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Abstract

The work described in this thesis aimed to identify new structural and regulatory genes involved in
trichome development in tomato (Solanum lycopersicum). Trichomes are hairs that cover the aerial
epidermis of most terrestrial plants, and they confer resistance to abiotic and biotic stresses. In species
with glandular trichomes, such as tomato, trichomes can produce a vast array of specialised

metabolites with diverse biological activities.

| explored the genetic variation present in the wild tomato species Solanum pennellii, which has high
trichome density and is tolerant to biotic and abiotic stresses, to find genes involved in trichome
development. | determined the trichome phenotype of the S. pennellii x S. lycopersicum cv. M82
introgression lines over two generations and identified genomic regions potentially containing genes
involved in trichome development. | tested candidate gene by transient virus-induced gene silencing
(VIGS) in tomato and could identify three genes with a role in trichome formation: SIMIXTA-like, SIMX2
and SICycB2.

| generated transgenic lines overexpressing SIMIXTA-like as well as SIMIXTA-like knock-out mutants
using the CRISPR/Cas9 system to characterise this gene functionally. These results, combined with
promoter analysis and comparisons between the MIXTA-like structure and function in S. pennellii and
S. lycopersicum, showed that SIMIXTA-like is a negative regulator of trichome initiation and a key

factor in epidermal patterning in tomato.

| used the CRISPR/Cas9 system to generate knock-out mutants of known regulators of trichome
development in tomato (SIMX1, Woolly, Hairless, CD2 and DWARF). Analyses of these knock-out
mutants contributed to clarifying their precise function in trichome development and led to the

establishment of a better model for trichome initiation and morphogenesis in tomato.

My research also showed a clear relationship between trichome density and tolerance to drought
stress and whitefly herbivory, indicating that trichome-related traits can be targeted for agricultural

improvement of tomato cultivars.
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Chapter 1 — Introduction



1.1.-Trichomes as part of the plant epidermis.

1.1.1.-Plant aerial epidermis and its different components.

The epidermis forms the most external tissue in plant organs. Consequently, it acts as a
defensive barrier against external threats and as a first interaction point for environmental
stimuli (Glover et al., 2016). The epidermis consists of a single cell layer, which develops through
anticlinal division of the most external cell layer of shoot meristems (referred to as the L1 layer)
expanding in two dimensions (Marcotrigiano and Bernatzky, 1995), although its growth through
cell division and expansion is tightly linked to that of the immediately adjacent layer, which in
leaves is the palisade mesophyll, developed by divisions of the L2 meristematic layer (Savaldi-
Goldstein and Chory, 2008). This single-celled epidermal layer is, however, relatively complex
and develops an array of different cellular and chemical structures. In most terrestrial plants,
these structures include the cuticle, pavement cells, stomata and trichomes. Special structures
such as lithocysts (Smith and Watt, 1986) or hydathodes (Fahn, 1988) can also be found in the
epidermis of some plant species. Each one of these structures shows differences in their

morphology, development and function.

The cuticle is a hydrophobic layer that covers the surface of aerial organs and is essential to
maintain a favourable water status inside the aerial organs of land plants subjected to a
desiccating environment (Yeats and Rose, 2013), and it can be found on all terrestrial plants,
including bryophytes (Budke et al.,, 2012) and pteridophytes (Archer and Cole, 1986). Its
presence is considered an important milestone in the colonisation of land by higher plants, as
inferred from fossil evidence (Edwards, 1993). The cuticle consists of variable proportions of two
main components, cutin and waxes. In some succulent and CAM species, a third component
called cutan has been described, although little is known about its chemical structure and

function (Boom et al., 2005).

Cutinis a polymer consisting of hydroxy fatty acids forming covalent ester bonds which generate
an organised matrix (Yeats and Rose, 2013). The most common cutin monomer is 10,16-
dihydroxyhexadecanoic acid, which can form ester bonds with other monomers using the
hydroxyl group on C16 to generate linear structures or using the hydroxyl group in C10 to
generate branched structures (Fig. 1.1) (Kolattukudy, 2001). Other monomers are found in cutin
and their contribution to cutin biosynthesis is species-dependent. For example, the most
common monomer in Arabidopsis thaliana is a dicarboxylic acid (Pollard et al., 2008). The cutin
matrix serves as a scaffold for deposition of lipidic waxes, which can be deposited within the
matrix or on its surface, forming epicuticular crystals or films that confer different properties to
the surface of the organ (leffree, 2006). The main components of the cuticular waxes are
compounds derived from very-long-chain fatty acids, including alkanes, aldehydes and ketones
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Figure 1.1.-The plant cuticle and its components. A) Chemical representation of the most
common fatty acid in cutin (10,16-dihydroxyhexadecanoic acid). Chemical groups involved in
esterification are shown: hydroxyl groups are highlighted in blue, and the carboxylic group is
highlighted in red. B) Some of the very-long-chain fatty acid derivatives commonly found in
cuticular waxes. From top to bottom: carboxylic acid, aldehyde, simple alcohol and ketone
derived from a 30C fatty acid. C) Schematic representation of the cuticle structure. Cell wall is
represented in green, the cuticle layer in orange, and the cuticle proper in yellow. Epicuticular
waxes are represented as triangles. D) Examples of cuticular waxes deposited in organised
patterns (stellar and long striations). Figure 1D has been borrowed from (Glover et al., 2016) and
| have reuse permission from the copyright holder (Jon Wiley and Sons Ltd) under licence

number 4421431352049.



(Fig. 1.1), although some specialised hydrophobic metabolites can also be found, such as
tocopherols or flavonoids (Jetter et al., 2008). The waxes and cutin precursors are synthesised
in epidermal cells and then transported to the extracellular location for esterification with the
growing polymers (Kolattukudy, 2001). Two different layers of the cuticle can be distinguished
at the microscopic level; the cuticular layer, with a relatively high content of polysaccharides and
low content of waxes, and the cuticle proper, with a high content of waxes (Fig. 1.1) (Yeats and
Rose, 2013). Finally, the pattern of cuticle secretion gives rise to different patterns of cuticle
(from very organised striations to smooth surfaces, examples shown in Fig. 1.1) which are
responsible for different biophysical properties of the surface and play a role in attraction of

pollinators (Whitney et al., 2009b, Glover et al., 2016).

Pavement cells are the most common type of epidermal cell and they do not have specialised
functions, although they are essential to maintain a correct distribution pattern of the other
epidermal structures (stomata and trichomes). They also preserve the integrity of plant organs
by providing mechanical support and they have different shapes in different organs, which
indicates they adapt their morphology to the developmental context (Glover, 2000, Javelle et
al., 2011). For example, in leaves of many plants, such as A. thaliana or tomato, pavement cells
in leaves have an undulating outline -similar to a jigsaw piece (Fig. 1.2)- while in stems they are
elongated. Whether this is a result of tension forces associated with cell division of neighbouring
cell layers (Javelle et al., 2011) or whether it is an adaptation to improve the mechanical
properties of the epidermis of different tissues (Jacques et al.,, 2014) is still unclear. A
coordinated control of the cytoskeleton determining different foci for growth within a cell is
required to produce the wavy shape (Mathur, 2004). The specific organisation of microtubules
in bands around the lobes sinuses and the accumulation of actin filaments in lobes tips was
reported as necessary for the formation of lobes in pavement cells in maize (Frank et al., 2003).
Although its particular shape has been a focus of research, it now seems clear that highly
undulated pavement cells are uncommon in angiosperms, and the Arabidopsis model might not

be ideal to investigate the causes behind shape of pavement cells (Vofely et al., 2018).

Stomata are specialised structures that are found in the epidermis of aerial organs of most
terrestrial plants, probably with the exception of liverworts (Chater et al., 2017). Stomata are
pores on the leaf and epidermal surface surrounded by two highly specialised cells, the guard
cells, which can modify their turgor to regulate the pore aperture to control carbon uptake and
water loss via gas exchange (Hetherington and Woodward, 2003) (Fig. 1.2). This mechanism
ensures maximal photosynthetic activity maintaining a favourable water status in the leaf
organs, and also contributes to thermoregulation (Fauset et al., 2018). Therefore, they are

considered as a key element of land colonisation by plants (Berry et al., 2010). Stomata are



Figure 1.2.-Cryo-scanning electron micrograph of a representative section of the adaxial
surface of a Solanum lycopersicum leaf. Jigsaw-piece-shaped pavement cells can be observed
over the leaf surface. White circle indicates a representative stoma. White arrows indicate

trichomes. Scale bar is indicated in the micrograph.



composed of two photosynthetic guard cells, which can alter their intracellular content of ions
and organic compounds that generate osmotic gradients that finally determine guard cell turgor
(Zeiger, 1983). Their photosynthetic function is important for this mechanism of opening and
closing, probably by allowing synthesis in situ of organic solutes (Azoulay-Shemer et al., 2015).
These changes take place very rapidly in response to environmental stimuli such as changes in
humidity, soil water content, temperature or CO;, and this response is mediated by the
phytohormone abscisic acid (ABA) (Tardieu and Davies, 1992). The density of stomata tends to
be higher on the abaxial surface of the leaves, which is generally more protected from radiation
and is considered to be the main surface for gas exchange (Wang et al., 1998), although in many
herbaceous dicots, including tomato, the numbers of stomata on both sides of the leaf are
comparable (Willmer and Fricker, 1996). Due to the conserved nature of stomatal morphology
and function across terrestrial plants and the key physiological roles they play, stomata have

been a major focus of research on the epidermis of plants.

Trichomes are outgrowths of the epidermal surface which, contrary to the conserved nature of
stomata, show great diversity in terms of morphology, distribution and function. Trichomes are
highly species-specific, with even close relatives showing considerable differences in trichome
types, morphology, density and distribution. Indeed, the presence or absence of hairs on stems
or leaves has been a key trait for taxonomic classification since the time of Linnaeus. Several
different types of trichomes may be present in a given species (Payne, 1978). This vast diversity
complicates the establishment of a standardised classification of the different trichome types,
but generally they can be divided in two groups, glandular and non-glandular, depending on the
presence or absence of specialised metabolite-secreting cells (Werker, 2000). Further
classification refers to specific morphological characteristics or composition of glandular
exudates. For example, in some species, trichomes are multicellular and their development
involves one or more mitotic divisions, as in the case for all trichomes of tomato (Fig. 1.2). In
other species, trichomes are unicellular, although this sometimes involves endoreduplication
and suppression of cytokinesis, as in the case of Arabidopsis thaliana (Schwab et al., 2000). All
kind of shapes can be found in trichomes (stellate, hooked, t-shaped among many others) and
this diversity has often been used for taxonomic classification (Werker, 2000). Glandular
trichomes are present in approximately 30% of vascular plant species (Fahn, 2000), and they
have been the main focus of research in trichomes in species other than the model plant
Arabidopsis. This is due to the different specialised metabolites they can produce, ranging from
drugs, such as artemisinin from Artemisia annua (Das, 2015), to essential oils produced in
trichomes of Mentha species (Mucciarelli et al., 2001). They also play a protective role against

environmental stresses, especially herbivory (Fiirstenberg-Hagg et al., 2013). Their density and



distribution is essential for their function, and it is regulated genetically and environmentally, in
an analogous way to stomata (Glover et al., 2016). Trichomes are the focus of study in this thesis,

and different aspects of their development and function will be discussed in this introduction.

Other specialised structures can also be found in the epidermis of plants. Conical cells are
protruding epidermal cells that are generally found in the adaxial surface of petals of most
angiosperms (Whitney et al., 2011). Conical cells have a role in attracting pollinators, by
deepening colour and by providing grip for pollinators (Kay et al., 1981, Kevan and Lane, 1985,
Noda et al.,, 1994, Whitney et al., 2009a). As they are outgrowths of the epidermis, their
development has been linked to that of trichomes (Glover et al., 1998, Martin et al., 2002).
Hydathodes are structures evolutionary related to stomata that consist of a pore, the aperture
of which cannot be regulated by changes in guard cell turgor (Pillitteri et al., 2008). These pores
are typically found on leaf margins and are used by the plants to exude fluids from xylem and
phloem saps to eliminate organic and inorganic compounds (including microorganisms) and this
is essential for maintenance of water status (Singh, 2014). Lithocysts are specialised epidermal
cells, which have large dimensions and normally invade the mesophyll, that contain crystals of
calcium carbonate (Ajello, 1941). The function of these structures is not completely clear, but

biomineralization has been associated to resistance to herbivory (Bauer et al., 2011).

The epidermis is a complex tissue which plays essential roles in plants and which can respond
dynamically to environmental cues to ensure the maintenance of the optimum conditions for
the fulfilment of the physiological functions of plants. All the cells of the aerial epidermis develop
and act in an organised manner and therefore epidermal development must be regulated tightly
to ensure the optimal organisation (stomatal and trichome densities, pavement cell size, cuticle

thickness and composition) for any given conditions.

1.1.2.-Types of trichomes in cultivated tomato and wild relative species.

Trichomes in tomato species were systematically classified by (Luckwill, 1943), although the
established trichomes types (Fig. 1.3) were revisited by (Simmons and Gurr, 2005), and (Glas et
al.,, 2012) to some extent. Tomato has glandular and non-glandular trichomes, that can be
further subdivided into seven types defined by their morphology, although some authors have
claimed the existence of an eight type (Channarayappa et al., 1992). Type Il, lll, V and VIII are
non-glandular trichomes. Type Il trichomes have a long multicellular stalk (0.3-1 mm) and a
multicellular base, while type Il trichomes have a similar stalk but have a unicellular base. Type
V are shorter (0.1-0.3 mm). Finally, type VIIl is described as a consisting of a thick basal cell with
a leaning cell on top. Four types of glandular trichomes have also been described. Type |

trichomes are similar to type Il trichomes, but they have a single-celled glandular head at the
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Figure 1.3.-Trichome types in Solanum lycopersicum. A) Schematic representation of trichome
types found on cultivated tomato. This figure was borrowed from (Simmons and Gurr, 2005) and
| obtained written permission for reuse from the copyright holder (Jon Wiley and Sons Ltd) under
licence number 4422041317000. B) Cryo-scanning electron micrographs of the different

trichome types found in tomato. Scale bars are shown for each micrograph.



top of the multicellular stalk and are slightly longer (up to 2 mm). Type IV trichomes are similar
to type V, but they have a glandular head similar to that found in type | trichomes. In fact, the
metabolic composition of secretions from trichome types | and IV are very similar, and some
authors have considered them as the same trichome type (Kang et al., 2010a, McDowell et al.,
2011). Type VI trichomes have a four-celled glandular head and are shorter than most of the
other trichomes (0.1 mm). Type VIl trichomes are the shortest type (<0.05 mm) and have a
glandular head with multiple cells (4 to 8). For further discussion, type VIII will not be considered
as no other authors considered their presence and | have never found type VIl trichomes in any

tissue of S. lycopersicum.

