helices by a beta-sheet was shown to
be important on resolved secondary structure of AtMYC3, due to its strong interaction site
for JAZ proteins (Zhang et al., 2015). Therefore, protein disintegration due to stop codon
may hinder MYC2 interaction with its Bhih domain. On the phenotypic level, homozygous
myc2_7811 plants were quantified for type VI glandular trichomes on third true leaves (Fig.
30C). Interestingly, type VI glandular trichomes on myc2 7811 mutant lines were
significantly lesser, nearly 40% reduction compared to WT (Fig. 30C). This significant
reduction in type VI glandular trichomes compared to WT could lead to possible predictions
that there might be other putative trichome regulators, preferentially TFs forming a complex
with MYC2 without depending on JAZ interaction complex on the N-terminus end. This
could potentially activate downstream genes necessary for trichome formation.
Furthermore, it is speculated that other putative MYC2 homologs in tomato could act

redundantly and subsequently, bind the promoter G-box elements, to initiate the trichome
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formation genes as shown by Lian et al. (2017). Taken together, stop codon at the N-
terminus of putative MYC2 protein in myc2_7811 lines has resulted significant reduction of
type VI glandular trichome numbers. Further, mutational analysis in the N-terminus region

of putative MYC2 protein could decipher alterations in type VI glandular trichome numbers.

Figure 43: Predicted secondary structure of putative MYC2 protein

N-terminus (5-242 aa) of putative MYC2 protein showing mutation at tryptophan
(W153Stop) to a stop codon. Rainbow color scheme for MYC2 domain protein is indicated
by blue (N-terminus) and red (C-terminus).

Based on previous data, a conserved amino acid signature, [D/E]L*2[R/K]*3L*6L*3R, in the
R3 domain of MYB proteins was found to interact with bHLH TFs in Arabidopsis
(Zimmerman et al., 2004). Further, single amino acid substitution (S92F) in the R3 domain
of GL1 affected trichome initiation, without forming any interaction with GL3 or EGL3 (Dai
et al., 2016). It is speculated that type VI glandular trichomes are still produced irrespective
of JAZ repression at the N-terminus or with the truncated repression complex. This
speculation could be clarified considering future experiments like yeast-two-hybrid (Y2H)
assays, bimolecular fluorescence complementation (BiFc) assays and pull-down
experiments, to analyze not only the N-terminus of MYC2 protein but also the C-terminus
end with the JAZ interaction (jas motif) domains of JAZ proteins, as there is an evidence

that JAZ maotifs interact with the C-terminus of Bhlh domain encoding TFs like TTGS8, GL3
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and EGLS3, as well as the MYB75 in Arabidopsis (Qi et al., 2011). Along with protein-protein
interaction experiments, abolishment of JAZ interaction by exogenous JA in planta could
provide significant evidence that JA might play a potential role in glandular trichome
formation. These ground breaking experiments could reveal much information not only with
JAZ-MYC2, but also with other transcription factors which could potentially regulate

glandular trichome formation in tomato.

Overall, there were positive remarks obtained by TILLING approach for putative MYB4-like
and MYC2 transcription factors. Point mutations in putative MYB4-like and MYC2
candidates led to understand the madifications in the type VI glandular trichome numbers.
TILLING approach has provided successive hints that putative MYB4-like and MYC2
candidates are involved in the formation of type VI glandular trichomes.
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5 CONCLUSIONS

Understanding the regulation of molecular genetic network in the development of glandular
trichomes is an essential aspect for biotechnological applications. Most of the work related
to glandular trichomes is exceptionally carried out towards elucidating biochemical
pathways of secondary metabolism. The current thesis provides a fundamental path for
identifying regulatory components involved in the formation of type VI glandular trichomes
mediated by the plant hormone JA. Transcription factors play a pivotal role in regulating
gene expression for various plant developmental activities. The regulatory mechanisms are
complex and hence poorly understood with respect to multicellular trichome formation. High
throughput sequencing techniques like RNA sequencing has facilitated to uncover the
expression patterns of low abundant transcription factors. According to the working
hypothesis, transient assays and generation of stable transformants served as important
tools to unveil candidate profiling towards understanding the JA regulated type VI glandular
trichome phenotypes. Subsequently, characterization of candidate gene mutants identified
in a TILLING approach supported loss-of-functionality of putative transcription factors with
respect to type VI glandular trichome formation. Since transcription factors are usually part
of complex regulatory networks involving redundancy or pleiotropism, partial effects in the
formation of type VI glandular trichomes may be obtained in single mutants. Certainly,
further experimental evidences are required to strengthen the functional analysis of

putative candidates in future.

Future perspectives

With the high throughput sequence analyses of RNA-seq data, the enormous list of
differentially expressed genes provides a footprint to identify closely related trichome
regulatory orthologs from other plant species bearing multicellular trichomes. Novel
trichome regulatory orthologs can be further validated to elucidate their functional
properties. To strengthen the functional aspects of putative candidates, some experimental
validation and characterization is necessary. This can be achieved by utilizing appropriate
gene specific promoters for transactivation assays, functional interaction assays like yeast
two-hybrid assay, co-immunoprecipitation assay (co-IP) and bimolecular fluorescence
complementation (BiFC) to prove the interaction of putative transcription factors domains

with JAZ proteins. Deleting specific interaction domains of putative transcription factors
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using CRISPR/Cas9 technology may result in drastic phenotypic changes of type VI
glandular trichome formation and density in comparison to conventional TILLING approach.
Using exogenous JA treatments either on knockdown or overexpression lines would be
advantageous to identify further genes involved in trichome formation. Lastly, re-
considering in situ hybridization using RNA probes and performing GUS histological assays
could lead to visualization of expression patterns of putative candidates across the tomato
leaf epidermis. On a final note, identification of key regulators of trichome formation could
contribute to breeding for enhanced resistance against phytophagous pathogens in the
agronomic field or to produce valuable compounds, which is of immense interest in the

biotech industries.
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6 APPENDICES

6.1 List of oligonucleotides

6.1.1 Primers for genotyping jail mutant population

Table Al: Genotyping jail mutant population

WT _For 5-CCATGGAGTCCATCACCTAACAGT-3'
jai 1 _ For 5-GTGGAGACGATATGTTGAGACTAA-3'
WT_jail_ Rev 5-GTGGTCAGATCAGAGCCCTCTATT-3'

6.1.2 Primers for quantitative real time PCR (QRT-PCR)

Table A2: Jasmonic acid-dependent genes for reference

Allene oxide cyclase (AOC)_For

5-TTCTACTTCGGCGATTACGGTC-3'

Allene oxide cyclase (AOC)_Rev

5-GGTTAAGTACGCTCCCTGAACG-3'

Threonine deaminase (TD)_For

5-CTTTATGCCGTTACCGTAATCAGG-3'

Threonine deaminase (TD)_Rev

5'-GGAATCTGGAATCCCATCAACA-3'

Proteinase Inhibitor 1 (PIN1)_For

5-TCCTGGTATGATTAGGCCACT-3'

Proteinase Inhibitor 1 (PIN1) Rev

5-GGGAGTAACTCGAACAATGCG-3'

Leucine Amino Peptidase (LAP A)_For

5-CCTGGTAATGGCGGTGCTATAA-3'

Leucine Amino Peptidase (LAP A)_Rev

5-TCGAGATGCAACCACTGAACC-3'

Table A3: Genes involved in trichome initiation and induction: Orthologous of

Arabidopsis in tomato

SomcOsa053150L 1 | MYB23-like_For 5-TGTGCCAAAACAAGACATGACC-3
yeeog - MYB23-like_Rev 5-ACCACCTTGTTGATCTTGCTC-3'
Solyc08g0811402.1 | GL3-like_For 5-TTGTCGCCAATCAAGAGGCA-3
GL3-like_Rev 5-CCCCAATACCGTCTACCACC3'
TTG1-like_For 5-ACTTCTTCCCTCACAAACCG-3
Solyc03g015440.2 TTG1-lke Rev 5-CCCGATTGTTGAACTCTTCG-3
SITRY_For 5-ACAGGTGGGGGCTTATAGCA3'
Solyc01g095640.1.1  Iorpy"Rey 5-TTCTTCTGCTGTTCTCCCTGG-3

Table A4: Putative transcription factors identified from apex/ trichome RNAseq data
(upregulated in wild type and cultivated trichomes)

GL3_For 5-AGTGAAGAAGACCTGCAGCC-3
Solyc08g081140.2.1 "G 3 Rey 5-CTTCCCTGGTAACCCTTGGC-3

MYB Tf_For 5-ACTTGTTGGAGACAGGTGGG-3
Solyc01g095640.1.1  "\vE Tt Rev 5-TCTTGTGTGCAAACCCATCAC-3

GL2_For 5-CGCGTTCTTACCCCGTTATT-3
Solyc03g120620.2.1 -5 5 g oy 5-AAAGCATGAAGAAGAGAAGGAAAGA-3'
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TTGL For 5 TGGCTGAACTGGAAAGGCAT-3
Solyc039097340.1.1 - 4151 Rey 5_CGTCATCCCCACCAGAACAA-3
CPC_For 5 TCAGACCGAACATCAAGCGA-3'
Solyc079008010.2.1  Fe5="pay 5_CCAGCAATTAGCGACCATCG-3'

Table A5: Putative transcription factors identified from the leaf RNA-seq data

Selected putative candidates

Solyc11g069700.1.1 EF_For 5'-ACCACGAAGCTCTCCAGGAG -3
(Reference gene) EF_Rev 5-CATTGAACCCAACATTGTCACC -3
Solyc08g082890.2.1 MYB 9 _For 5'-CGGACGATTACCTGGTCGAA -3
MYB 9 _Rev 5-TCCTTATGGGCTTTGGTGCAA -3
Solyc01g096370.2.1 MYC 2_For 5'-ACAACCAGAGCGCCACCACCT -3
MYC 2_Rev 5'-CTCCGGGGCTGCTGTGGGAT -3
Solyc06g083900.2.1 MYB 4 _For 5'-CAACCAAGTCCATCATCGTCAGT -3
MYB 4 Rev 5'-TCGACTCTGAACTCGTTGCAGT -3
Solyc06g035940.2.1 PDF 2_For 5-GTGTGCTAATGGGGGTGCTA -3
PDF 2_Rev 5'-AGCTCCACACAAGAAGGGTC -3
GFP sGFP_For 5'-GGGCACAAGCTGGAGTACAACT-3
SGFP_Rev 5-ATGTTGTGGCGGATCTTGAAGT-3'

Other putative candidates from RNA-seq data

Solyc05g052610.2.1 DIVA_For 5:-CGATCGATGAAGACCTAATGGC -3' .

DIVA_Rev 5-CCAAGATTGAGGTGAGAATAGCA -3
somomoosror1 | WO B | SCCACATCCACAGOATITCoC 3
soouorozors | FESE | SCACACCACCEAMMATATCCGCS 5
soomosrrons | BCES | SCCTAISAGSTGcGASCETS
soouonrroas | SRS | SCOICTSACEICOMORCA 3

Solyc03g098780.1.1

Kunitz Type For

5'-GGAGACTGGAGGAAGCATAGGG-3

Kunitz Type Rev

5'-CCCTTACGGCAAAATGGACAGA-3

Solyc03g098720.2.1

Kunitz Trypsin_For

5'-CCCCGCGTGAATTTGACAGA-3'

Kunitz Trypsin_Rev

5'-ACCTTCCACCATCCACACGT-3

Solyc07g008570.2.1

PAP 27-like_For

5-GTTGAATGGGGTTGGAAGGGC-3'

PAP 27-like_Rev

5-TGAATCCAGGATCGCGCCAT-3'

MCPI_For 5 AGATGCAACTCTGACGAAACTTT-3'
Solyc07g007250.2.1 v e5"Rey 5 ACATGTCCCCGCGAACCTC-3'

CRE_For 5-CACCACCAACACCATCCCCT-3'
Solyc01g0063%0.2.1  FepEgay 5 GGCAACTAGTCCCAAGTGTACT-3'

Solyc08g076930.1.1

TF unkown_For

5-TGGGGCTGGGGAGGAGAATA-Z'

TF unknown_ Rev

5'-CCGCCTCCACCTGACTTCAT-3

Soyol090857601.1 FAC pray 5 GCTACGCAKTTGCATOOACAS
Soyo09OLSTIO2L kY e~roy 5 AGTTCCAMGACCOTCOTCAS
Soyc09g0L49902.1 | \ipicy 56 ev | 5 TCGTTGTOGAAGTOTTGGCT S
Soyc08g0082802.1 | iy 30 Rev | 5GGAGGOTGATTGGTGGTTGOAS
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Bhih 13_For 5- CATTGAAGCCGCCAGTGATG -3'
Solyc059050560.1.1 113 Rey 5 TCCCACGGCAAGTTTTGACT -3

Bhih 35_For 5~ TCTGGGAGGCTTCTCAAGAC -3
Solyc079018010.2.1 g1 35 Rey 5 ACTCATCGGGCTATCGGGA -3

Table A6: Putative TILLING mutant lines

Solyc06g083900.2.1

3551_For 5- GAATTTTTCTTCAACATTATA -3
3551_Rev 5'- TCATAATTCAGGCAATTCTAAC -3
2998 For 5- GAATTTTTCTTCAACATTATA -3
2998 Rev 5'- TCATAATTCAGGCAATTCTAAC -3

Table A7: Primers for cloning putative candidates via Golden Gate cloning

mechanism

Solyc08g082890.2.1

MYB 9_For

5'-
TTAGAAGACAAAATGGGAAGAGCACCATGTTG
TGC-3

MYB 9_Rev

5'-
AATGAAGACTTAAGCTTACATTGAGAATTTTTG
CTCCGTTTGATC- 3

Solyc01g096370.2.1

MYC 2_Forl

5'-
TTAGAAGACAAAATGGAACAACTCGCGGTTTC
c-3

MYC 2_Revl

5.
AAAGAAGACTCCATCTCCCCAAGCTAAAAAGT
TTTTTC -3

MYC 2_For2

5'-
TTAGAAGACGAGATGGATATTTCCAAGGAGAT
GGTGTAG -3

MYC 2_Rev2

5'-
AATGAAGACTTAAGCTTACAAATCATAGCTAG
TAAGAAGAGCAGTCCTTAG -3

Solyc06g083900.2.1

MYB 4_Forl

5'- TTTGAAGACAAAATGGGGAGATCTCCTTGC
-3

MYB 4_Revl

5'-
TTTGAAGACATCAGGCCTCAAGTAATTAGTCC
-3

MYB 4_For2

5'- TTTGAAGACGGCCTGATATTAAGCGAGG -3

MYB 4_Rev2

5'-
TTTGAAGACAAAAGCTCATAATTCAGGCAATT
CTAACATCAACTC -3

Solyc06g035940.2.1

PDF 2_Forl

5'-
TTAGAAGACAAAATGGAGAAATCGACAATGGA
ATTGAGTAAC -3

PDF 2_Revl

5'-
TTTGAAGACTATTGCGTTTTCGATATGGATCG
TTTA-3

PDF 2_For2

5'-
TTTGAAGACAAGCAATCGGAACGATATAATAA
GAGAGTG -3'