In the cultivated tomato, S. lycopersicum, type Il and IV trichomes are reported to be absent
(Luckwill, 1943). However, a recent study on the differences between trichome types in juvenile
and mature tissue showed that type IV trichomes are very abundant in cotyledons and young
leaves (Vendemiatti et al., 2017) in S. lycopersicum. The morphological similarity between type
IV and V (identical except for the glandular head) and the alternation in their absence/presence
patterns have led to the postulation that they may be variants of the same type of trichome,
and depending on leaf age or other signals, they may develop a glandular head (Vendemiatti et
al.,, 2017). In wild tomato species, different trichome types are present and in different
proportions (Table 1.1). For example, in Solanum pennellii, a highly stress-tolerant species
(Bolger et al., 2014), type Il and type V are absent, while type IV is the most common type of
trichome, in contrast to cultivated tomato. Solanum habrochaites shows a very similar
distribution of trichome types to S. pennellii, but with higher densities of those trichome types
that are present. S. pimpinellifolium is considered to be the closest wild relative to cultivated
tomato (Peralta, 2008) and its profile of trichome types is more similar to that of S. lycopersicum
than to any of the wild relatives; type IV are absent and type V and IV are highly abundant. Many
other tomato species have been characterised (Simmons and Gurr, 2005), although those
presented in Table 1.1 are the ones most commonly used in research and breeding, especially

S. pennellii (Barrantes et al., 2014).

Apart from the morphological differences between different glandular trichomes, each
glandular trichome type produces a specific metabolic profile, which is also species-dependent
(Glas et al., 2012). For example, type | and type IV trichomes are considered as centres of
production of acyl sugars (McDowell et al., 2011). However, the specific structures of the acyl
sugars differ between species. Acyl sugars in S. lycopersicum are mostly acylsucroses with 5-
carbon branched acyl groups or 12-carbon linear moieties, while in S. pennellii they are mainly
acylglucoses with 4-carbon or 8-carbon branched acyl moieties (Leckie et al., 2016, Nadakuduti

et al., 2017). Type VI trichomes produce terpenes, flavonoids and methyl ketones, and the



Trichome Type

Species I Il 11 Y Vv Vi Vi
Solanum lycopersicum A - A - A A S
Solanum pennellii VS - VS A - S VS
Solanum pimpinellifolium - VS - - A A -
Solanum habrochaites A - S A - A S

Table 1.1.-Abundace of each trichome type in selected Solanum species. The letter code is as
follows: A-Abundant, S-Scarce, VS-Very Scarce and the dash indicates absence of the specific

trichome type. Information adapted from (Simmons and Gurr, 2005).



specific composition is also highly variable between species and accessions (Bergau et al., 2015).
It is interesting to note that type VI trichomes are photosynthetic, but their high demand for
carbon makes them strong sucrose sinks from the leaf (Balcke et al., 2017). The scarcity of type
VIl trichomes has being an obstacle to attempts to characterise the specific metabolites
synthesised by these trichomes, but some evidence points towards the accumulation of
alkaloids such as tomatine (McDowell et al.,, 2011) or production of insecticide protease

inhibitors (Glas et al., 2012).

1.2.-Development of epidermal features.

Our current knowledge of epidermal differentiation in plants is based mostly on the model
species Arabidopsis thaliana, due to the availability of genetic resources for this species (Rerie
et al., 1994, Marcotrigiano and Bernatzky, 1995, Yang and Sack, 1995). However, studies on
epidermal development have been performed for many other plant species, including analysis
of petal development in ornamental species such as snapdragon (Noda et al., 1994) or petunia
(Baumann et al., 2007) and crops as maize (Ingram et al., 1999) or tomato (Lashbrooke et al.,
2015). This introduction section will aim to cover the developmental processes involved in
development of aerial epidermis in embryonic and vegetative tissues, as well as the regulatory

genes governing these processes.

1.2.1.-Epidermal development in embryo: from zygote to mature embryo.
After fertilisation of the egg cell by one of the pollen sperm nuclei, an asymmetric zygote is

formed, with one pole of the cell containing the diploid nucleus and most of the cytoplasm, while
the other pole is occupied by the vacuole. The zygote divides asymmetrically into a two-celled
embryo, with the small terminal cell developing into the embryo proper, and the large basal cell
developing into the suspensor (Goldberg et al., 1994). The embryo proper will continue dividing
to form all the embryonic organs -cotyledons, shoot apical meristem (SAM), hypocotyl, root
apical meristem (RAM) and radicle -, all of which are covered by an already differentiated
epidermal layer, normally denominated as the protoderm (Javelle et al., 2011). In Arabidopsis,
the presence of a differentiated epidermal layer occurs very early in embryo development, after
four divisions of the zygote, and cells of this layer will divide only in an anticlinal fashion (Fig.
1.4) (Ingram et al., 1999). The protodermal cells are characterised by their thicker cell walls and

more regular shape, traits that are accentuated after a number of divisions (Javelle et al., 2011).

The correct specification of the protodermal cell layer — and therefore of the correct
development of the embryo — depends on a number of regulators that act at different levels
(ten Hove et al.,, 2015). For example, the correct periclinal division of the early four-celled
embryo proper to create the first protodermal cells is controlled by the Wuschel-related

homeobox (WOX) transcription factor WOX2 (Breuninger et al., 2008). Other WOX factors are
10



|Arabidopsis thaliana |

: -?'i‘ “;'.
z -1
ﬁ : B sus

Two-colled  Dermatogen . Torpedo -

(1 DAP) (2DAP) (SDAP)
Apico-basal Epidermis . Meristem.

polarity ~ differentiation formation’

Figure 1.4.-Early stages of embryo development in Arabidopsis thaliana. The figure shows the
three first stages of embryo development: two-celled (1 day after pollination, DAP), dermatogen
(2 DAP), when the protodermal layer differentiates and torpedo (5 DAP). The orange cells
correspond to the embryo proper (labelled ep), red cells correspond to the protodermal layer
(labelled pro), beige cells correspond to the suspensor (labelled sus) and yellow cells correspond
to the shoot apical meristem (labelled SAM) and the root apical meristem (labelled RM). This
image was borrowed and adapted from (Javelle et al., 2011) with permission from the copyright

holder (Jon Wiley and Sons Ltd) under licence number 4422561025470.
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expressed in the embryo and coordinate the correct division of the basal and apical cells, with
some overlap and complementarity in their function (Haecker et al., 2004). For example, the
wox2 mutant defect in protodermal development is enhanced in wox2 wox8 double mutants
(Breuninger et al., 2008). These WOX transcription factors regulate auxin transport to create
auxin positional signals that determine the plane of division (ten Hove et al., 2015). Two closely-
related HD-ZIP class IV transcription factors are also known to regulate epidermal determination
in the embryo, Arabidopsis thaliana Meristem Layer 1 (ATML1) and protodermal factor 2 (PDF2).
Double-mutants of the genes encoding those proteins failed to develop an epidermis (Abe et al.,
2003), with the corresponding structural homologue in maize (ZmOCL1) performing the same
function (Ingram et al., 1999), suggesting a general involvement of HD-ZIP class IV proteins in
epidermal development in angiosperms. The activity of these transcription factors is regulated
by receptor kinases in the embryo (Arabidopsis Crinkly 4-ACR4-) and the endosperm (GASSHO1
and GASSHO2-GSO1 and GSO2-) (San-Bento et al., 2014). Other genes, such as the leucine-rich
repeat receptor-like kinases RPK1 and RPK2 are necessary for the correct patterning of divisions

inthe embryo (Nodine et al., 2007), although their ligands and regulatory targets are not known.

The protodermal layer of cells grows in an anticlinal way around the rest of the embryo, and it
will constitute the epidermis of the cotyledons as well as most of the external layer of the shoot
apical meristem (SAM), denominated L1. This L1 layer will develop into a fully differentiated
epidermis in vegetative tissues, containing all the different structures discussed in the previous

section.

1.2.2.-Development of stomata.
Stomatal development and patterning requires a number of successive divisions of a specific

lineage of protodermal cells called meristemoid mother cells (MMC). MMCs divide
asymmetrically to generate a smaller meristemoid and a bigger stomatal-lineage ground cell
(SLGC). The meristemoid then divides asymmetrically up to four times, maintaining the
meristemoid and generating a new SLGC in each cycle, a process termed amplifying division. The
meristemoid, which has stem cell characteristics, can transition to a guard mother cell (GMC)
which can divide symmetrically to generate the two final guard cells. SLGC cells can become
pavement cells or divide asymmetrically again before, in a process called spacing division,
generating a new meristemoid, always distal to the one originated in the first MMC division. This
mechanism ensures an even distribution of stomata on the epidermal surface, with at least one
pavement cell lying between any two given stomata (Geisler et al., 2000). The stomatal lineage
division process (Fig. 1.5) was first described by (Zhao and Sack, 1999) and it has been used as a
model for stomatal development in dicotyledonous species, while the process in monocots is

known to be slightly different, as two asymmetrical divisions are required to generate the guard
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Figure 1.5.-Stomatal development in Arabidopsis thaliana. A) Schematic representation of the
divisions of the stomatal cell lineage to generate mature stomata. The bHLH transcription factor
regulating each transition are indicated in the diagram (SPCH, MUTE and FAMA). B) Schematic
representation of the proteins involved in the epidermal patterning factor signalling pathway.
The MAPK cascade, activated by the ER/TMM/SERK complex, ultimately inactivates the bHLH
transcription factor SPCH, and possibly MUTE.
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cells and a set of accompanying cells called subsidiary cells (Hepworth et al., 2018). As the focus

of this thesis is on epidermal development in tomato, | will focus on the model for dicots.

The asymmetrical divisions to form the guard mother cells are regulated by a number of
different genes which have been characterised over the last decade (Bergmann and Sack, 2007,
Marcos et al., 2016). In Arabidopsis, three basic-helix-loop-helix (bHLH) transcription factors
regulate the division pattern of the stomatal lineage; SPEECHLESS (SPCH), MUTE and FAMA
(Torii et al., 2007). SPCH is expressed in protodermal cells and it is responsible for the first
asymmetrical division leading to the formation of meristemoids and spch mutants have no
stomata on their epidermis (MacAlister et al.,, 2007). MUTE regulates the transition from
meristemoid to GMC, and mute mutants show an abnormally high number of asymmetrical
divisions that led to early abortion of meristemoids. MUTE overexpressors change the identity
of all epidermal cells to guard cells (Pillitteri et al., 2007). FAMA regulates the transition from
GMCs to guard cells, and the fama mutant shows an abnormal number of symmetric divisions
of GMCs, but no mature guard cells (Bergmann et al.,, 2004). Two other bHLH transcription
factors, SCREAM1 (SCRM1) and SCREAM?2 (SCRM2), are known to form heterodimers with SPCH,
MUTE and FAMA to drive their functions, as shown by the fama-like phenotype of the scrm1
mutant, the spch-like phenotype of the scrml scrm2 double mutant and the mute-like
phenotype of the scrm2 scrmi/+ mutant (Kanaoka et al., 2008). Finally, two MYB R2R3
transcription factors, FOUR LIPS (FLP) and MYB88, have been identified as redundant regulators
of the symmetrical division causing a transition from GMCs to mature guard cells, with flp
mutants showing two stomata clustered together due to an extra symmetric division and the flp
myb88 double mutant showing clusters of abnormal stomata similar to the fama phenotype (Lai

et al., 2005). The stages where each of these regulatory genes acts are indicated in Fig. 1.5.

The activity of these transcription factors is regulated by a peptide signalling pathway, which
involves signal-transduction proteins (receptor and intracellular kinases) that ultimately

regulate SPCH by phosphorylation (Zoulias et al., 2018).

Three defensin-like peptides modulate stomatal development in Arabidopsis leaves through this
pathway, EPIDERMAL PATTERNING FACTOR1 (EPF1) (Hara et al.,, 2007), EPIDERMAL
PATTERNING FACTOR 2 (EPF2) (Hunt and Gray, 2009) and STOMAGEN (STOM) (Sugano et al.,
2010). Both EPF1 and 2 are negative regulators of stomatal development, while STOM, which
competes with EPF1/2 to bind their common receptor, is a positive regulator of stomatal
development (Sugano et al., 2010). EPF1 and EPF2 act at different stages of stomatal
development. EPF2 is expressed by MMCs and prevents neighbouring protodermal cells from
becoming MMCs by inactivating SPCH (Hara et al., 2009) while EPF1 is expressed in

meristemoids and GMCs and it ensures correct spacing divisions and the transition to mature
14



guard cells by inactivating SPCH and MUTE (Qi et al., 2017). STOM is expressed in the mesophyll
and induces stomatal formation by keeping SPCH active in protodermal cells, probably in
response to the CO; needs of the inner leaf tissue (Sugano et al., 2010). In stem tissue, another
EPF (called EPFL4 or CHALLAH) also acts as a negative regulator of stomatal development (Lin et
al., 2017), indicating that stomatal development is under different regulation in different tissues.
The signalling cascade is initiated by the binding of EPF peptides to leucine-rich-repeat receptor
kinases (LRR-RK) genes, which are transmembrane proteins with an external domain, able to
bind the signalling EPF molecules and a cytoplasmic kinase domain that can phosphorylate
downstream proteins (ten Hove et al., 2011). In this case, ERECTA (ER) and ERECTA-likel and 2
(ERL1 and ERL2) are known LRR-RKs binding EPFs. (Lee et al.,, 2015). The three ER genes
redundantly regulate the asymmetric division of the MMCs and ERL1 and ERL2 can also regulate
the transition of meristemoids to GMC (Shpak et al., 2005). These LRR-RK normally act together
with leucine-rich-repeat receptor-like proteins (LRR-RLP), which contain an extracellular domain
but lack the cytoplasmic kinase domain. In the context of stomatal development, the LRR-RLP is
TOO MANY MOUTHS (TMM), which interacts with the ER receptors to generate binding pockets
for EPFs, which otherwise cannot bind to the receptor (Lin et al., 2017). In the tmm mutant,
there is an increased density of stomata, which appear in clusters, due to the inability of the ER
family to recognise the EPF2-mediated signal (Geisler et al.,, 2000). TMM is necessary for
recognition of EPF1, EPF2 and STOM, but it is not required for, and can even hinder, recognition
of EPFL4, which might provide a mechanistic explanation for the tissue-specific regulation of
stomatal development (Lin et al.,, 2017). Finally, another family of LRR-RKs, SOMATIC
EMBRYOGENESIS RECEPTOR KINASE (SERK), interacts with the ER/TMM complex and is required
for downstream signalling, probably by transphosphorylation of the cytosolic domains of ERs

and SERKs (Meng et al., 2015).