PDF 2_Rev2

5'-
AATGAAGACTTAAGCTCAAATTAAGAGAGCAC
TTTTAATCTTATGAATGGTATGC -3'
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Table A8: Primers for cloning ATML1 promoter

ATML_Forl 5-TTTGGTCTCAACATAATGACAAGCCGTAGATGATTGGTTTTC -3
ATML_Revl 5-TTTGGTCTCAAGAGGAGTCCGGTAATCATATAG -3

ATML_For2 5-TTTGGTCTCACTCTTTATAAGCAACCACAGTT -3

ATML_Rev2 5-TTTGGTCTCAACAATGTCGTCCTCCTCGTGAATT -3

ATML_For3 5-TTTTGGTCTCAACATGACAAATGCAAGGAAACACAGC -8
ATML_Rev3 5-TTTGGTCTCAACAATTATAGTATACACTGATGTTAATTAAATTTTTG -3
ATML_For4 5-TTTGGTCTCAACATATAATTACTACTCTAGCCAACAAG -3
ATML_Rev4 5-TTTGGTCTCAACAACATTATAGCCGGTCAAGACATAACC -3

6.2 List of antibiotics

Table A9: List of antibiotics used in bacterial and plat growing media

Antibiotic Stock concentration Work concentration
Rifampicin 50 mg/mL 50 pg/mL

Ampicillin 50 mg/mL 50 pg/mL
Carbenicillin 50 mg/mL 50 pg/mL
Kanamycin 50 mg/mL 50 pg/mL
Gentamycin 25 mg/mL 25 ug/mL
Spectinomycin 100 mg/mL 100 pg/mL

IPTG 1M 0.5mM

X-Gal 50 mg/mL 50 pg/mL

6.3 Golden gate cloning strategy

LB RB
355_._.GFP:MYBQ; uveo | JNGEIL'—

18 X RB
pATML?::GFP:MYBQ; uves OSSN —

1B \ RE
355::GFP:MYB4-like ; MYB4.nke;-'—

18 X RB
355::GFP:MYC2; MYC2 -'—

18 X RB
35S::GFP:PDF2 ; PDF2 -'—

Figure Al: Assembly of modules for golden gate cloning.

Individual modules were assembled to clone putative candidates under the control of 35S
and ATML1 promoters using golden gate cloning strategy. Nos-p: Nopaline synthase gene
promoter; Nos-t: Nopaline terminator; NPTIl: Neomycin phosphotransferase (kanamycin
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resistant) reporter gene; 35S large Q: Large 35S constitutive promoter; pATML1: ATML1
promoter; GFPxGS3: GFP reporter with one glycine and 3 serine repeats; Ocs: Octopine
synthase gene terminator and LB / RB: left and right borders, respectively.

6.4 Jasmonate measurements in young tomato plants

*k

2000+ — Figure A2: Determination of JA levels
* - in young tomato plant organs.
- '
2 1500+ Cotyledons, four true-leaves and stem of
o
= ns - 2-weeks old young tomato plants were
= 1000- - | — used for treatments, control (CO) and
£ — wounded (WO). Error bars represent SD,
8 n =3. Significance test determined by
< 5004 students t-test (asterix represent**p <
% % 0.001, *p<0.01 and *p < 0.05)
== = =
] ] 1 L) L) I ] ) 1 L)
C)O O . c)O \$O%OO O X CJO O C)O O
o/ o/ 7ONS 7V 7 ks Q7 7/
60(\ 60(\ ?)q;\ @"‘)\ %‘5\ @'5\ “J‘b- %‘b- 6@ 6@@
W@ AV RN VNS 5 N
c’)\A ) Q.tb Q)’b
o’ P VN

Plant treatments

6.5 Transcriptome sequencing analysis

6.5.1 Differentially regulated genes across WT control and JA- treatments

WT_J2h vs WT_CO WT_J24h vs WT_J2h

Figure A3: Venn diagram scheme
representation.

Differentially expressed genes among the
treatment conditions, WT_CO, JA_2h and
JA_24h, respectively. Genes were
normalized according to Benjamini-
W Hochberg correction at the FDR<O0.05,
across treatment conditions. Blue and
violet arrows indicate up and down

regulated genes across treatment
conditions, respectively.

I Up-regulated genes
B Down-regulated genes

WT_J24h vs WT_CO
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6.5.2 Clustering of highly significant genes across treatment conditions

Table A10: List of highly significant genes differentially regulated across WT_CO,

JA_2h, JA 24h and jail_CO treatment conditions

Solyc ID

Gene annotations

Solyc08g076970.2.1 |

Acetylornithine deacetylase or succinyl-diaminopimelate desuccinylase

Solyc09g084490.2.1 |

Proteinase inhibitor |

Solyc03g098710.1.1 |

Kunitz—-type proteinase inhibitor A4 (Fragment)

Solyc09g089510.2.1 |

Proteinase inhibitor |

Solyc09g089490.2.1 |

Proteinase inhibitor |

Solyc07g007250.2.1 |

Metallocarboxypeptidase inhibitor

Solyc03g098780.1.1 |

Kunitz—type protease inhibitor

Solyc09g089530.2.1 |

Proteinase inhibitor |

Solyc11g022590.1.1 |

Kunitz trypsin inhibitor 4 (Fragment)

Solyc07g006380.2.1 |

Defensin-like protein

Solyc08g080040.2.1 |

Anthocyanidin synthase

Solyc12g088170.1.1 |

Hydroxycinnamoyl CoA quinate transferase

Solyc02g085020.2.1 |

Dihydroflavonol 4-reductase

Solyc07g043460.2.1 |

Cytochrome P450

Solyc12g006470.1.1 |

Aminotransferase-like protein

Solyc02g086180.2.1 |

Sterol C-5 desaturase

Solyc10g008410.1.1 |

RING finger protein 5

Solyc02g069490.2.1 |

FAD linked oxidase domain protein

Solyc12g096770.1.1 |

Hydroxycinnamoyl CoA quinate transferase

Solyc09g008670.2.1 |

Threonine ammonia-lyase biosynthetic

Solyc02g086880.2.1 |

Formate dehydrogenase

Solyc11g071480.1.1 |

Hydroxycinnamoyl CoA shikimate

Solyc03g007240.2.1 |

Spermidine synthase 1

Solyc06g083900.2.1 |

Myb-related transcription factor

Solyc01g105890.2.1 |

(E)-beta—ocimene synthase

Solyc03g121270.2.1 |

IAA—amino acid hydrolase

Solyc05g052610.2.1 |

MYB transcription factor

Solyc09g005770.1.1 |

F-box family protein

Solyc05g032660.2.1 |

Dehydrogenase/ reductase 3

Solyc09g005540.1.1 |

NAD-dependent epimerase/dehydratase

Solyc02g090350.2.1 |

Cytochrome P450

Solyc08g076930.1.1 |

Transcription factor

Solyc10g005320.2.1 |

Tryptophan synthase beta chain 1

Solyc04g071770.2.1 |

Ethylene responsive transcription factor 2a

Solyc09g015070.2.1 |

Reductase 1

Solyc06g083890.2.1 |

Pre-mRNA-splicing factor SLU7-A
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Solyc11g008780.1.1 |

Acetolactate synthase small subunit

Solyc029062960.2.1 |

Homeobox-leucine zipper protein

Solyc02g044030.1.1 |

60 kDa chaperonin

Solyc11g072250.1.1 |

Unknown Protein

Solyc05g053100.2.1 |

Dihydrolipoyl dehydrogenase

Solyc04g051280.2.1 |

F16G16.9 protein (Fragment)

Solyc01g007370.2.1 |

Chloroplast envelope membrane protein A

Solyc12g088010.1.1 |

Aberrant pollen transmission 1

Solyc01g007600.2.1 |

50S ribosomal protein L16 chloroplastic

Solyc03g007800.2.1 |

Topoisomerase 1-associated factor 1

Solyc07g017700.1.1 |

Uncharacterized conserved protein

Solyc06g006040.1.1 |

Receptor like kinase, RLK

Solyc11g069700.1.1 |

Elongation factor 1-alpha

Solyc069017860.1.1 |

Serine carboxypeptidase

Solyc07g006280.2.1 |

Senescence-associated protein

Solyc06g035940.2.1 |

Homeobox-leucine zipper protein PROTODERMAL FACTOR 2

Solyc079007130.1.1 |

NHL repeat—containing protein

Solyc04g039670.2.1

ATP-citrate lyase A-2

Solyc02g089900.1.1 |

Receptor-like kinase

Solyc07g065900.2.1 |

Fructose—bisphosphate aldolase

Solyc01g109700.2.1 |

Transcription factor

Solyc07g008100.2.1 |

Genomic DNA chromosome 3 P1 clone MUJ8

Solyc03g005320.2.1 |

Fatty acid elongase 3—ketoacyl-CoA synthase

Solyc10g079090.1.1 |

Chaperone protein dnaJ 6

Solyc12g013710.1.1 |

Protochlorophyllide reductase

Solyc04g008230.2.1 |

Polygalacturonase

Solyc05g008820.2.1 |

Lipid phosphate phosphatase 3

Solyc029055370.2.1 |

Transcriptional factor B3 family protein

Solyc11g006710.1.1 |

Cationic amino acid transporter

Solyc08g068600.2.1 |

Decarboxylase family protein

Solyc08g008280.2.1 |

WRKY transcription factor-30

Solyc09g015770.2.1 |

WRKY transcription factor 6

Solyc06g005170.2.1 |

Mitogen—activated protein kinase 3

Solyc03g095770.2.1 |

WRKY transcription factor 6

Solyc09g014990.2.1 |

WRKY-like transcription factor

Solyc10g055760.1.1 |

NAC domain protein IPR003441

Solyc01g079830.2.1 |

Unknown Protein

Solyc06g030470.2.1 |

Auxin—regulated protein

Solyc10g047530.1.1 |

Phototropic-responsive NPH3 family protein

Solyc029083170.2.1 |

F-box family protein
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Solyc02g089350.2.1 |

Gibberellin regulated protein

Solyc02g069070.2.1 |

Ribonuclease H2 subunit C

Solyc01g095530.2.1 |

Unknown Protein

Solyc069059710.2.1 |

Stearoyl—acyl carrier protein desaturase

Solyc079061880.1.1 |

Unknown Protein
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6.6 Putative transcription factors encoding protein domains

6.6.1 Putative MYB9 protein homologs in closely related plant model species

ATMyb6 MGRSPCCEKAHTNKGAWTKEEDQRLVDY IRNHGEGCWRSLPKSAGLLRCGKSCRLRWINY 60
S1Myb9 MGRAPCCAKEGLRKGPWSTKEDLLLTNYINQYGEGQWRSLPKNAGLLRCGKSCRLRWVNY 60
StMybl185 MGRAPCCVKEGLRKGPWSTKEDLLLTNYINQYGEGQWRSLPKNAGLLRCGKSCRLRWVNY 60
GmMyb185 MGRAPCCSKVGLHRGPWTPREDALLTKYIQTHGEGQWRSLPKRAGLLRCGKSCRLRWMNY 60
PoptrMybll5 MGRAPCCSKVGLRRGPWTPREDALLTEYIQAHGEGHWRSLPKKSGLLRCGKSCRLRWMNY 60
TcMyb7 MGRAPCCSKVGLHRGPWTPREDTLLVKYIQAHGDGHWRSLPKKAGLLRCGKSCRLRWMNY 60
***:*** * .:* *: .** *..**. :*:* * k ok k kK :*************:**
ATMyb6 LRPDLKRGNFTDDEDQIIIKLHSLLGNKWSLIAGRLPGRTDNEIKNYWNTHIKRKLLSHG 120
S1Myb9 LKPGIKRGNFSEDEEDLIVRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLTKKLRSTG 120
StMybl85 LKPGIKRGNFSEDEEDLIVRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLIKKLKSTG 120
GmMyb185 LRPDIKRGNITPEEDDLIVRMHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLSKKLRNQG 120
PoptrMybll5 LRPDIKRGNITPDEDDLIIRMHSLLGNRWSLIAGRLPGRTDNEIKNHWNTHLSKRLRSQG 120
TcMyb7 LRPDIKRGNITPDEDDLIIRLHSLLGNRWSLIAGRLPGRTDNEIKNYWNTHLSKRLLSQG 120
*:*.:****:: :*:::*:::******:******************:****: ::* . *
ATMyb6 IDPQTHRQINESKTVSSQVVVPIQ-—---=-—-—-—-— ND--—-————-— AVE-—-—————--- YSEFSN 154
S1Myb9 IEPKPHKNLTKLKEKSRKQTKKEKSRKEVGKKSNDEKLKGQIAQVEKIKVFAPKPIRISC 180
StMyb185 IEPKPHKNFTK----—-————— KEKSRKKVGKKSNNEKFKGQIVQVEKIKVFAPKPIRISC 170
GmMyb185 TDPKTHDKLTEAPEKKKGKKKN--KQ-—-————— KN----ENNKGSEKTLVYLPKPIRVKA 167
PoptrMybll5 TDPNTHKKLAEPGKREVRRRTS—--NSDKNTSNKKQSKSKAKPVPAEKHKVHLPKAVRFAS 178
TcMyb7 TDPNTHKKLSEPAVQQVKKRKS--SRGNSNKKQONNSKGKGAKVEPEKPKVHLPKPVRVTS 178
ok . * .. . .. *
ATMyb6 LAV-KPKTENSSDNGASTSGTTTDEDLRONGECYYSDNSGHIKLNLDLTLGFGSWSGRIV 213
S1Myb9 --—GISRN-NSFENDTL-STTTCSSNSNFEKVDDGKDR--—---—--- EKEVKLFPRELDED 227
StMyb185 ---GILRN-NSFENDTL-GTTTCSSNSNFEKVDVGKDK-—------- EKEVKLFPRELDFG 217
GmMyb185 LSSCIPRT-DSTLTLNS-NSATASTSEEKVQSPEA--E-—-——-—- VKEV-NMVWGVGDD 214
PoptrMybl15 LS--LPRN-DSFASSTT-TSL-SPSQGRDQGYCFG--T—-—-——-—- ELAV-DVSWS-NFK 221
TcMyb7 FS--LPRN-DSFDQCNT-FSTVSSSQGGEGG--LG-—-T--——-—-- EVV--QGPWSDNVN 220
.« K
ATMyb6 ————GVGS=——=——————mm—mm SADSKPWCDPVMEARLSLL-—-—-——-—~— 236
S1Myb9 ELLEGGGFYDE-—-—---—-- FLMGESCNFSNKVEMNDNMVEKVYEEYLLLLSEIQEDQTE 278
StMyb185 ELLEGDGFFDE--------- ILMGESCKFSNKVEMNDNMVEKVYEEYLLLLSEIQEDQKE 268
GmMyb185 ADNGGIEIFFG-EDHDLVNNTASYEECYSDV-HTDDHGTLEKLYEEYLQLLNVEEKP--D 270
PoptrMybl15 DCDNGVAFFV--GDVDLDNG--SDLECQSLLPTTD---TLEKLYEEYLQVLNTNDHQDQV 274
TcMyb7 DDENGTGFLAAYDDHGFVNG--SDFECQSHVPASDDDNSLEKLYEEYLQLLKTND--DQV 276
* . . * * :*