The intracellular transduction of the EPF-mediated signal involves a cascade of mitogen-
activated protein kinases (MAPKs) (Lampard et al., 2008). The ER/TMM/SERK complex targets a
MAPK kinase kinase (MAPKKK) called YODA (YDA) (Bergmann et al., 2004). The yda mutant
produces an excessive number of clustered stomata, which is explained by the inability of the
mutant to inactivate SPCH through the EPF pathway (Bergmann et al., 2004). The
phosphorylated, activated version of YDA can then phosphorylate its MAPK kinase targets,
which have been identified as MAPKK4/5/7/9 (Lampard et al., 2014). These proteins, when
activated, can phosphorylate MAPKs, which, in the context of stomatal development, have been
identified as MAPK3/6. MAPK3 and MAPK6 have been shown to target directly SPCH for
inactivation (Lampard et al., 2008), while MUTE or FAMA do not seem to be regulated by this

specific pathway as no phosphorylation domains are present in these transcription factors (Qi
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et al., 2017). MAPK cascades normally rely on scaffold proteins for cell-specific and effective
signal transduction. In the EPF pathway, such an scaffold protein has been described and called
BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) (Dong et al., 2009). bas/ mutants
show clustered stomata, and BASL is asymmetrically distributed before the MMC division, with
the SLGC containing higher amount of this protein than the meristemoid (Zhang et al., 2016b).

This ensures effective inactivation of SPCH in the SLGC to maintain stomatal patterning.
All the regulatory genes described in this section are graphically represented in Fig. 1.5.

1.2.3.-Development of trichomes

1.2.3.1.-Development of trichomes: structural aspects.
Trichomes are epidermal outgrowths with a very distinct morphology, which differs greatly from

other epidermal cells, and their development involves a series of structural changes to reach
their mature form. Most of the studies of trichome morphogenesis have been performed in
Arabidopsis, which forms only non-glandular unicellular trichomes with three branches. Given
the morphological diversity of trichomes, the available information cannot be extrapolated to
all other species. For most species, trichomes are the first cells to undergo differentiation in the
leaf primordia, when protodermal cells are still dividing. The final location and number of
epidermal cells that lie between mature trichomes is determined later in leaf development
(Larkin et al., 1996), although in some cases, such as cotton ovules, trichomes are initiated when
the organ is fully developed (Larkin et al., 1997). In Arabidopsis, trichome development is not
homogeneous, with trichomes developing earlier on the margins and distal area of the leaf
(Larkin et al., 1996). New trichomes can be initiated among mature trichomes in Arabidopsis and
tobacco (Uzelac et al., 2015), indicating trichome initiation is asynchronous. Trichome
morphogenesis in Arabidopsis has been traditionally divided into six different stages (Szymanski
et al., 1998). The first stage is defined by radial growth of the cell committed to form a trichome
with respect to its surrounding cells. At this stage, endoreplication of DNA is already taking place.
Once the stalk of the developing trichome is fully formed (two to three diameters larger than
the surrounding cells), the second stage is reached. The third stage consists of the formation of
two new growth foci, normally oriented along the basal-apical axis, that will give rise to the
trichome branches. One of the branches then produces a new branch point that generates the
final number of branches (generally three), which grow with blunt ends (stage four). Stage five
is reached when the trichome shape is mature, with pointed ends in the branches. The sixth
stage consists of the maturation of the trichome cell wall and the formation of papillae on its
surface. This developmental process is similar to that of glandular trichomes, although of course
not identical. In species where many types of trichomes are present, it is impossible to

determine the identity of the trichome morphologically in the early stages of morphogenesis
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(Fig. 1.6) (Werker, 2000). In multicellular glandular trichomes of tobacco, trichome initiation
starts with commitment of a protodermal cell to radial growth to generate a protuberance,
identical to the process in Arabidopsis, except for the lack of endoreduplication (Huchelmann et
al., 2017). The nucleus of the trichome initial migrates to the tip of the protuberance, where the
first cell division takes place, and an apical and a basal cell are formed. The next stage involves
the asymmetrical division of the apical cell to generate a smaller glandular head and a larger
stalk cell. The final trichome results from several rounds of division in the stalk cell, and
sometimes divisions of the glandular head (Uzelac et al., 2015). The basal cell does not divide
any further, and it forms the trichome base. It would not be surprising, however, that basal cells
in trichomes with multicellular bases (as type | trichomes in tomato) undergo further division
cycles. This process has been also documented in type VI in trichomes, and it takes place in the
exact same way (Bergau et al., 2015). However, observations in plant species from other families
have shown that trichome morphogenesis can involve the division of the apical or basal cells at
different stages, and might not always be the product of a universal pattern of division (Werker,

2000).

Trichome morphogenesis depends on two main cellular processes: rapid directional growth and
endoreduplication/division (depending on the type of trichome). Directional growth requires
loosening of the cell wall and rearrangement of the cytoskeleton. The cell wall contains several
polymers, mainly cellulose microfibrils, hemicellulose (as xyloglucans), which tether the
cellulose microfibrils, and pectin, which creates a matrix for the rest of the cell wall components.
Some other elements, such as cell wall proteins, are also present in the cell wall (Yokoyama et
al., 2014). The increase in turgor by water uptake of the growing cell causes mechanical strain
on the relatively rigid cell wall, which needs to be remodelled to allow cell expansion. The cell
wall is flexible enough to allow cell expansion without requiring the tightly coordination of
production of new cell wall components (Cosgrove, 2016). However, rapid polarised growth,
such as that observed in the growth of pollen tubes and possibly trichomes, normally involves
simultaneous deposition of different cell wall components (Rojas et al., 2011). Enzymatic lysis of
the cell wall components has traditionally been considered as a main component of cell wall
loosening, especially by hydrolysis of the bonds between hemicellulose and cellulose
microfibrils, thought to be load-bearing points (Veytsman and Cosgrove, 1998). However, the
analysis of xyloglucan-deficient mutants in Arabidopsis revealed a weak phenotype and little
effect on cell expansion (Park and Cosgrove, 2011), which has recently led to the proposal of
new models, in which cellulose microfibre contact points have major load-bearing properties
(Cosgrove, 2016). This model is supported by the observation that cell wall loosening occurs

mainly when cellulose and xyloglucan were hydrolysed simultaneously
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Figure 1.6.-Cellular processes in trichome development in Arabidopsis. A) Developmental
stages of trichomes in Arabidopsis thaliana, as described in (Larkin et al., 1996). B) Schematic
representation of cell wall and cytoskeleton processes involved in polar growth in Arabidopsis
trichome branches. In the upper part, cellulose microfibrils are represented in blue, with
hemicelullose polymers represented in green. Black arrows indicate load-bearing contact points
between microfibrils, which are targeted by expansins, represented in purple. In the lower part,
the cytoskeleton arrangement of the growing tip is shown, with microtubules represented in
green and actin filaments represented in brown. KCBP are represented in blue, and myosin and

cellulose synthase complexes are shown for representation.
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(Park and Cosgrove, 2012). Currently no plant enzymes with this dual activity have been
identified and the net contribution of cell wall enzymatic lysis may be probably smaller than
initially thought. However, plants encode a set of small proteins called expansins which promote
cell wall loosening in a non-enzymatic way (McQueen-Mason et al., 1992). Their exact mode of
action is unclear, but they are known to bind cellulose (McQueen-Mason and Cosgrove, 1995)
and other cell wall polymers (Nardi et al., 2013), and are believed to disrupt hydrogen bonds
between cell wall components (probably between cellulose microfibrils) to induce relaxation of
the cell wall (Cosgrove, 2015). The fact that expansins are key players of polarised cell growth in
systems such as root hair initiation (Cho and Cosgrove, 2002), together with the fact that there
are some expansins specifically expressed in trichomes (Cosgrove, 2000), indicates that

expansins are likely to play a major role in the rapid polarised cell growth of trichomes (Fig. 1.6).

The cell cytoskeleton, formed by microtubules and actin filaments, is essential for cell growth.
Microtubules are tightly associated with the cellulose synthase complex via cellulose-synthase
interacting proteins, which determine their trajectory and expansion of the cell wall (Oda,
2015). During polar growth in trichomes, microtubules are organised transversely to the
expansion axis, and the formation of a microtubule-depleted zone at the tip of the growing
trichome or trichome branch is essential for correct morphogenesis (Tian et al., 2015). Actin
filaments, on the other hand, are arranged longitudinal to the growth axis and also forming a
fine mesh in the growing tip of the trichome (in the microtubule-depleted area) (Tian et al., 2015,
Yanagisawa et al., 2015). These actin filaments direct transport of Golgi-derived vesicles via
myosin transporters, and therefore likely serve to transport plasma membrane and cell wall
components to the growing tip of the trichome (Smith and Oppenheimer, 2005). The importance
of the correct organisation of the cytoskeleton in trichome development was confirmed by
analysing the actin filaments in Arabidopsis mutants showing a distorted phenotype (Mathur et
al., 1999). Six different mutants with the same phenotype showed aberrant organisation of
actin, and the phenotype could be replicated by chemical inhibition of actin (Mathur et al.,,
1999). The same study showed that chemical inhibition of microtubule organisation affected
trichome branching, but not elongation (Mathur et al., 1999). Subsequent studies revealed that
the mutated genes either belonged to Actin-related protein2/3 (Arp2/3) complex, involved in
branching of actin filaments, or the WASP family verprolin homologous protein (WAVE) complex
which regulates the actin filament organisation (Szymanski, 2005). In tomato, the hairless
mutant, which also displays a trichome-distorted phenotype, harbours a knock-out mutated
version of SRA1, which encodes a member of the WAVE complex (Kang et al., 2016), and is a
homolog of the PIROGI gene in Arabidopsis, where the pir gene shows a distorted-trichome

phenotype (Basu et al., 2004). Recently, a kinesin-like calmodulin-binding protein (KCBP), known
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to regulate trichome branching through reorganisation of the microtubule cytoskeleton (Mathur
and Chua, 2000), has been shown to interact with both microtubules and actin filaments to
generate the tip-located actin mesh required for polar growth (Tian et al., 2015), indicating a

dynamic crosstalk between cytoskeleton components in trichome morphogenesis (Fig. 1.6).

Coordination of the cell cycle in developing trichomes is important for correct epidermal
patterning and trichome morphogenesis. Arabidopsis trichomes are unicellular, but they
undergo endoreplication cycles that increase the DNA content to up to 64 copies of the nuclear
DNA, which has been associated with an increase in cell volume (Melaragno et al., 1993). In
contrast, multicellular trichomes in species such as tobacco and tomato have normal DNA
content and undergo a variable number of cell divisions (Werker, 2000). Trichome patterning,
unlike the case for stomata, is not associated with a specific cell lineage (Larkin et al., 1996), and
relies in cell-to-cell positioning signals. However, alterations to the cell cycle can result in the
formation of clonally-related clustered trichomes. This is the case of the phenotype of the sim
Arabidopsis mutant, which encodes a defective version of the cyclin-dependent kinase SIAMESE.
The sim mutant produces multicellular trichomes often found in clusters, which have a reduced
DNA content, as SIAMESE regulates endoreplication. Therefore, in sim mutants, trichome initials
are mitotically active and can divide early in trichome morphogenesis generating a cluster of
trichomes. In all other aspects, the morphology of sim trichomes is not affected (Walker et al.,
2000). However, morphology has been shown to be affected by other cell-cycle related genes.
The BRANCHLESS TRICHOMES (BLT) gene was shown to affect endoreplication, while the bit
mutant had trichomes without branches (Kasili et al., 2011). Moreover, ectopic expression of a
type-D cyclin (normally involved in initiating DNA replication) in trichomes caused mitotic
divisions, accompanied by an excessive number of branches and aberrant morphologies
(Schnittger et al., 2002) in Arabidopsis. In tomato, silencing of a type-B cyclin (controlling the
transition to mitosis) led to the formation of aberrant branched trichomes (Yang et al., 2011a).
This evidence indicates a tight link between the cell cycle and trichome morphogenesis in both

single-celled and multicellular trichomes.

1.2.3.2.-Transcriptional regulation of trichome development in Arabidopsis.
The use of Arabidopsis trichomes as a model for cell differentiation has resulted in the

identification of a large number of transcription factors involved in regulating their
development, including trichome initiation, branching and their correct morphogenesis and

patterning by inhibition of initiation in cells neighbouring a trichome initial.

The transcriptional regulation of trichome initiation in Arabidopsis has been studied extensively
(Pattanaik et al., 2014). Trichome initiation is positively regulated by a complex formed by an
R2R3 MYB transcription factor, a bHLH transcription factor and a WD40 repeat (WDR) protein
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(MBW complex). The first MYB transcription factor identified as part of this complex was
GLABROUS1 (GL1) (Oppenheimer et al., 1991, Larkin et al., 1994), from the g/1 mutant, which
lacks trichomes in its leaves. A paralog of GL1, MYB23, was shown to regulate trichome initiation
in leaf edges also by forming part of the MBW complex (Kirik et al., 2005). More recently, an
unrelated MYB transcription factor, MYB82, was shown to be functionally equivalent to GL1 and
able to form part of the MBW complex (Liang et al., 2014). The first bHLH members of this MBW
complex where GLABRA3 (GL3) (Payne et al., 2000) and ENHANCER OF GLABRA3 (EGL3) (Zhang
et al., 2003), which appear to act redundantly in trichome initiation, as evidenced by analysis of
single g/3 and eg/3 mutants (both with limited phenotypic differences compared to wild type)
and the double mutant g/3 eg/3, which is completely glabrous (Zhang et al., 2003). Two other
bHLH factors were later identified as members of the MBW complex. TRANSPARENT TESTA 8
(TT8) shows partial redundancy with GL3 and EGL3, regulating trichome initiation only in leaf
margins (Maes et al., 2008). AtMYC1, a closely related bHLH factor, also positively regulates
trichome initiation, with atmycl mutants showing fewer trichomes (Zhao et al., 2012). Only one
WDA40 protein has been identified as a positive regulator of trichome initiation, TRANSPARENT
TESTA GLABRA1 (TTG1), and it is involved in the interactions with different combinations of the
previously mentioned MYB-bHLH transcription factors. The ttgl mutant is glabrous, and also
unable to produce anthocyanins (Walker et al., 1999). Activation of the MBW complex activity
initiate trichome formation by regulating the expression of target structural and regulatory

genes required for trichome morphogenesis.