ATMyb6 —m——m—m——- 236
S1Myb9 QKFSM-———-~ 283
StMyb185 QKFLM-----~ 273
GmMyb185 ELDSFAQSLLV 281
PoptrMybll5 ELNSFAESLLV 285
TcMyb7 QLDSFAESLLI 287

Figure A5: Multiple sequence alignment of putative MYB9 full-length and its

homologs.

Helix-turn-Helix domain and DNA-binding motifs of putative MYB9 and its closely related
protein homologs are depicted in green. ‘W’ residues located at the positions 9, 29 and 49
of the R2 and 62, 81 and 100 of the R3 repeats are marked in red, respectively.
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Putative MYB4 protein homologs in closely related species

MGRAPCCEKMGLKRGPWTPEEDQILINYINTYGHANWRALPKLAGLLRCGKSCRLRWINY
MVRAPCCEKMGLKKGPWTAEEDQILINYIQLHGHGNWRALPKQAGLLRCGKSCRLRWINY
MVRAPCCEKMGLKKGPWTPEEDQILINYIKLYGHGNWRALPKQAGLLRCGKSCRLRWTNY
MGRRPCCEKIGLKKGPWSAEEDRILINYISLHGHPNWRALPKLAGLLRCGKSCRLRWINY
MGRSPCCEKLGLKRGPWSKEEDYLLINYIKKNGHPNWRALPKLAGLLRCGKSCRLRWTNY
MGRSPCCEKLGLKRGPWSKEEDDLLINYIKKNGHPNWRALPKLAGLLRCGKSCRLRWTNY

* kK kkkhkkekkkoekkkoe Kkhkk kKKK K Kk Kk AAkAkAk KAk KAk Ak hkhkhkkhkkkkk K%k

LRPDIKRGNFTREEEDTIISLHEMLGNRWSAIAARLSGRTDNEIKNVWHTHLKKRLPONY
LRPDIKRGNFSREEEDTIIKLHEMLGNRWSAIAARLPGRTDNEIKNVWHTHLKKRLEKNH
LRPDIKRGNFTREEEDTIINLHEMLGNRWSAIAARLPGRTDNEIKNVWHTHLKKRLKQNH
LRPDIKRGNFTPHEEDTIISLHQLLGNRWSAIAAKLPGRTDNEIKNVWHTHLKKRLHHSQ
LRPDIKRGNFTHQEEDTIIKLHQVLGNSWSAIAARLPGRTDNEIKNIWHTRLKKKRNESQ
LRPDIKRGNFTHQEEDTIIKLHQVLGNSWSAIAARLPGRTDNEIKNIWHTRLKKKMNESQ

KAk KkKk kKKK K o KAKKKAKk KKkeoohkhkk Khkhkhkhkkok K hkhkhkhkhkhkhkkokhkhkohkhko

QQOSHHTKKRSKKQPPKLDADASKSNQDAKLEQQDPVNI-HGSNSEDMMMPLSPPHCS———

VIPEIKGRS----- VDISRFDH--ELNTDQELLDSSNLAAGSDQTEEHRPISPQQCS--—
GSNDNKRQG----— IDSSQDI--—--- KKEQE---PVNFLSPVTDSPGCRPVSPPESS—--
DONNKEDFVST---TA-——————-—-—-—-———————————————————— AEMPTSPQQQSSSS
LKE---TQSEP---ENTNVDVH------— LEEANNSND-KHSEISNLKINIEIQQQPSPS
POQETPDIQSEP---ENSNVDIH------- LEEANNSKD-NNSEISSPKINTEIQQQPSSS

SDMSSSLTTSDNNSNVNIINNNHDMSLNVNDYDIDTPENNLALDEDFWSEVLSSDNSGVT

SDTSSLITGDIDIS-----——-— NNMC----- MKIESSDDFPEMDESFWSEVLSADNSRIV
SEVSTVTT--SENN-—-—-—-———— SNMC----- MKIETHQDFSEIDENFWSEVLSADNSSMA
ADISAITTLG--—-———--—-—— NNNDISNSNKDSATSSEDVLAIIDESFWSEVVLMDCDISG
SSVSSSSEDS-————-—-———-— CSNTTATSSESRNQIMSDNLLEIDDDIWSEVVWAQVDDNY
SSTSSSSEYS—-———-—-———-— YSNTIATSSESRNQIMSDNLLEVDDDIWSEVVWAPVDDNY

* . . oK. s kKKK .

SGFPTLDYD---QFQPMSPLVTEEGVLIDC-SSSTCDDGMDEFWCNVYSRAEEFT-QLLEL
SDFSAIGTEPQLQFPFSPLVIEVEQVYATNSNMYD---STEYWHDLFTRAGGSL-DLPEIL
SDFQVVGSDLQPQYLPISPLATFEPVNDYGSNLYVSDTNMDEWYNLFTRAGDLP-EQPET

NEKNE--------—-——-— KKIENWEGSLDRN--DKGYNHDMEFWFDHLTSSSCIIGEMSDI

VDL-—====——————————— SLMEDNYH----INSSFDDNWEFWDDLFTRSNELMLELPEL

IDL--=-==———————————— SLMEDNYQ----INCSENDNWFWDDLFTRSNELMLELPEL
* . . . . ..

-——= 291

- 273

-—= 268

SEF 246

-——= 255

-——= 258

60
60
60
60
60
60

120
120
120
120
120
120

176
170
164
147
166
169

236
217
209
197
216
219

291
273
268
243
255
258

Figure A6: Multiple sequence alignment of putative full-length MYB4-like and its

homologs.