The genes targeted by the GL3 (and MBW partners) have been analysed (Morohashi and
Grotewold, 2009). This has revealed that SIAMESE and RETINOBLASTOMA RELATED1 (RBR1)
expression is induced by the MBW complex, and both genes involved in endoreplication (Walker
et al.,, 2000, Desvoyes et al., 2006), which is the first step required for trichome initiation.
Another well characterised target is GLABRA2 (GL2), which encodes a class IV HD-ZIP
transcription factor. The g/l2 mutant is apparently glabrous, but it produces aborted trichomes
that grow parallel to the leaf surface (Szymanski et al., 1998). Interestingly, GL2 can positively
induce the expression of MYB23, generating a positive feedback loop (Khosla et al., 2014),
probably displacing GL1 from the MBW complex to activate genes that are required for trichome
maturation (Morohashi and Grotewold, 2009). A functional overlap of GL2 and a closely related
HD-ZIP class IV gene, HOMEOBOX GLABROUS11 (HDG11) has been found, although this gene
does not seem to be under the direct regulation of the MBW complex (Khosla et al., 2014).
Likewise, two other HD-ZIP class IV genes, HDG2 and HDG12 were found to play a key role in
trichome branching and cell wall maturation (Nakamura et al., 2006, Marks et al., 2009), which

probably indicates that these proteins act downstream of the MBW complex. Another known
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target of GL1 is TRANSPARENT TESTA GLABRA 2 (TTG2), which encodes a WRKY transcription
factor (Johnson et al., 2002). ttg2 mutants show reduced trichome branching. Finally, MYB106
is necessary for early morphogenesis of trichomes and is a negative regulator of trichome

branching (Gilding and Marks, 2010).

A group of small R3 MYB transcription factors have been identified as negative regulators of
trichome initiation in Arabidopsis. They perform this function by competing with
GL1/MYB23/MYB82 in the formation of the MBW complex, inhibiting the activation of
downstream genes (Pattanaik et al., 2014). The first genes identified in this group were
TRIPTYCHON (TRY) (Schnittger et al., 1999) and CRAPICE (Wada et al., 1997). The cpc mutant
shows an increase in trichome number while the try mutant shows clustered trichomes
(Schellmann et al., 2002). ENHANCER OF TRY AND CPC1/2/3 (ETC1/2/3) were shown to act
redundantly with TRY and CPC (Kirik et al., 2004a, Kirik et al., 2004b, Wester et al., 2009). The
etcl and etc2 mutants show an increase in trichome number, while the etcI mutant has no
evident phenotype. However, the loss of function of ETC1 enhanced the phenotype of the single
etcl and etc2 mutants, indicating functional redundancy. Finally, two more R3 MYB transcription
factors, TRICHOMLESS1/2 (TCL1/2) act redundantly with CPC to regulate trichome development
in inflorescences. These negative regulators are key in maintaining trichome patterning. These
genes are activated by the MBW complex, and given their small size, they can move from cell to
cell to inhibit trichome initiation in the cells neighbouring a trichome initial (Zhao et al., 2008,

Wester et al., 2009).

All these genes and their interactions in regulating trichome formation are summarised in Fig.

1.7.

1.2.3.3.-Transcriptional regulation of trichome development in tomato.
Research into the development of trichomes in species of the Asterids clade, which includes the

model species Nicotiana tabacum and tomato, among other species of interest, soon revealed
divergent pathways of genetic regulation of trichome development in comparison with
Arabidopsis — and other species in the Rosids clade- (Serna and Martin, 2006). Overexpression
of GL1, the key MYB transcription factor which activates trichome development in Arabidopsis
(Larkin et al., 1994), did not cause any effect on trichomes in tobacco (Payne et al., 1999).
Similarly, overexpression of AmMIXTA, encoding an unrelated MYB transcription factor from
Antirrhinum majus which induces trichome and conical cell development ectopically in tobacco
(Glover et al., 1998), did not affect trichome initiation in Arabidopsis and could not rescue the
gl1 mutant phenotype (Payne et al., 1999). In addition to this, expression of S/G3, the tomato
homolog gene to GL3, in Arabidopsis did not have an effect on trichome phenotype (Tominaga-
Wada et al., 2013). Moreover, AmMIXTA overexpression in tobacco affected only long
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Figure 1.7.-Model for transcriptional regulation of trichome development in Arabidopsis. The
MYB-bHLH-WD40 complex activates GL2, TG2 and downstream genes involved in trichome
morphogenesis (MYB106, HDG2/11/12 and endoreplication genes), as well as small R3 MYB
genes (CPC and TRY, among others discussed in the text). The latter genes can move to
neighbouring cells to displace GL1 from the complex, inhibiting the activation of GL2 and
downstream genes, and ensuring adequate trichome patterning. Positive interactions are
indicated with an arrow line and negative interactions with a T-shaped line. Fine-dashed arrow

indicates cell-to-cell movement. Wide dashed arrow indicates downstream targets.
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multicellular trichomes in tobacco, while the number of short glandular trichomes (also termed
hydathodes, which exude nicotine) was unaffected (Glover et al., 1998), indicating that different
trichome types might be under the regulation of different regulatory factors. This is especially
relevant for tomato, where many different types of glandular and non-glandular trichomes are
found. Although these findings about the regulation of trichome development in Arabidopsis
cannot be directly extrapolated to tomato, genetic advances in tomato, coupled with the
analysis of trichome mutants, have led to the identification of important regulators of trichome

development.

SIMX1, which is structurally closely related to AmMIXTA, was shown to control trichome
development in tomato, while also regulating cuticle deposition and carotenoid content in fruit
(Ewas et al., 2016). Overexpression of SIMX1 resulted in a dramatic increase of all trichome
types, as well as the formation of aberrant trichomes with multicellular branches and doubled
stalks (which were also found in AmMIXTA overexpression lines of tobacco (Glover et al., 1998)).
RNAi. lines of SIMX1 showed a reduction in trichome density and an almost complete absence of
long, glandular type | trichomes (Ewas et al., 2017). These observations indicated that SIMX1
activates trichome initiation (probably by inducing anticlinal divisions, analogous to the
induction of endoreduplication by the action of the GL1 MBW complex (Morohashi and
Grotewold, 2009), which is evidenced by the increase in expression of the SICycB2 gene in SIMX1
overexpression lines (Ewas et al., 2017)) and which is probably necessary for determination of

the identity of type | trichomes.

Two class IV HD-ZIP genes have been identified as regulators of trichome development in
tomato, which may perform a function analogous to that of GL2 and the functionally redundant
HDG genes. Woolly was the first of these genes to be identified by genetic analysis of a hairy
mutant (Yang et al., 2011a). Similar to GL2, which is not necessary for trichome initiation, but
for downstream morphogenesis (Szymanski et al., 1998), Woolly was reported to only affect
development of type | trichomes, and therefore can be considered a regulator of morphogenesis
of this specific type rather than an activator of trichome initiation (Yang et al., 2011a). However,
further analysis by overexpression of different Woolly alleles in tobacco seemed to induce
trichome initiation (Yang et al., 2015), suggesting a dual role for this gene in both trichome
initiation and morphogenesis, similar to SIMX1. In fact, recent studies in Artemisia annua
showed the formation of a regulatory complex by interaction of a MIXTA-like protein
(AaMIXTA1) and an HD-ZIP class IV gene (AaHDS8) to induce trichome initiation (Yan et al., 2018).
A. annua is an asterid, so the formation of a similar complex in tomato would not be surprising.
A second gene, CUTIN DEFICIENT2 (CD2), was identified by genetic analysis of the sticky peel

mutant, in which the fruit surface has a rubbery texture (Nadakuduti et al., 2012). Apart from
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their aberrant cutin deposition, cd2 mutants were found to have a reduced number of type VI
trichomes (Nadakuduti et al., 2012). Therefore, CD2 seems to work in a similar way to Woolly,
but controlling the identity of type VI trichomes instead of type |. This shows that there may be
functional specialisation of HD-ZIP class IV genes in regulating trichome morphogenesis, instead
of the redundancy observed in Arabidopsis to generate the same trichome type (Khosla et al.,

2014).

The tomato homolog of TRIPTYCHON (SITRY) was cloned and expressed in Arabidopsis, where it
could repress trichome formation in WT and cpc plants (Tominaga-Wada et al., 2013). This
suggested a role for R3 MYB transcription factors in trichome development in tomato. However,
the native function in tomato was not tested, and the apparent lack of a MBW complex involved
in trichome initiation raises new questions about the mechanism of action of SITRY, which might
be involved in regulating anthocyanin biosynthesis, which is dependent on a MBW complex in

tomato.

Recently, a CH2H zinc finger transcription factor, HAIR, has been identified as a regulator of
formation of type | and type VI trichomes (Chang et al., 2018). Type | trichomes are absent in
the hair mutant, while type VI are greatly reduced. The analysis of the mutant, and subsequently
generated overexpression and RNAI lines, was not undertaken quantitatively to determine
whether the role of the gene was in trichome initiation or in trichome morphogenesis. Ectopic
expression of SIHAIR in tobacco, as well as the pepper and tobacco genes in tomato, apparently
induced trichome initiation, although proper characterisation of the number and type of
trichomes was not performed, potentially masking the actual role of the HAIR protein (Chang et
al., 2018). As HAIR has been shown to interact with Woolly, it is expected that their functions
are shared, suggesting that HAIR plays a dual role in trichome initiation and determination of
trichome identity (Chang et al., 2018). A possible scenario would involve HAIR, or other C2H2
zinc finger transcription factors, partnering with different HD-ZIP factors to determine the
identity of newly initiated trichomes. A set of C2H2 genes in Arabidopsis are known regulators
of trichome initiation, acting upstream of the MBW complex as part of the response to
gibberellins (Gan et al., 2007) (which will be discussed in the next section). Whether HAIR acts
in a similar way inducing initiation in response to gibberellins or whether its function is different

remains to be clarified
The current model for transcriptional regulation of trichome development is shown in Fig. 1.8.

1.2.3.4.-Effect of phytohormones on trichome development.
Plant hormones are small molecules that integrate external and endogenous signals to modulate

gene expression, which ultimately drives the different developmental processes in plants
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Figure 1.8.-Model for transcriptional regulation of trichome development in tomato. Initiation
is activated by SIMX1 and the Woolly-HAIR-SICycB2 complex. This complex can also regulate type
| trichome morphogenesis. CD2 controls type VI trichome morphogenesis. SITRY is a negative
regulator of trichome initiation and might act in the same way as the R3 MYB genes in
Arabidopsis. Positive interactions are indicated with an arrowed line and negative interactions
with a T-shaped line. Question marks indicate possible interactions that have not been proven

experimentally. Fine-dashed arrow indicate cell-to-cell movement.

26



(Gray, 2004). Numerous phytohormones have been identified: auxins, cytokinins, gibberellins
(GAs), abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), brassinosteroids (BR), ethylene
(ET) and strigolactones (SLs) (Pozo et al., 2015). All of them, except for SLs, have been identified
as regulators of trichome development in one or several species, and the signalling pathways in

which they are involved in each case have been studied to different extents.

Auxin plays a major role in plant development and controls organogenesis by generating specific
spatiotemporal patterns of development. Among other processes, auxin regulates polar root
growth, stem elongation and leaf venation (Bar and Ori, 2014). Auxin generally functions
through modulation of the activity of transcriptional regulators, which mainly include Auxin
Responsive Factors (ARFs) and Aux/IAA genes, that can act as activators or repressors of
downstream genes respectively (Liscum and Reed, 2002). Some of these genes have been
reported to be involved in trichome development, suggesting a role for auxin in this process. For
example, ARF3 was shown to regulate the juvenile-to-adult transition in Arabidopsis, which
involves the appearance of abaxial trichomes in mature leaf tissue. Plants overexpressing ARF3
in a mutant background where siRNA-mediated silencing of ARF3 was abolished resulted in early
formation of abaxial trichomes (Fahlgren et al., 2006). In tomato, RNAi-mediated silencing of
SIARF3 resulted in a reduction in the density of type |, type V and type VI trichomes (Zhang et
al., 2015). Similarly, silencing of SIIAA15 resulted in a reduction in trichome density and an
increase in pavement cell size, while no similar phenotypes have been reported for Arabidopsis
(Deng et al., 2012). In cotton, the transcription factor GhTCP14 regulates trichome development
in an auxin-mediated manner (Wang et al., 2013). These different observations provide evidence

for a role for auxin in trichome development, although this appears to be an indirect role.

GAs and cytokinins act synergistically in Arabidopsis to promote trichome formation (An et al.,
2011). GAs can induce trichome initiation by activation of GL1 (Perazza et al., 1998), as it was
also evidenced in the spindly mutant, which encodes a defective O-linked N-acetylglucosamine
transferase that can alter protein activity in response to GAs (Qin et al., 2011), which showed an
increase in trichome formation (Jacobsen and Olszewski, 1993). The induction of GL1 by GAs is
mediated by a C2H2 zinc finger transcription factor, GLABROUS INFLORESCENCE STEMS (GIS).
The gis mutant showed a decrease in trichome number, while GIS overexpression causes the
opposite effect (Gan et al., 2006). More recently, other C2H2 zinc finger proteins have been
identified as regulators of trichome formation as part of the GA response in Arabidopsis. GIS2,
GIS3, ZFP5, ZFP6 and ZFP8 are all involved in this process (Gan et al., 2007, Zhou et al., 2011,
Zhou et al., 2013, Sun et al., 2015). A hierarchical regulatory network has been established, in
which GIS3, ZFP5 and ZFP6 act upstream of GIS, GIS2 and ZFP8 to induce trichome initiation (Sun

et al.,, 2015). Interestingly, cytokinin, which normally acts in an antagonistic way to GA in
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development (Greenboim-Wainberg et al., 2005), also can induce trichome initiation. The genes
encoding C2H2 zinc finger described above are also responsible for the responses to cytokinin,
and act as integrators of the GA and cytokinin signalling (Sun et al., 2015). The response to
cytokinin and GAs has been studied in other plant species (Maes and Goossens, 2010). The
response of two Rosid species, Medicago truncatula and Populus tricocharpa, which both
produce multicellular trichomes, was comparable to that of Arabidopsis. In tomato, type | and
type IV trichome development is induced by both hormones, but type VI trichomes only were
induced by cytokinin. No other trichome types were affected. This indicates that the regulatory
mechanisms in Asterids are probably different from those in Rosids, and that each trichome

types is under different phytohormonal regulation.