Helix-turn-Helix domain and DNA-binding motifs of putative MYBA4-like and its closely
related protein homologs are depicted in green. ‘W’ residues located at the positions 9, 29

and 49 of the R2 and 62, 81 and 100 of the R3 repeats are marked in red, respectively.
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6.6.3 Putative MYC2 protein homologs in closely related species
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MYNLTFSPSLSSSLLSFTQQTPAAIVSSSPPDLVLOQOKLREFVVETSPDRWAYVIFWQKME

MEQLAVSSSPMA-———--——— VAPPPVDVNQVPLGLQOMLQYVVKSQPEWWAYATIFWQTSN
MEQLLVSSSPMAAA----— SLPPPPVDVNQVPLDLQOMLQYVVKSQPEWWAYATIFWQTST
MEELIISPSSSS—-——---—-——-— SLVSLSQENPTPTLOQOKLQFLLOSQPDWWVYAIFWQASH
MEELIISPSSPS—-——---—-——-— SPVSLSQETPP-TLQQRLOFIVONQPDWWSYAIFWQTSN
MEELIISPSSSS—-——---—-——-— SLVSFSQETPPSTLOOQRLOFVIQSQODWWAYAIFWQTSN

*  ex * ok . Fhkk ke e e

* ok kK kK

DDQSDRSYLVWVDGHFCGNKNNNSQENYTTNSI-—-—-———-— E--mmmmmm——— C
DD-EGKNFLAWGDGYFQGDGVVINNKGGGGSSSSLKSQAQSERKKVIKGIQALMDGNGDT
DD-DGKNFLAWGDGYFQGDGVVNNNKGSSSSSSSLKSQAQSERKKVIKGIQALMDGNGDT
DD-NGNLYLSFGEGHFQGTKETSPKSLTI-PTK-—-—————————————————————— NKF
DD-SGRIFLGWGDGHFQGSKDTSPKPNTEF-SNSRMTISNSERKRVMMKGIQSLIGECHDL
DE-HGRLFLTWGDGHFQGTKDTSPKLGAN-ISNIPGL--NNERRKVMKGIQALIGDNHDI

* . ok . ek ek K

E-LMMDGG--DDLELFYAASFY----GE-----=-—-—-—————— DRSPRKEVSDESLVWLTG
D--LVDDGDVTDTEWEFYVMSLARSFSAGD----—-—————-—-—-— GSVTGKAFGSDDFLWITG
D--LVDDGDVTDTEWFYVMSLARSFSAGD-————-—-—-—-—-—-—-—— GSVTGKAFGSDDFLWITG
LMKTPTNDNINDAEWEYVMSLTRSFAVNNNSSSNSTSCSSSSSSLPGKSFALGSVLWQONN
DMSLMDGNDATDSEWFYVMSLTRSFSPG-—-—-—-——-—-—-—-—-—-—-—— DGILGKAYTTGSLIWLTG
DMSMIDGTDITDAEWEFYVMSLTRSFSAG-——-—-—-—————-—-—— DGIPGKALSTGSLVWLTG

* ok k% * . * .k

PDELR-FSNYERAKEAGFHGVHTLVSIPINNGIIELGSSESIIQNRNEFINRVKSIFGSGK
PDOQFQLHYSCERAKEAQIHGIQTLVSIPTSNGVFELGSTQLIKQONLSLVQQVKSLFLCCP
PAQFQLHYSCERAKEAQIHGIQTLVCIPTSNGVFELGSTQLIKQONLSLVQQVKSLFLCCP
RHELQ-FYNCERSNEAHMHGIETLICIPTONGVVEMGSYDTIKQONWNLVQHVKSLFHTSP
GHELQ-FYNCERVKEAQMHGIETLVCIPTSCGVLELGSSSVIRENWGLVQQAKSLEFGSDL
AHELQ-FYNCERAREAQMHAIETLVCIPTSCGVLELGSSEMIRENWGLVQQVKSVEFGSDL

* K Kkk ek . kK. kK ke ke kK * ek e e e e Kk ek

SAYLVPKGP--NNSSEEPTQ-FLDRSISFADMGIIAGLQEDCAVDREQKNARETEEANKR
IGLVPKQSNPNPNLTPGPIQ-FLDRNISFADIGITAGVQEEDASPDNRTKQENHNNQTKK

--SKSGNQQFGSE--—-=-—===——————— RKRRRKLETTRVAAATKEKHHPAVLSHVEAEK

—————————————————— P---------HPVVAK-KRGRKPKGGEEDAHMAALNHVEAER
—————————————————— P-—-—-------QPVVAKKKRGRKP---KEDANMAALNHVEAER
QTAPSKNDNYVDSEHSDSDCPTLPTATTPTASEPKKRGRKPVLGRE----TPINHVEAER
NANKPG-LSYLNSEHSDSDFPLLAMH--MEKRIPKKRGRKPGLGRD-—---APLNHVEAER
DSTKPGQSSYVDSEHSDSDCPLLAMNN-IEKRTPKKRGRKPGLGRE----TPLNHVEAER

* = s Kk ARk,
QRREKLNHRFYALRAIVPKVSRMDKASLLSDAVSYIESLKSKIDDLETEI---—-- KKMKM

QRREKLNHRFYALRSVVPNVSRMDKASLLSDAVSY INQLKAKVDELELQLIDHTKKPKIV
QRREKLNHRFYALRSVVPNVSRMDKASLLSDAVSY INQLKAKVDELELQLIDHTKKPKNV
QRREKLNHRFYALRAVVPNVSRMDKASLLSDAVAY INELKAKIEDLESQQPRDSNKKMKT
QRREKLNHRFYALRAVVPNVSRMDKASLLSDAVSY INELKAKVDELESQLERES-KKVKL
QORREKLNHRFYALRAVVPNVSRMDKASLLSDAVSYINELKAKIEELESQLQREC-KKVKV

KAKAKAKAKAAAKAAAA A K e s kh o kA A A A A A Ak Ak kA hkkokke K kokoookkx o *
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PoptrbHLH
TcbHLH
Figure A7:
homologs.

TETDKLDNSSSNTSPSSVEYQVNQKPSKSNRGSDLEVQVKIVGEEAIIRVQTENVNHPTS
TESSSADNQSATTSSDDQVIKA-A---=-— NPTAAPEVEVKIVGTDAMIRVQSENVDYPSA
TESSSADNQSTTTSSDDQVIKA-———-—-—— NSTAAPEVEVKIIGTDAMIRVQSENVDYPSA
EMTDTLDNQSATTTSTVVDQSG-SGSRLGLGPLGLEVDVRIVGPDAMVRVQSENVNHPGA
EVADNLDNQSTTTSVDQSACRP-NSAGGA--GLALEVEIKFVGNDAMIRVQSENVNYPAS
EMVDAMDNQSTTTSVDQAARPS-NSSSGTAGSGGLEFDIKIMGNDAMIRVQSENVNYPSA

hxk ke Kk K ee e e K ek eekkkokKhkKk o o

ALMSALMEMDCRVQHANASRLSQVMVQDVVVLVPEGLRSEDRLRTTLVRTLSL-
KLMIALONLOMQVHHASISSVNHLVLHDVVVRVPQGLSTEDELRTALLTSYDL-
KLMIALONLOMQVHHASISSVNHLVLHDVVVRVPQGLSTEDELRTALLTRLEHH
RLMGALRDLEFQVHHASMSCVNDLMLQDVVVKLPNGMRSEESLKSAIIMRLDQ-
RLMCALRELEFQVHHASMSCVNELMLQDVVVRVPDGLRTEEALKSALLGRLE--
RLMIALRDLEFQVHHASMSCVNELMLQDIVVRVPDGLRTEEGLKSALLRRLEQ-

hhk Ak e e e ekekk * . e e ekekhk ekeke eke hkeoooeoee

423
450
452
466
491
497

370
397
398
413
439
444

Multiple sequence alignment of putative full-length MYC2 and its

Putative full-length MYC2 indicating basic Helix-loop-Helix (bHLH) domain highlighted by
green for closely related homolog species. Black bars represent bHLH domain showing
H5*, E9* and R12* positions important for DNA-binding activity are marked in red,

respectively.
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6.6.4 Putative PDF2 protein homologs in closely related species
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MNFGSLEDNTPGGGSTGARLLSGLSYGNHTA-———-— ATNVLPGGAMAQAAAAASLFEFSPP
MNFGGFLDNNSGGGGAR--IVADIPFNHNSSSNND-NKNNNMPTGAISQPRL--L--PQS
MSFGGLLDNKSGSGGARN-NVSDIPYNNNNVINTTTTNNDRMPFGAISQPRL--VTTTPT
MSFGGFLDNSSGGGGAR--IVADIPYSN---—-—-———-—--— NMPTGAIAQPRL--V--SPS

———————————————————————————— MDSHGDMGLLGEHFD--PSLVGRMREDGYESR
LTKSVYASSGLSLALEQPERGTNRGEASMRNNNNVGGGGDTFD--GSVNRRSREEEHESR

LAKNMFNSPGLSLALQ-TGMEGQONEVTRM-——— -~~~ AENYEGNNSVGRRSREEEPDSR
LAKSMFNSSGLSLALQ-TNTDGQEDVNRM——= ==~~~ AENTSEPNG-LRRSREDEHESR
LAKNMEFNSPGLSLALQQPNIDNQGDGTRM-~—=~—=~— GENFEGSV--GRRSREEEHESR
————————————————————————————————————————————————————— MEKSTME
———————————————————————————————————————————————————— MEDQKDMS

SGSDNIEGASGEDQDAGDYQRPRKKYNRHTANQIQELESFFKECPHPDEKQRSELSRRLG
SGSDNVEGISGEDQDAADKPPRKKRYHRHTPQOIQELESMFKECPHPDEKQRLELSKRLC
SGSDNLEGASGDEQDAADKPPRKKRYHRHTPQOIQELESLFKECPHPDEKQRLELSKRLS
SGSDNMDGASGDEHDAADNPPRKKRYHRHTPOQOIQELEALFKECPHPDEKQRLELSRRLC
SGSDNMDGGSGDDQDAADNPPRKKRYHRHTPQOIQELEALFKECPHPDEKQRLELSKRLC
LSNNRDGGVSGDELTSPDGS--SERRHKEFSVNQIHELESVFKVSSHPDEKTKQELATKES
EKENENELVSGDELDSQRGK--SSKRMKHSDKQIQELEVAFKEDRYPDATIRLELATKLS

*k oo oo . . . . ek koo kKK * % . kK o Kk .

LESKQIKFWFONRRTOMKTQLERHENATILRQENDKLRAENELLKQNMSDPICNNCGGPVV
LETROQVKFWFONRRTOMKTQLERHENALLRQENDKLRAENMSIREAMRNPICTNCGGPAM
LETRQVKEFWFONRRTOMKTQLERHENSILRQENDKLRAENMSIREAMRNPICTNCGGPAM
LETROQVKFWEFONRRTOMKTQLERHENTLLRQENDKLRAENMS IRDAMRNPMCSNCGGPATL
LETRQVKFWFONRRTOMKTQLERHENSLLRQENDKLRAENMSIRDAMRNPICTNCGGPAT
VDKKQVQFWEFQONKRSISKTQSERYNKRVLOQENEKLRTEYAAMREVMKKSICDPCRNKDT
MGSKQVNYWEFQONKRSRMKSQSEQHESKLLKQEYDKLHTEY ISMKEMMKSPTCGQCHGKT I

ek e e e khk kKo k. K ek ke e ek e kk ok ke oKk TEEEE * *

P-VPVSYEQQQLRIENARLKDELGRVCALANKFLGRPLTSSASPVPPFGSNTKEFDLAVGR

L-GDVSLEEHHLRIENARLKDELDRVCNLTGKFLGHHHNHH-------- YNSSLELAVGT
I-GEISLEEQHLRIENARLKDELDRVCALAGKFLGRPISSLVTSMPPPMPNSSLELGVGN
I-GEISLEEQHLRIENARLKDELDRVCVLAGKFLGRPVSSL—-—--—--——-— PSSSLELGMRG

I-GDISLEEQHLRIENARLKDELDRVCALAGKFLGRPISALATSIAPPMPNSSLELGVGS
TIRNENVDEKEILNEHARLKDELARIAIHADKSLGSSSFLE-GSLTSMMEK--F—-—-—-—
SM-NINVDEHQLKNEQAQLEDEVKRLTNEVEKLYDP--——————————————————————

..... Frkoxpkokr Ky .x
NGYGNLGHTDNTLPMGLDNNGGVMM—-——-———=—=————— PLMKPIGNAVGNEVPFDRSMFEVD
NNNGGHFAF-----—--— PPDFGGGGGCL-———————— PPOOQO---QSTVINGIDQKSVLLE
NGYGGMSNVPTTLPLAPPDFGVGISNSL--—-——— PVVPSN---RQSTGIERSLERSMYLE
NGFAGIPA-ATTLPLG-QDFDMGMSVSMNNNALAMVSPPTSARAAAAGFDRSVERSMFLE
NGFGGLSTVPTTLPLG-PDFGGGITNAL--—-—-—— PVAPPNRPTTGVTGLDRSVERSMFLE
——————————— GLELNEVDFGKYLSS------—-—-—-—-—-—-—-—-—-—-PLPTNLDVTLDKSMLLN

————————————————————————————————————————————— TTSLEGTFDKSTLLN

.:*
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LALAAMDELIKIAQVESPIWIKSLDGGKEVLNHEEYMRTFPPCIGMKPSNEVIEATRESG
LALTAMDELVKLAQSEEPLWVKSLDGERDELNQDEYMRTFSS—---TKPTGLATEASRTSG
LALAAMEELVKLAQTDEPLWFRSIEGGRELLNHEEYIRTFTPCIGMRPNSEVSEASRETG
LALAAMDELVKIAQTGEPLWMRNVEGGREILNNEEYVRTFTPCIGLRPNGEFVSEASRENG
LALAAMDELVKMAQTDEPLWIRSLEGGREILNHDEYLRTFTPCIGMKPGGEFVTEASRETG
LALDALNELLKLAMSDEPLWVRNLDGGGEMLNMEEYATTFIPIIGIKPSHFTTEATRSSG
LALDASDELLKLAQNGEPLWFRNLDGDGETLNLKEYDSAFTPIISMKPEHFITEATRATC
* kK Kk :**:*:* .*:*.:.::* . * * .** :* :* . **:*