ABA is considered to be a stress-related hormone, due to its role in regulating stomatal aperture
under drought and pathogen stress (Lim et al.,, 2015). In tomato, the ABA-deficient sitiens
mutant with deficient cuticle formation showed a reduction in trichome density (Curvers et al.,
2010). No other reports of ABA inducing trichome formation exist for Arabidopsis or other
species, which could indicate that the trichome phenotype is an indirect effect of the changes in

the cuticle composition.

JA is a hormone involved in responses to wound and herbivory, as well as immunity against
necrotorophic pathogens (Glauser et al., 2008), and it has been reported to often act
antagonistically to SA, which is normally involved in immune responses to biotrophic pathogens
(An and Mou, 2011). JA induces trichome development in Arabidopsis (Traw and Bergelson,
2003). Wounding of Arabidopsis leaves induces biosynthesis of JA (Glauser et al., 2008), and the
elevated concentration of JA induces the degradation of JASMONATE ZIM-DOMAIN (JAZ)
repressors by recruiting the ubiquitin ligase CORONATINE INSENSITIVE1 (COI1) (Thines et al.,
2007), which then activates GL3 to induce trichome formation (Yoshida et al., 2009). In tomato,
type VI trichome density increases upon treatment with JA (Boughton et al., 2005), and mutants
in SICOI1 showed a reduction in glandular trichome density (Li et al., 2004), suggesting a similar
trichome induction by JA-signalling in both species. As a consequence of the negative crosstalk
between JA and SA, responses to SA induce a reduction in trichome density in Arabidopsis (Traw
and Bergelson, 2003). No reports of the effect of SA in tomato trichomes are available, but a

similar effect to that of Arabidopsis might be expected given the effect of JA.

Ethylene is a gaseous hormone that regulates senescence, abscission, ripening and transition to
the adult stage in vegetative tissues (Schaller, 2012). Ethylene affects trichome morphogenesis
in several species. In Arabidopsis, the loss-of-function mutant of ETHYLENE RECEPTOR2 (ETR2),
which senses ethylene and induces the downstream response by inactivation of the repressor

CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) (Grefen et al., 2008), has unbranched trichomes due
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to alterations in the organisation of the microtubule cytoskeleton (Plett et al., 2009). Ethylene
also stimulated trichome branching in cucumber and cotton (Kazama et al., 2004, Qin et al.,
2007). No clear effects of ethylene application have been observed in tomato and responses to

ethylene need to be investigated further (Tian et al., 2014).

BR is a steroid hormone with multiple roles in plant growth and development (Zhu et al., 2013).
A mutant in BR-signalling in Arabidopsis, bls1, showed a reduced number of trichomes (Laxmi et
al., 2004), while in tomato, a mutant deficient in BR biosynthesis, dpy, showed an increase in
pubescence (Campos et al., 2009). A lack of characterisation of the molecular events underlying
these observations makes it difficult to draw clear conclusions about the roles of BR in trichome

development.

1.2.4.-Development of root hairs.

The work described in this thesis is based on analysis of the aerial epidermis of tomato. However,
root hairs are also outgrowths of the epidermis that share some common features with
trichomes, and their development may be linked to that of trichomes, and therefore it will be

discussed briefly in this section.

Root hair patterning, as in the case of trichomes, is not lineage dependent but based on
positional information, by which an epidermal cell becomes a root hair initial, which undergoes
polar growth driven by auxins, which involves a highly organised actin cytoskeleton and
remodelling of the cell wall, in a way analogous to trichome formation (Salazar-Henao et al.,
2016). Interestingly, the regulation of root hair initiation in Arabidopsis also involves an MBW
complex, in which the WD40 protein is also TTG1, and the bHLH is also GL3 or EGL3 (Zhang et
al., 2003). However, the R2R3 MYB of the complex is not GL1, but WEREWOLF (WER), although
WER is functionally equivalent to GL1 (Lee and Schiefelbein, 1999). When the MBW complex is
active, it can induce expression of GL2, which in turn inhibits the initiation of root hairs (Lee and
Schiefelbein, 1999). In the root hair initial, however, the R3 MYB factors CPC, TRY and ETC1 can
compete with WER for binding the MBW complex, which inactivates the expression of GL2 and
leads to the formation of a root hair (Schiefelbein et al., 2014). In this sense, regulation of cell
fate determination in roots works in the opposite way to trichome initiation in the aerial
epidermis. CPC, TRY and ETC1 are positively activated by the MBW complex, and they can move
then to neighbouring cells to induce root hair formation. The current model also involves the
movement of GL3 and EGL3 to non-hair cells (Savage et al., 2008). Regulation of cell fate in roots
is modulated by a LRR-RLK, SCRAMBLED (SCM), which can inactivate WER in root hair initials
(Kwak et al., 2005) upon recognition of positional signals from the underlying layer of cells, the

nature of which is not clear, but which are believed to be induced by the zinc finger protein
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JACKDAW (Hassan et al., 2010). A schematic representation of the regulatory network is shown

in Fig. 1.9.

There are no tomato-specific reports of root hair development, but the morphological similarity
and the rescue of the cpc phenotype by SITRY (Tominaga-Wada et al., 2013), indicates that,
unlike the case for trichomes, regulation of root hair development might be shared between the

two species.

1.2.5.-Relationship between the regulation of development of epidermal structures.

The regulatory link between trichomes and root hairs has been clearly established, and an
operational model exists for Arabidopsis. The relationship between epidermal structures in the
aerial epidermal (stomata and trichomes) remains a subject of discussion. First, the fact that
these epidermal structures emerge from the same pool of protodermal cells suggests a possible
limitation to the number of each type of structure that can develop on the same epidermal
surface, as the cells committed to a specific cell fate become unavailable, indicating a mutually
exclusive relationship. This idea is reflected in observations on AmMIXTA-overexpression
tobacco plants, where an increase in trichome density resulted in a decrease in stomatal density
(Glover et al., 1998). However, the importance of this relationship might be restricted by the
degree of plasticity of the protodermis (which could undergo a variable number of divisions to
accommodate the demands of the growing organ) or by the non-limiting nature of the
protodermal pool (native proteins expressed at native levels might be unable to exhaust the
protodermal cells available for differentiation). Second, trichomes are the first cells to undergo
differentiation in leaf primordia (Larkin et al., 1996), and therefore are the main determinants
of the mutually exclusive relationship. A higher number of trichomes might limit the number of
potential stomatal meristemoids, reducing the final number of stomata; an increase in the
number of stomata might not reduce the number of trichomes as these would have already
developed before the asymmetrical division of the stomatal lineage. In this scenario, it seems
plausible that common regulators of stomata-trichome communication exist to coordinate
epidermal patterning. Finally, hormonal regulation affects both trichome and stomatal densities,
sometimes in the same direction, with increases in density of both structures in response to
cytokinins (Farber et al., 2016) or gibberellins (Saibo et al., 2003), for example, and sometimes
in opposite directions, as the case of jasmonate (Han et al., 2018). These developmental
responses cannot be the result of a mutually exclusive relationship by itself, but necessarily
involve the presence of upstream regulators of both processes which ultimately would be a

common regulator.
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Figure 1.9.-Model for transcriptional regulation of root hair development in Arabidopsis. The

MYB-bHLH-WD40 complex activates GL2, inhibiting root hair formation, as well as small R3 MYB
genes (CPC and TRY, among others discussed in the text). The later genes can move to
neighbouring cells to displace WER from the complex, inhibiting the activation of GL2 and
downstream genes, and ensuring root hair initiation. Positive interactions are indicated with an
arrow line and negative interactions with a T-shaped line. Fine-dashed arrow indicate cell-to-cell

movement. Wide dashed arrow indicates downstream targets.
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1.3.-Physiological roles of trichomes.

The production of trichomes has a fitness cost for the plant, since the allocation of resources for
trichome development would limit their availability for other processes, such as flower
development and fruit set, as observed for Arabidopsis species (Mauricio, 1998, Sletvold et al.,
2010) and tomato (Wilkens et al., 1996). Therefore, if the allocation of resources to trichome
production can compromise other fitness-related processes, trichomes are likely to perform

important physiological roles under specific circumstances, such as biotic or abiotic stress.

1.3.1.-Role of trichomes in resistance to herbivory.

One of the most studied roles of trichomes is their ability to provide resistance against herbivory
by arthropods (and in some cases, bigger animals, such as mammals) (Levin, 1973). Non-
glandular trichomes act as structural defences, affecting insect feeding by blocking the access to
leaf tissue and negatively affecting oviposition and larval development by hindering attachment
to the leaf and access to nutritious tissues (Levin, 1973, Hanley et al., 2007, War et al., 2012). In
some cases, it has been reported that hooked non-glandular trichomes can impale small
herbivores, causing direct damage to the insects (QulRing et al., 1992). This type of structural
defence has been reported for a number of plant species, including crops such as wheat,
soybean, cotton or tomato (Levin, 1973)as well as wild species, such as Arabidopsis thaliana and

Datura stramonium (Valverde et al., 2001, Handley et al., 2005).

In species where glandular trichomes are present, the specialised metabolites in trichome
exudates have been often associated with repellent, deterrent or toxic effects on insects (Levin,
1973). The compounds present in glandular trichome exudates include acyl sugars, terpenoids,
flavonoids and methyl ketones among others (Glas et al., 2012). The diversity of glandular
trichomes present in tomato, as well as the diverse profiles of insect resistance in tomato wild
species, have led to extensive research into the role of tomato trichome exudates in resistance
to herbivory (McDowell et al., 2011, Glas et al., 2012). For example, type VI trichomes are the
site of biosynthesis of terpenoids and methyl ketones (Bergau et al., 2015). A sesquiterpene
produced in type VI trichomes in Solanum habrochaites, 7-epizingeberene, provided resistance
against several tomato pests (Bleeker et al., 2012), and it can be recognised as a repellent by
whiteflies (Bleeker et al., 2012). A methyl ketone, 2-tridecanone, which is present in S.
lycopersicum but is much more abundant in S. habrochaites, had lethal effects on aphids and
Lepidoptera larvae (Williams et al., 1980). Type | and type IV trichomes produce acyl sugars,
which constitute a sticky secretion that can trap insects and affect their feeding and
reproductive behaviour (Glas et al., 2012). The structure of acyl sugars in the wild relative
Solanum pennellii has a greater impact in oviposition of several pests, including aphids and thrips

(Leckie et al., 2016), and the high content of acyl sucroses in Solanum galapagense was
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associated to a higher resistance to herbivory (Vosman et al., 2018). Finally, some alkaloids as
tomatine, probably produced in type VIl trichomes (McDowell et al., 2011) can have repellent
effects on insects (Levinson, 1976), and they might have toxic effects, as observed for nicotine
in Nicotiana species (Levinson, 1976). Research on the huge variety of compounds produced in
glandular trichomes is likely to identify new compounds that act as defence metabolites against
herbivory. Glandular trichomes in some species, such as nettle (Urtica), contain urticant

compounds that can deter mammalian herbivores from feeding (Otles and Yalcin, 2012).

Finally, the important role of trichomes in herbivore resistance is evidenced by the increase in
trichome density in new developing leaves in plants under herbivory stress (Dalin et al., 2008).
This has been observed in Arabidopsis (Traw and Bergelson, 2003) and tomato (Peiffer et al.,
2009), among many other species (Dalin et al., 2008). This adaptation takes place through the
jasmonate-signalling pathway. Herbivory activates JA-response genes (Nabity et al., 2013),
which can activate downstream genes to elicit trichome formation, as discussed in section
1.2.3.4 of this chapter. By this mechanism, the plant diverts resources towards defence
mechanisms, including trichome formation, which limit the degree of damage caused by further

herbivory.

1.3.2.-Role of trichomes in resistance to other biotic stresses.

It has been suggested that trichomes may play a negative role in providing resistance to fungal
pathogens. In apple, leaves with a greater number of hairs accumulated more fungal spores,
probably increasing the frequency of infection (Roda et al., 2003). In Arabidopsis, the glabrous
mutant, g/1, showed an increases resistance to the fungal pathogen Botrytis cynerea compared
to the WT as well as the highly pubescent try mutant (Calo et al., 2006). The presence of the
defence compounds glucosinolates in Arabidopsis trichomes, which have antifungal and
antibacterial properties, seems to indicate that they might play a positive role in defence against
pathogens (Frerigmann et al., 2012). However, the amount of glucosinolates in trichomes is far
lower than in other epidermal cells, suggesting that their contribution to pathogen resistance is
probably small (Frerigmann et al., 2012). This evidence suggests a negative contribution of
trichomes to defence against pathogen infection. In addition to this, the systemic response to
pathogen infection is normally mediated by the hormone salicylic acid (SA) (An and Mou, 2011).
SA is known to antagonise JA-mediated responses, and application of SA to Arabidopsis plants
reduces trichome density (Traw and Bergelson, 2003), highlighting further the potential negative
contribution of trichomes -at least non-glandular ones- to plant immunity. However, some of
the diverse specialised metabolites produced in glandular trichomes have been associated with
antifungal or antibiotic activities. For example, gossypol and its derivatives, produced in the

glandular trichomes of cotton, have a broad antifungal activity (Mellon et al., 2012). The
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essential oils of a number of aromatic plants, produced in exudates of glandular trichomes, show
antibacterial activity (Burt, 2004). Therefore, any generalised conclusion about the contribution

of all types of trichomes to plant defences against pathogens is difficult.

1.3.3.-Role of trichomes in resistance to drought.

Trichomes are essential drivers of the water relations of plants, and they contribute to
minimising the effects of drought on the physiology of the plant (Bickford, 2016). Trichome traits
such as density, morphology and length determine many physical properties of the leaf and
influence the responses to water scarcity. For example, highly pubescent leaves can reflect
radiation and reduce leaf temperature in arid climates (Ehleringer, 1988), which reduces the
needs of the plant for water to regulate their temperature by transpiration through stomata.
The optical properties of trichomes can also contribute to reducing UV-damage to photosystem
Il (Galmés et al., 2007b), which has been linked to the flavonoid content of trichomes (Skaltsa et
al., 1994). In fact, exposure of Arabidopsis plants to UV-B radiation induced the formation of
trichomes in new leaves, suggesting an important role in energy dissipation (Yan et al., 2012).
Trichomes are also known to influence leaf wettability, defined as the ability of leaves to
accumulate water on their surface. High wettability can cause stomatal occlusion and affect gas
exchange (Bickford, 2016), and it has been shown for several species that low trichome density
increases wettability (Fernandez et al.,, 2011, Fernandez et al.,, 2014), probably due to the
hydrophobic cuticle of trichomes repelling surface water (Bickford, 2016). Trichomes also affect
the resistance of the leaf-air boundary layer, which can reduce water loss through stomata, but
also potentially limit CO, intake (Nobel, 2009), although the net contributions of trichomes to
stomatal conductance are thought to be relatively small (Bickford, 2016). In general, these
properties of trichomes can affect the water use efficiency of the plant, as both photosynthetic
activity and water loss are impacted by energy dissipation, leaf wettability and boundary layer
resistance (Ehleringer and Mooney, 1978), and specific trichome phenotypes might be
advantageous under drought stress. In fact, many drought-resistant varieties show a higher
trichome density in species such as watermelon (Mo et al., 2016), A. lyrata (Sletvold and Agren,
2012) and tomato (Ewas et al., 2016). Trichome production is also induced upon drought stress
in several species, including barley and aubergine (Fu et al., 2013, Liu and Liu, 2016), indicating

that increases trichome formation might protect the plant from drought stress.

Another example of the role of trichomes in water relations is in the case of Bromeliads, which
are epiphytic plants that grow on other plants for support, but do not parasite them and obtain
their nutrients and water from the environment (Adams and Martin, 1986). Some Bromeliads
have been reported to uptake water directly through their trichomes (Ohrui et al., 2007),

especially those lacking any other water-retentive structures (Martin, 1994).
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1.3.4.-Role of trichomes in resistance to other abiotic stresses.

Trichomes have been associated with responses to other abiotic stresses, as high salinity or
heavy metal content in the soil. High soil salinity impairs normal growth by imposing high
osmotic and ionic stress on the plant. Many species accumulate excessive sodium ions on their
roots, while some others transport them to their aerial tissues where they can be excreted
through glandular trichomes (Tester and Davenport, 2003). Some of these glandular hairs seem
to be specialised for saline secretion and their glandular heads are called salt glands (San and
Ke_Fu, 2003). These structures have been found in several species, including cotton (Peng et al.,
2016), rice (Flowers et al., 1990) and maize (Ramadan and Flowers, 2004). Trichomes are also
associated with the secretion of heavy metal contaminants, normally though chelation of the
metal ions in sulphur-containing structures (Wagner et al., 2004). A heavy metal
hyperaccumulator, Arabidopsis halleri, has been shown to accumulate Cd and Zn in its trichomes
(Kupper et al., 2000). Tobacco plants have been shown to excrete Cd and Zn-containing crystals
through their trichomes (Choi et al., 2001, Sarret et al., 2006). In addition to this, exposure to
zinc increases trichome density in tobacco, indicating an important role for trichomes in

detoxification of heavy metals (Sarret et al., 2006).

1.3.5.-Trichomes beyond stress: other suggested roles.

The main roles of trichomes seem to be associated with stress responses, evidenced by the
increases in trichome density that occur under most biotic and abiotic stresses and the improved
performance of pubescent plants under stress conditions (although there may be cost trade-offs
with other plant functions). However, there are observations -sometimes anecdotical- of other
functions for trichomes, not necessarily linked to stress responses. This is the case of pollinator
attraction in some species. In Theobroma species, specialised trichomes in the sepals are
believed to attract pollinators via production of volatile compounds (Young et al., 1984).
Trichomes in floral organs also have been shown to perform a structural function. For example,
trichomes in cotton stick petals together to form a floral architecture protecting anthers and
stigma (Tan et al., 2016b). In tomato, the anther cone is held together by a mesh of trichomes
which hold the anthers together and ensure pollination of the stigma held within the anther
cone (Glover et al., 2004). In citrus, the juice sacs in the fruit are considered to be modified

trichomes arising from epidermal layers of the pericarp (Simpson, 2010).

These reports indicate that the machinery controlling trichome development is often exploited

by plants to develop advantageous structures at the organ level.
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1.4.-Biotechnological opportunities in relation to trichomes.

The physiological functions discussed above highlight potential agricultural applications for the
results of research on trichomes. Selection of lines with higher trichome density, more secreting
glandular trichomes or with an ability to produce more trichomes upon stress without
compromising yield under non-stress conditions might have positive impacts in agriculture,
especially in terms of resistance to drought and herbivory. Identification of key genes involved
in trichome development in crops, especially those Asterids which are relatively
uncharacterised, will generate opportunities to shape the trichome-related developmental

responses in major crops.

Glandular trichomes also are sources of important metabolites that can have clinical or
commercial applications (Schilmiller et al., 2008). The list of compounds produced in plant
trichomes is practically endless and grows with the analysis of new species and cultivars. One of
the most studied examples is the anti-malarial drug artemisinin, produced in glandular
trichomes of Artemisia annua. Artemisinin supplies dependent on the harvesting of A. annua
fluctuate depending on the growing season, but the elucidation of the enzymatic pathway
leading to its production resulted in the option of semi-synthetic production of the compound,
by the combination of the expression of biosynthetic genes in yeast and some synthetic chemical
steps (Kung et al., 2018). This has led to more stable supplies and prices for the anti-malarial
drug, although microbial production looks unlikely to completely replace the production from
A. annua. Because the production of trichome-specific compounds takes place in the context of
the glandular cells, several attempts to characterise the metabolic and transcriptional profiles
of these cells have been carried out (Huchelmann et al., 2017). Engineering specific biosynthetic
pathways in plants might result in cheaper and more sustainable solutions to the use of
microbial species for drug production. However, our current understanding of glandular
trichome development and chemistry is probably insufficient to use trichomes in model species,

such as tobacco, as a routine bio factory (Huchelmann et al., 2017).

In conclusion, advances in trichome research, especially in Asterids bearing glandular trichomes,

are likely to have a substantial impact in agriculture and in biotechnological applications.

1.5.-Aims of the work described in this thesis.
In this thesis, | aimed to gain a better understanding of the process of trichome and epidermal
development in tomato and the physiological roles performed by epidermal structures.

Specifically, the objectives driving this work are:
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1.-Quantifying the natural variation in trichome and stomatal formation present in the Solanum
lycopersicum cv. M82 x Solanum pennellii introgression lines (ILs) using scanning electron

microscopy.

2.-Testing candidate genes found in promising genomic regions by transient assays (virus-
induced gene silencing) as well as stable assays (overexpression and CRISPR/Cas9 gene editing),

with especial emphasis on SIMIXTA-like.

3.-Generating a collection of knock-out mutants for known regulators of trichome development

in the same genetic background using CRISPR/Cas9.

4.-Testing the effect of the differences on trichome development observed in the ILs and the

mutants generated on tolerance to drought and whitefly infestation.
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Chapter 2 — General methods



2.1.-Plant material.
The S. pennellii x S. lycopersicum cv. M82 were used for this thesis (Eshed and Zamir, 1995), and

were grown always alongside the cultivated S. lycopersicum parent, M82.

The cultivar MoneyMaker, acquired commercially, was used for stable transformations given

the existence of a well-established transformation protocol.

The tomato MicroTom line (semi-dwarf) transformed with proSIPNH:AmRoseal/35S:Delila
insertion, referred to as Valencia plants hereafter (Martin et al., 2012), were used for
silencing assays, using the loss of purple coloration in leaves and stems as a visual marker

for silencing.

The ttgl and ttg2 mutans of Arabidopsis thaliana were obtained from Ingo Appelhagen
(Appelhagen et al., 2014).

The specific tomato or Arabidopsis thaliana lines used for each chapter are detailed in their

corresponding method sections, as well as their specific growth conditions.

2.2.-DNA extraction.

DNA extraction from leaves was carried out using the Plant DNeasy kit (QIAGEN, USA). Briefly,
<100 mg of leaf tissue was collected, flash-frozen in liquid nitrogen and ground using a
TissueLyser LT (QIAGEN, USA) in the presence of carbide beads. To break the cells, the AP1 lysis
buffer was added as well as RNAse A, to digest RNA present in the sample. After lysis, the
proteins and polysaccharides were removed by salt precipitation by addition of the buffer P3.
The debris was removed by filtration using a QlAshredder spin column. The DNA in the sample
bound to the membrane in the DNeasy Mini spin column, and remaining contaminants were
removed by successive washing steps with the washing buffer AW2. Finally, the DNA was eluted
using water and its concentration and purity were measured using a NanoDrop before any
downstream application. The specific compositions of the buffers are not publicly available. The

buffer volumes and reaction times of each step were as indicated by the supplier.

2.3.-RNA extraction.

RNA extraction from leaves was carried out using the Plant RNeasy kit (QIAGEN, USA). Leaf
samples were collected and disrupted as indicated for DNA extraction in section 2.2. The lysis
buffer in this case, RLT, contained the denaturing agent guanidine thiocyanate as well as B-
mercaptoethanol to inactivate RNses upon lysis and ensure integrity of the RNA. Polysaccharides
and proteins were eliminated by filtration using a QlAshredder spin column, and ethanol was
added to the sample to induce binding to the membrane of the RNeasy Mini spin column.

Contaminants were removed by successive washing of the membrane with buffers RW1 and
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RPE. The RNA was eluted in water and its concentration and purity were measured using a
NanoDrop before proceeding with cDNA synthesis. The specific compositions of the buffers are
not publicly available. The buffer volumes and reaction times of each step were as indicated by

the supplier. RNA was stored at -80 °C until required.

2.4.-cDNA synthesis.

cDNA was synthesised using RNA extracted from leaf samples of interest. First, contaminant
genomic DNA was eliminated by treating the samples with Amplification Grade DNase | (Merck,
USA). The reaction was carried out in 10 pL with 1x DNase | buffer and 1 unit of DNase I, both
supplied in the commercial kit. The digestion of genomic DNA was performed at room
temperature (approximately 25 °C) for 15 min. The DNase | was inactivated by addition of the
STOP solution (50 mM EDTA) to a final concentration of approximately 5 mM EDTA and heating
at 70 °C for 10 min. The cDNA was then synthesised using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, USA). Reactions were carried out in volume of 20 pL using
up to 2 pug of RNA as a template for retro transcription (RT) to single-stranded DNA. The reaction
mix consisted of 1x RT buffer, 4 mM dNTPs, 1x Random Primers, 1 unit MultiScribe™ Reverse
Transcriptase and 1 unit RNase inhibitor, all provided by the supplier (Applied Biosystems, USA).
The reaction consisted of three steps, a 10-min step at 25 °C, a 120-min step at 37 °C and a 5-
min step at 85 °C to inactivate the reverse transcriptase. cDNA was then stored at -20 °C until

required.

2.5.-Quantitative Polymerase Chain Reaction (qPCR).

gPCR was used to determine the abundance of specific transcripts in the cDNA made from RNA
samples collected for different purposes. The gPCR reactions were carried out using the SYBR®
Green JumpStart™ ready kit in volumes of 25 pL including 1x SYBR ® buffer (1.25 unit Taq
polymerase, 10 mM Tris-HCI, 50 mM KCl, 3.5 mM MgCl, and 0.2 mM dNTPs final concentrations),
1 mM of each primer (see Appendix 1 for more information about the primers) and 5 uL of
template cDNA, diluted 1:10 from the final volume after cDNA synthesis. At least three technical
replicates were done for each reaction. The gPCR reaction programme consisted of an initial
denaturation step at 94 °C for 2 min followed by 40 cycles with an initial denaturation step at 94
°C for 15 s followed by an annealing and extension step at 61.2 °C for 1 min. After each cycle,
the fluorescence of the SYBR® dye bound to the dsDNA was measured and plotted. After the 40
cycles, the samples were subjected to a multi-step temperature gradient coupled with
fluorescence readings to build a melting curve and ensure specificity of the primers. The
thermocycler used was a CFX96 Touch™ (Bio-Rad, USA), and the background value and C;values
were automatically calculated by its software. Primer efficiency was calculated for each pair of

primers (indicated in Appendix 1) by calculating the slope of the regression line of the plotted
40



values of C; vs log(DNA dilution) of five serial dilutions of the same cDNA sample (normally 1:2,
1:4, 1:8, 1:16 and 1:32) and comparing it to an ideal exponential amplification. | used the qPCR
efficiency calculator tool in the ThermoFisher Scientific website (www.thermofisher.com). Two
reference genes were used to estimate expression levels, SIActin and SIGAPDH, retrieved from
(Exposito-Rodriguez et al., 2008), and the geometric mean of their C; value was used as the
reference C; of the sample. Expression level was estimated as 22%, where AC: was calculated as
the difference between the C;value of the target gene in the sample and the reference C; value

for the sample. At least three biological replicates were used for each line of interest.

2.6.-Polymerase Chain Reaction (PCR) protocols.

For all protocols, the PCR product was run in 1% agarose gels containing 0.5 pg/mL ethidium
bromide for at least 20 min, together with a DNA molecular marker (O’generuler express,
ThermoFisher Scientific). The gels were imaged using a Gel Doc™transilluminator (Bio-Rad, USA)

equipped with an UV lamp that makes the ethidium bromide bound to the DNA fluoresce.