VVLANSLDLVETLMDVNGWVEMFPSLIARAATIDIVSSGMGGTKSGALQMIHAEFQVISP
MVIINSLALVETLMDSNRWTEMFPCNVARATTTDVISGGMAGTINGALQLMNAELQVLSP
MVIINSLALVETLMDSNKWAEMFPCLIARTSTTDVISSGMGGTRNGALQLMHAELQVLSP
MVIINSLALVETLMDSNRWAEMFPCIIARTSTTEVISSGINGTRNGALQLMHAELQVLSP
VVIINSLALVETLMDSTRWAEMFPCMIARTSTTDVISSGMGGTRNGALQLMHAELQVLSP
TVVGNSLTLVEMLMNESQWVEAFPCIIGKVNTFDVISTGIGEGKSGTLLLIEAELQIISN
KMVHNSQTLVETLMNKDQWMDMFPCIVGKTNTIEVISRGISGNKSGALLLIVSELQIISD

* * Kk kK kK. * . kK . . K e e ek k. K ek .. ek ek e ok

FVPVRQVKFLRLCKQLAEGVWAVADVSVDGNQENLNAQTPVTCRRLPSGCIIQDMNNGCC
LVPVRNVNFLRFCKQHAEGVWAVVDVSIDPVRENSGGAP--VIRRLPSGCVVQDVSNGYS
LVPIREVNFLRFCKQHAEGVWAVVDVSIDTIRETSGAPTYPNCRRLPSGCVVQDMPNGYS
LVPVREVNFLRFCKQHAEGVWAVVDVSIDSIRESSGAPTFVNCRRLPSGCVVQDMPNGYS
LVPVREVNFLRFCKQHAEGVWAVVDVSIDTIRETSGAPTFVNCRRLPSGCVVQDMPNGY S
VVPVREIKFLRFCQKHAEDSWIIVDVSVDTIKEGSQQYKIEKCRRLPSGCIIQDMSNGYS
MIPSCEIKCLRFCQKHAEGLWVVVDVSIDTIQKGSQQCEIQSCRRLPSGCIIQDMVDGYS

ks kkakaa KKk k. kkKkoX KKKk KKk s kK K
KVIWVEHSEYDESAVHRLYRHILNSGMGFGAQRWIAALQRHYECMAMLLSPTILGEDQTV
KVTWVEHAEYDENQIHQLYRPLLRSGLGFGSQRWLATLQRQCECLAILISSSVTSHDNTS
KVITWVEHAEYEEGANHHLYRQLISAGMGFGAQRWVATLORQCECLAILMSSTVSARDH--
KVITWVEHAEYDESQVHQLYRPLLSSGMGFGAQRWVATLOQRQCECLATILMSSAAPSRDHSA
KVTWVEHAEYEESQVHQLYRPLLSSGMGFGAQRWVATLQROQCECLAILMSSTVPTRDHTA
KVTWIEHMEYDEIFVDHLYRPLIRAGLGFGAQRWMSSLORQSELLRVMASFV-—-—— NST
KVIWIEHMQYNENHVHHLYRPLVKTGLVFGAQRCIAGLQRQSEFLRVMKSEFV—-——--— DPT
KKk kok kK JrRRK e sk kkakk s kkk: X . osa K
INLGGKKSMLKLARRMVDSFCSGVCASTLHNWGNLV-VESVSEDVRILTRKIINEPGEPD
ITPGGRKSMLKLAQRMTENFCSGISAPSVHNWSKLT-VGNVDPDVRVMTRKSVDDPGEPP
————————————————————————————————————— TGNVDEDVRVMTRKSVDDPGEPA
ITAGGRRSMMKLAQRMTNNFCAGVCASTVHKWNKLN-AGNVDEDVRVMTRKSVDDPGEPP
ITASGRRSMLKLAQRMTDNFCAGVCASTLHKWNKLNNAGNVDEDVRVMTRKSVDDPGEPP
VDPKGEIGMGILSQRMTRSFCAVICAT-SHKWITIQKEN--GKDANLMMRRNISDAGEPI
IVSKDHIGIRMLAQSMTRKFCAAVCAT-THKWEIVQLEN--GVDAKLMMRTSIGDHTEPTI

* L . . * K

GIVLSVSTSVWLPVSQQORLFDFLRDEQSRSQWDILSNGGILQEMVQIPKGQGHWNTVSVL
GIVLSAATSVWLPAAPQRLYDFLRNERMRCEWDILSNGGPMQEMAHITKGQODQG--VSLL
GIVLSAATSVWLPVSPQRLFDFLRDERLRSEWDILSNGGPMQEMAHIAKGQDHGNCVSLL
GIVLSAATSVWLPVSPHRLFDFLRDERLRSEWDILSNGGPMQEMAHTIAKGQDHGNAVSLL
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PoptrHomebox LPGNSFSNGEPNNCNGNPAKRDCDGNSGGGSFLTVGFQILASNLPSAKLTVESVKTVHNL 735
AtANL2 LPDGGIDGGGSGDG———————— DORPVGGGSLLTVAFQILVNNLPTAKLTVESVETVNNL 786
StCDh2 VPDGPGSRGSNG-PS--CNGG--PDQRISGSLLTVAFQILVNSLPTAKLTVESVETVNNL 767
GmHomeobox VPDGPGSRGPPNGPTSTTNGGDNGVTRVSGSLLTVAFQILVNSLPTAKLTVESVETVNNL 812
TcHDdomain = @ ——mmmm e 667
S1PDF2 LPDLSANNN-—--=-———=————=———— KEFGSGSLVTIMFQMLVDNISTADLPQKSIVDANDI 662
StHomeobox VQDYSAVDNDND——-———— IFEKNDNGVYGGSLVTIGFOMLLENLATTSLPKQSIKEANDL 642
PoptrHomebox ISCTMQRIKTAFN--- 748
AtANL2 ISCTVQKIRAALQCES 802
StCD2 ISCTVQKIKAALQCES 783
GmHomeobox ISCTVQKIKAALHCES 828
TcHDdomain @ —=—=—————————————— 667
S1PDF2 ISHTIHKIKSALLI-- 676
StHomeobox ICHTIRKIKMALKCK- 657

Figure A8:. Multiple sequence alignment of putative full-length MYC2 and its
homologs.

Putative full-length PDF2 represents a homeobox domain (HD) domain highlighted in red,

aligned with closely related homolog species. START domain of the PDF2 sequence is
highlighted in blue.
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6.7 Qualitative analysis of monoterpenes and sesquiterpenes
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Figure A9: Analysis of the peak area of monoterpenes

Monoterpenes (a — pinene, 3, 4 —Carene with MW — 136.12 and R.T — 5.42) were
analyzed on the GC-MS. a — pinene at the retention time 5.42 was analyzed between WT
control and 35S::GFP::PDF2_1/2/4 F1 lines using Xcalibur software.
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Figure A10: Analysis of the peak area of sesquiterpenes

Sesquiterpenes (3- caryophyllene and a-humelene, MW — 204.18, R.T — 15.22) detected
from the leaf hexane extracts of F1 transgenic lines were analyzed on the GC-MS. B-
caryophyllene at the retention time 15.22 was analyzed between jail control and
pPpATML1::GFP::MYB9 F1 lines using Xcalibur software.
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Figure A 11: Analysis of the peak area of sesquiterpenes

Sesquiterpenes (B- caryophyllene and a-humelene, MW — 204.18, R.T — 15.22) detected
from the leaf hexane extracts of F1 transgenic lines were analyzed on the GC-MS. B-
caryophyllene at the retention time 15.22 was analyzed between WT control and
35S::GFP::PDF2_1/2/4 F1 lines using Xcalibur software.
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