2.6.1.-Phusion® polymerase.
Phusion® (New England Biolabs, USA) is a high-fidelity polymerase, which | used to clone coding

sequences (CDS) of genes of interest and promoters from genomic DNA. Reactions were carried
out in a volume of 20 puL containing 0.2 uM dNTPs, 0.5 uM of each primer (see Appendix 1 for
primer information), 1x HF buffer (supplied with Phusion® kit), 3% DMSO and 0.4 units of
Phusion® polymerase. As template, less than 250 ng of DNA (either cDNA or genomic DNA) were
added to the reaction. The PCR programme included an initial denaturation step at 98 °C for 2
min, followed by 40 cycles consisting of an initial denaturation step at 98 °C for 10 s, followed
by an annealing step at variable temperature for 20 s and an extension step at 72 °C of variable
duration. After the cycles, a final extension step at 72 °C for 5 min was added. The annealing
temperature was equal to the lower melting temperature of the primer pair if these were
shorter than 20 nucleotides, and, if longer, 3 °C above the lower melting temperature of the

pair. The extension step required 20 s per kb of DNA fragment to amplify.

2.6.2.-Phire Plant Direct PCR Master Mix.
The Phire Master Mix (ThermoFisher Scientific, USA) allows direct amplification of plant samples

without the need to extract DNA. This allowed quick genotyping of a large numbers of plants,
including overexpression and CRISPR/Cas9 edited lines. The template for Phire reactions
consisted of a tip of an emerging leaf submerged in the 20 pl of dilution buffer (supplied in the
kit) and gently disrupted with a pipette tip. This DNA-containing solution was diluted 1:10 before
adding it to the PCR reaction. The reaction was carried out in a volume of 20 uL, containing 1x
Phire Master Mix, 0.5 uM of each primer (see Appendix 1 for primer information) and 0.5 L of
the template. The protocol consisted of an initial denaturation step at 98 °C for 5 min, followed
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by 40 cycles with a denaturation step at 98°C for 5 s, followed by an annealing step at a variable
temperature for 15 s and an extension step at 72°C for a variable duration. After the cycles, a
final extension step at 72°C for 1 min was added. The annealing temperature was equal to the
lower melting temperature of the primer pair. The extension step required 20 s per kb of DNA

fragment to amplify.

2.7.-Purification of PCR products.

The products of PCR reactions were purified for downstream use, either sequencing or cloning
into vectors of interest. PCR products run on a gel were excised using a razor blade and purified
using the QIAquick Gel Extraction Kit (QIAGEN, USA), which includes the QG gel, which can
solubilise the agarose and provide the salt concentration and pH necessary to induce DNA
binding to the silica membrane of the QlAquick spin columns. The contaminants were removed
by centrifugation and successive washes with PE buffer, and the purified DNA was eluted with
water. If the PCR product was not run on a gel and directly purified from the PCR reaction, the
QIAquick PCR Purification Kit (QIAGEN, USA), was used instead. It relies on the binding of DNA
to the same silica membranes but does not involved the agarose solubilisation step. The binding
buffer, PB, was used instead and provided the right conditions for DNA binding to the
membrane. Removal of contaminants, washes and elution were identical to the gel extraction

procedure.

2.8.-Cloning systems.
Several cloning systems were used depending on the intended use of the cloned DNA fragment.

For virus-induced gene silencing (VIGS) and overexpression vectors, Gateway™ technology was
used. For CRISPR/Cas9 vectors, Golden Gate cloning was used. Finally, for sequencing of multiple
alleles in CRISPR/Cas9 edited plants, the TOPO™ cloning system was used for cloning of the PCR

products.

2.8.1.-Gateway™ recombination cloning.
The Gateway™ system (ThermoFisher Scientific, USA) is based on the use of the recombination

sites (called attachment -att- sites) found in the bacteriophage lambda, which are used for
integration into the bacterial chromosome by means of a recombinase protein (called Clonase™
in the commercial kit). In the interaction between the bacteriophage lambda and Escherichia
coli, the recombination takes place between the attB sites on the E. coli chromosome and the
attP sites on the lambda chromosome. Upon recombination, new att sites are generated (attL
and attR) (Landy, 1989). The addition of attB sites flanking the DNA fragment of interest by PCR
(see primers used in Appendix 1) allows specific insertion into a donor vector carrying attP sites.
In this case, the donor vector | used was pDONR207 (see Appendix 2), which contains a

gentamycin resistance selection marker and attP sites flanking a Gateway™ cassette, which
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contains a chloramphenicol resistance selection marker and a cytotoxic gene, CcdB, to ensure
specific growth of the clones of interest. Recombination between the DNA fragment and the
pDONR207 vector was mediated by the BP clonase™ and the reactions were carried out in
volumes of 5 L using equimolar concentrations of the DNA insert and the pDONR207 vector
and 1 pL of the BP Clonase™ enzyme mix with an overnight incubation at room temperature,
followed by an inactivation of the BP Clonase™ in presence of proteinase K (37°C for 10 min).
The entry vector containing the DNA fragment flanked by the newly generated attL sites was
recovered after transformation into E. coli DH5a (see section 2.9 for more details). The final
expression vectors were obtained by recombination of the attL sites into the entry vector and
the attR sites in the destination vector. In each case, the destination vector was different (see
Appendix 2), but they all contained a Gateway™ cassette (chloramphenicol resistance and CcdB
cytotoxic gene) flanked by attR sites. The recombination between the entry and destination
vectors was performed in a volume of 5 uL with 300 ng of each vector and 1 pL of LR Clonase™
incubating at room temperature overnight. The LR Clonase™ was inactivated at 37°C for 10 min
with proteinase K and the expression vector was recovered after transformation in E. coli DH5a
(see section 2.9). The identity of entry vectors and expression vectors was confirmed by Sanger
sequencing, using primers indicated in Appendix 1. The list of constructs built using this system

is included in Appendix 2.

2.8.2.-Golden Gate cloning.
The Golden Gate system relies on the use of type IIS restriction enzymes, which cleave dsDNA

in a different region to their recognition site. Therefore, the overhang created by digestion with
these restriction enzymes will not depend on its recognition site and can be designed to be any
overhang of choice. The ability to design multiple specific overhangs with a single restriction site
allows the ordered assembly of a given number of DNA fragments (normally called parts), and
upon ligation, the restriction sites in the final plasmid are not regenerated and digestion and
ligation can be coupled (in a process called dig-lig) to increase the efficiency of cloning. All
documentation and plasmids were retrieved from the TSL SynBio database (synbio.tsl.ac.uk). |
used Golden Gate to clone the sgRNAs for the CRISPR/Cas9-mediated gene editing and | decided
to use pICSLO02218A, a vector already containing the necessary elements for gene editing (Cas9,
kanamycin resistance as the selectable marker for transformed plants and sgRNA backbones)
which required only the specific addition of the 20-nucleotide sequence specific to the target
gene for editing, which could be purchased directly as oligonucleotides including the overhang
necessary for ligation in the right position (Merck, USA). pICSL002218A accepts two different
sgRNAs with different target sequences. To introduce the first one, a LacZ marker (for blue/white
selection) located in front of the sgRNA backbone is surrounded by Bsal (a type IIS enzyme) sites,

which releases the LacZ gene and allows ligation of the 20-nucleotide sequence via specific
43



overhangs. The second target sequences can be introduced in an analogous way, but in this case
the selection marker is dsRed (red/white selection) and it is surrounded by Bbsl (a different type
IIS enzyme) sites. By successive dig-lig reactions, both target sequences can be introduced into
the plasmid. The dig-lig reactions were performed in volumes of 10 pL, including 500 ng of the
plasmid, 0.5 unit of T4 ligase, 0.5 units of the corresponding restriction enzyme and 2 uM of
each oligonucleotide (see Appendix 1). The reaction programme included an initial step at 37 °C
for 20 s, followed by 15 cycles with a digestion step at 37 °C for 3 min followed by a ligation step
at 16 °C for 4 min. A final ligation step at 16 °C for 30 min was included after the cycles, followed
by inactivation steps at 50 °C for 5 min and 80°C for 15 min. The resulting vector was then
transformed into E. coli DH5a for selection of the plasmid bearing both inserts in presence of
kanamycin. The identity of the plasmid was checked by Sanger sequencing using a right-border

reverse primer (see Appendix 1).

2.8.3.- Zero Blunt™ TOPO™ cloning.
The Zero Blunt™ TOPO™ system (ThermoFisher Scientific, USA) uses the ability of DNA-bound

topoisomerases to join dsDNA fragmnets. In this system, the plasmid is provided in a linearized
form with toposiomerases from Vaccinia virus bound to their blunt ends. These topoisomerases
can be released in presence of blunt end DNA fragments (such as the ones produced by Phusion®
or PhireTM polymerases) which are inserted in the vector which becomes circularised. The
reaction was carried out in volumes of 5 pL including 10 ng of the linearized vector, salt solution
(200 mM NaCl and 10 mM MgCI2 final concentration) and the PCR product to be inserted.
Reactions were carried out at room temperature for 5 to 30 min and then the plasmid was
transformed into E. coli DH5a (see section 2.9) and selected using the CcdB cytotoxic selection
marker and kanamycin resistance as selection for positive transformants. Inserts were checked

by Sanger sequencing using the primers provided in the commercial kit (see Appendix 1).

2.9.-Escherichia coli transformation.
E. coli was transformed with vectors of interest for propagation and storage. Two different

strains were used: DH5a and ccdB survival. The DH5a strain is used for general plasmid
propagation as it bears the recA mutation that ensures stability of the insert as homologous
recombination is impaired and the endA mutation that prevents digestion of the plasmid by
endonucleases and increases the yield of plasmid. It can also be used for blue/white selection
as it has a mutated version of the LacZ gene. The ccdB survival strain was used for propagation
of plasmids including a Gateway™ cassette. This strain bears similar mutations to ensure yield
and stability of the plasmid, but also has resistance to the cytotoxic activity of the CcdB gene. In
both cases, approximately 100 ng of the plasmid of interest were incubated with 50 pL of

commercial cells (ThermoFisher Scientific, USA) for 30 min on ice. The plasmid was then
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transformed by heat shock (42 °C for 45 s) and kept on ice for 2 min. The cells were then
incubated for at least an hour at 37 °Cin 950 mL of SOC medium before spreading on LB media
plates with the appropriate selection (see Appendix 3 for media recipes and antibiotic
concentrations). Plates were incubated at 37 °C for at least 8 h and single colonies were selected
and grown in liquid LB with antibiotic for 8 h. The liquid cultures were preserved in 20% glycerol

at -80 °C and plasmids were purified by miniprep (see section 2.10).

2.10.-Plasmid extraction and purification.
E. coli liquid cultures were centrifuged for 10 min at 2900xg and the bacterial pellet was used

for plasmid extraction and purification using the QlAprep Spin Miniprep Kit (QIAGEN, USA). The
bacterial pellet was resuspended in buffer P1. Cell alkaline lysis was induced by addition of the
lysis buffer P2, and the process was stopped by addition of the neutralisation buffer N3, with a
salt concentration that promotes plasmid DNA binding to the silica membrane of the QlAprep
columns. The lysate was cleared by centrifugation (10 min at ~18000xg) and the DNA was bound
to the silica membrane. The membrane was washed twice with PE buffer to remove
contaminants and the plasmid was finally eluted in water. The concentration and purity of the

DNA was checked using a NanoDrop.

2.11.-Sanger sequencing.
Plasmids and PCR products were sequenced using the Mix2Seq overnight service (EuroFins,

Belgium), where 1-1.5 pg of plasmid DNA or 50-100 ng of PCR product were sent with a specific

sequencing oligonucleotide to prime the Sanger reaction.

2.12.-Agrobacterium transformation.
Two Agrobacterium species were used for the work described in this thesis. Agrobacterium

tumefaciens strain AGL1 was used as a delivery species for plant transformation (both transient
and stable). This A. tumefaciens strain carries rifampicin and ampicillin resistance genes.
Agrobacterium rhizogenes strain ATCC15834 was used for hairy root induction and transient
transformation of hairy root tissue. This strain does not carry any resistance gene. The strains
used for both species were electrocompetent. Electroporation was carried out by incubating 50
uL of the Agrobacterium strain with 50-100 ng of the plasmid of interest on ice for 10 min. The
cells with the plasmid were transferred to a prechilled 2 mm cuvette and subjected to a 2.5 kV
electric pulse. Cells were incubated at 28 °C for at least 3 hours after addition of 450 pL of SOC
medium (see Appendix 3) and spread on plates containing TY medium (see Appendix 3) and

selection antibiotics.

2.13.-Transient Agrobacterium infiltration in tomato seedlings.
Transient infiltration was carried out on Valencia plants to test the effect of gene silencing by

VIGS. A. tumefaciens AGL1 carrying the plasmid of interest was grown in liquid TY with selection
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antibiotics at 28°C to an ODgy 0.5-0.8. Bacteria were then pelleted and resuspended in 10mM
MgCl2, 10mM MES pH 5.6, 2001M acetosyringone buffer to an ODeg 0.1. For VIGS assays, the
pTRV1 and pTRV2 plasmids (see chapter 4 for details) were mixed in a 2:1 ratio to a final ODgoo
0.1. Valencia seedlings that were 10 days old were submerged in the A. tumefaciens solution
and leaves and cotyledons were vacuume-infiltrated using chemical duty pump (Merck, USA) and

a vaccuum dissecator for 10 minutes.

2.13.-Transient Agrobacterium infiltration in Nicotiana benthamiana leaves
Transient expression was performed by manually injecting Agrobacterium tumefaciens strain

AGL1 transformed with the construct of interest into mature leaves of 4-week-old
N. benthamiana plants grown at 20-22 °C under greenhouse conditions. Transformed A.
tumefaciens were grown in TY medium with selection antibiotics to an ODggo0.5-0.8. Cells were
pelleted and resuspended in 10mM MgCl2, 10mM MES pH 5.6 buffer with 200 uM of

acetosyringone to a final ODggo=0.1.

2.14.-Stable tomato transformation.
Stable transformation of expression vectors and CRISPR/Cas9 constructs was performed in

MoneyMaker tomato plants. Approximately 100 MoneyMaker seeds per transformation were
sterilised in 10% domestic bleach for three hours and plated in sterile boxes containing
Germination Media (see Appendix 3) and subjected to cold treatment for 3 weeks at 4°C in
darkness to promote synchronous germination in the growth chamber (16 h photoperiod, 20°C
in average). After 7-10 days, cotyledons from the MoneyMaker seedlings were used as explants
(two square explants per cotyledon, adding up to approximately 400 explants per
transformation) and they were submerged in a solution (ODggo 0.4-0.5) of A. tumefaciens AGL1
carrying the construct of interest in MS 3% sucrose for approximately one hour. The explants
were dried on sterile filter paper and transferred to plates containing Cell Suspension Media
(see Appendix 3) and a layer of tobacco cells to feed explants for two days of co-cultivation.
Explants were then transferred after 48 h to Regeneration Media plates (see Appendix 3), which
induce callus formation and shoot regeneration. Explants were transferred every other week to
plates (or boxes) with new Regeneration Media. When shoots were mature, they were excised
from callus and transferred to Rooting Media (see Appendix 3), where roots developed in two
to four weeks. When the root system was fully developed, TO plantlets were transferred to boxes
with sterile soil and water and grown in vitro for two weeks to help with acclimation to
greenhouse conditions. Finally, plants were transferred to soil and genotyped to test for the

presence of the transgene or the CRISPR/Cas9-mediated mutations.
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2.15.-Scanning Electron Microscopy (SEM).
Trichome phenotypes were always assessed using SEM. Two different ways of sample fixation

were used to preserve the structure of trichomes and other epidermal structures. In both cases,
the samples were imaged either using a Zeiss Supra 55 VP SEM (Zeiss, Germany) or a FEI Nova
NanoSEM450 (FEI, USA). Specific characteristics of samples or imaging patterns are indicated in

each chapter.

2.15.1.-Cryo-SEM.
The cryo-SEM imaging approach relies on freezing the sample and imaging at very low

temperature to avoid the damage to the sample due to water evaporation under vacuum
conditions inside the electron microscope. For cryo-fixation, plant samples are glued to a cryo-
stage and then submerged in liquid nitrogen in a vacuum-generating environment to reduce
frosting of water vapour. The samples are then introduced in the microscope preparation
chamber, where any frost is removed by sublimation at -95 °C for 3.5 min. The samples are then
sputter coated with platinum for 150 s and they are transferred to the main microscope
chamber, at -125 °C. The imaging took place in the main chamber, where the electron beam was
active, and the secondary and back-scattered electrons could be perceived by the detectors.

This fixation protocol is destructive, and samples cannot be stored for further imaging.

2.15.2.-Chemical fixation and Critical Point Drying.
Chemical fixation of the samples was achieved by vacuum infiltrating them with a

glutaraldehyde 2.5% cacodylate solution and dehydrated through an ethanol series. Samples
were dried in a Leica CPD300 critical-point dryer (Leica Microsystems, Germany), where water
was replaced by liquid CO; and then evaporated at the critical point for CO;, removing all the
liguid without damaging the structures of the sample. Dried samples were glued to a SEM stub
and gold-coated before imaging in the main chamber of the microscope, at high vacuum and

room temperature conditions.
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Chapter 3 — Screening the S. lycopersicum x S. pennellii IL
population to determine natural variation in trichome
development in tomato.



3.1.-Abstract

In this chapter, | described the characterisation by scanning electron microscopy (SEM) of the
adaxial epidermis of two generations of the Solanum lycopersicum cv. M82 x Solanum pennellii
introgression lines (ILs). The quantification of the trichome and stomatal densities in the ILs
revealed 18 genomic regions with a low trichome density and 4 ILs with a high stomatal density.
| also found ILs with abnormal proportions of different trichome types and aberrant trichome
morphologies. This characterisation has generated a very powerful dataset for the study of

epidermal development in tomato.

3.2.-Introduction

3.2.1.-Introgression lines as a source of exotic genetic material in tomato.

Wild relatives of important crops have been used extensively in modern breeding to introduce
beneficial traits in commercial cultivars (Prescott-Allen and Prescott-Allen, 1986, Hajjar and
Hodgkin, 2007), including tomato. Most of the traits introduced from wild relatives involve
resistance to biotic or abiotic stress, which have been lost during domestication and breeding of
commercial crops (Tanksley and McCouch, 1997). In the case of tomato, most of the disease
resistance genes have been introduced from wild species such as Solanum peruvianum, Solanum
chesmanii or Solanum pennellii (Rick and Chetelat, 1995, Hajjar and Hodgkin, 2007). Solanum
chilense and S. pennellii have been used as a genetic source for tolerance to drought and salinity
(Rick and Chetelat, 1995). The natural diversity present in the germplasm of wild relatives can
also be exploited to gain a better understanding of physiological, developmental and metabolic
processes in tomato and other crops. The potential of exotic germplasm in tomato is especially
important given the narrow genetic diversity of the self-pollinated cultivated tomato (Eshed and

Zamir, 1995).

An introgression line (IL) population is a set of near-isogenic lines generated by successive
backcrossing of the offspring of a cross between a crop wild relative and a cultivated line to the
cultivated parent (Eshed and Zamir, 1995). The phenotypic variation observed in this population
can be attributed to a relatively small and well-defined genomic region derived from the wild
relative donor, making them very useful tools for mapping of quantitative trait loci (QTLs)
associated with traits of interest (Fig 3.1). IL populations have been used successfully to map
genes of interest in many species, including barley (Schmalenbach et al., 2011), rice (Mei et al.,
2006), wheat (Liu et al., 2006) and maize (Szalma et al., 2007), as well as horticultural crops such
as aubergine (Gramazio et al., 2017), melon (Perpina et al., 2016) and tomato (Eshed and Zamir,
1995, Canady et al., 2005, Finkers et al., 2007, Barrantes et al., 2014). The numbers of IL

populations available, many of which have been generated fairly recently, and the numbers of
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Figure 3.1.-Schematic representation of the introgression lines (IL) population. The IL
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population was generated by crossing the cultivated tomato (S. lycopersicum cv. M82) and the
wild relative S. pennellii and successively backcrossing the offspring to the cultivated parental
lines. The resulting population consists of 76 lines, each one with a well-defined genomic region

from the wild parent in the genetic background of M82, covering the complete tomato genome.
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studies in which they have been employed, highlights the potential of these resources as a

research tool and as breeding material.

In the case of tomato, several different IL populations have been developed using different wild
relative parents (Fernie et al., 2006). The S. pennellii x S. lycopersicum cv. M82 population was
developed in the late 20™ century (Eshed and Zamir, 1995), and has been extensively curated
and genotyped precisely (for example, (Chitwood et al., 2013)) becoming a very reliable platform
for the study of different physiological and developmental processes. In fact, complementary
populations have been developed to improve the mapping resolution in the S. pennellii IL
population, including sub-ILs (Alseekh et al., 2013), which were formed by further backcrossing
with the cultivated parent to reduce the size of the introgressed region, or the backcross inbred
lines (BILs) (Ofner et al., 2016), which consist of lines including small, scattered S. pennellii
genomic regions. Moreover, other tomato IL populations are currently available to the scientific
community, including populations with Solanum lycopersicoides (Canady et al., 2005), Solanum
habrochaites (Finkers et al., 2007), Solanum pimpinelifollium (Barrantes et al., 2014) and some
other wild Solanum species (Fernie et al., 2006) as wild genetic donors. All of these populations
have been used to different extents to introduce new genes or map specific QTLs in tomato.
However, the size of resources available for the S. pennellii population, its widespread use and
the physiological characteristics of the wild species (Rick, 1973, Peralta, 2008) make it the most

powerful and convenient population for research purposes.

The number of traits explored using the S. pennellii ILs is vast. For example, they have been used
to map loci involved in resistance to bacterial spot caused by Xanthomonas perforans (Sharlach
et al., 2013) or to late blight caused by Phytophtora infestans (Smart et al., 2007). Tolerance to
abiotic stresses has been also investigated in this population. For instance, drought and salinity
tolerance were studied in this population (Frary et al., 2010, Rigano et al., 2014), leading to
selection of promising genotypes. On top of their use in research for stress tolerance, the IL
population has been used to dissect physiological, metabolic and developmental processes in
tomato. A comprehensive study of the photosynthetic activity and gas exchange of the ILs
(Magnum et al., 2018) has recently helped identify regulators of primary metabolism in tomato.
Efforts have been made to improve yield (Eshed and Zamir, 1995) and fruit quality (Calafiore et
al., 2016, Yang et al., 2016) using S. pennellii ILs. Analysis of the ILs has led to the discovery of
regulators of developmental processes, such as leaf shape determination (Chitwood et al., 2013)
and root morphology (Ron et al., 2013), although there has not been a comprehensive
characterisation of the aerial epidermis of the different genotypes in the population. With

respect to trichomes, an extensive work on characterising trichome secretion in the ILs has been
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carried out, revealing new QTLs involved in synthesis of acyl sugars and terpenoids (Schilmiller

et al., 2010), but we lack understanding of the variability in trichome development in the ILs.

3.2.2.-The IL population as a tool to investigate epidermal development in tomato.

Trichomes are species-specific, and even closely related species show a relatively high degree of
variability in terms of density, morphology and metabolic profiles of the trichomes in their aerial
organs. This is also the case for Solanum species related to tomato, where differences in the
distribution and morphology of trichomes had been characterised and reported (Luckwill, 1943,
Simmons and Gurr, 2005, McDowell et al., 2011). Although the differences observed within the
genus are high and introgressions of any wild donor could be of interest, S. pennellii is
particularly interesting. First, non-glandular trichomes, which are very abundant in S.
lycopersicum (Simmons and Gurr, 2005, Vendemiatti et al., 2017) are virtually non-existent in S.
pennellii. The abundant type VI trichome in cultivated tomato is very scarce in S. pennellii
(Simmons and Gurr, 2005). Also, the total density of trichomes is higher in S. pennellii (McDowell
et al., 2011). These differences reinforce the idea of using the IL as a platform for the study of

trichome development in tomato.

The epidermis is a dynamic tissue where communication between different cell types (stomata,
trichomes and pavement cells) is essential for the determination of cell fate and epidermal
patterning (Larkin et al., 1997, Glover, 2000, Larkin et al., 2003). It is likely that changes in the
features of one specific cell type lead to alterations of the other types, as observed in Arabidopsis
(Bean et al., 2002), tobacco (Glover et al., 1998) and Solanum species (Glover and Martin, 2000,
Chitwood et al., 2013, Fu et al., 2013). Therefore, differences in stomata and pavement cells
between S. pennellii and S. lycopersicum need to be investigated. A comprehensive analysis of
the stomatal and pavement cell characteristics in the IL population was carried out (Chitwood
et al., 2013), and several QTLs were identified for their size, density and shape. Previous reports
also indicated a lower stomatal density in S. pennellii (Heichel and Anagnostakis, 1978).
However, none of these studies considered trichomes, and they were carried out either in
cotyledons or in plants grown in the field, and therefore observations might be biased due to
the effects of the age of the tissue (Ceulemans et al., 1995) or the environmental conditions
(Beerling and Chaloner, 1993). In any case, the existence of a natural variation in other epidermal
features in the IL population can be exploited to understand better the relationship between

trichomes and their surrounding epidermal cells.

3.2.3.-Scanning electron microscopy (SEM) as a phenotyping tool for tomato leaf epidermis
Trichomes are relatively big structures that can be seen with the naked eye. However, a more

detailed analysis of their structure and other epidermal structures requires the use of
microscopy techniques. Traditionally, studies aimed at understanding epidermal development
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have relied heavily on light microscopy as an imaging tool (for example, (Snyder and Hyatt, 1984,
Gurr and McGrath, 2001). Stomatal density has been traditionally assessed using leaf
impressions (Ceulemans et al.,, 1995, Xu and Zhou, 2008) rather than on live tissue, with
potential implications in terms of distortion of stomatal and pavement cell morphology.
Although these approaches have led to important discoveries, they have some shortcomings.
First, light microscopy techniques used to assess trichome density do not reach the
magnification required to determine stomatal and trichome densities simultaneously.
Trichomes are much bigger structures, and they are normally observed under low magnification
and without mounting slides to determine the trichome types. Second, leaf impressions used to
assess stomatal density or size do not allow observation of trichomes, as they are normally
removed to allow a clear impression, or their morphology cannot be determined easily from the

impressions.

A solution to this problem is the use of Scanning Electron Microscopy (SEM), which allows a
direct observation of the surface of the sample and a simultaneous assessment of the different
epidermal features. SEM imaging is carried out under high vacuum conditions, which leads to
distortion of highly hydrated samples as it is the case of leaves (Holloway and Baker, 1974).
Therefore, a fixation step is required, and this can be done either chemically or by
cryopreservation (Pathan et al., 2008). Chemical fixation allows conservation of the sample,
while cryofixation is destructive and samples can be only assessed once. However, the latter
approach allows observation of live structures without any distortion or artefact (Read and
Jeffree, 1991), which makes it the preferred approach to assess trichome morphology. In fact, it
has been used widely to characterise trichome mutants, as it is the case for the hairless (Kang et
al., 2010a), Woolly (Yang et al., 2011a) or odourless2 (Kang et al., 2010b) mutants. Cryo-SEM has
also been used successfully before in assessing quantitative traits of epidermal tissue, such as
trichome and stomatal density in tobacco (Glover et al., 1998) or conical cell density in petals of
petunia (Baumann et al., 2007). However, the impossibility of preserving samples for later
imaging is a bottleneck in medium-to-high throughput phenotyping platforms. Where trichome
morphology might be of secondary interest, chemical fixation can contribute to a more
consistent and robust phenotyping of the sampled leaves because samples can be collected at
the same time point and imaged later (Pathan et al., 2008). A powerful data set would combine
information obtained by means of an array of different imaging techniques. For the work
presented in this chapter, | combined chemical and cryo fixation to improve the quality and

usefulness of the data collected.
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3.3.-Experimental procedures

3.3.1.-Plant material

| grew two generations of the S. lycopersicum cv. M82 x S. pennellii ac. LA716 introgression lines
(ILs) (Eshed and Zamir, 1995) to assess the adaxial leaf epidermis. The first generation consisted
of 67 ILs, which were grown under greenhouse condition at the John Innes Centre, with an
average temperature of 20-22 °C. These lines were grown successively from October 2015 to
February 2016, with approximately 6 ILs phenotyped per week. The second generation consisted
of 74 ILs grown under the same conditions, but all seeds were sown simultaneously in October
2016. For both generations, plants were grown for 4-weeks, until the first true leaf was fully
expanded. The terminal leaflet of the first true leaf was excised and leaf sections of
approximately 0.5x0.5 cm were used as SEM samples. For each line, 3-4 plants in each
generation were phenotyped. S. pennellii, M82, IL 2-5 and IL 2-6 plants were kept for 3 months

to image stem tissues and leaves that developed later in the life of the plant.

The Arabidopsis thaliana Col-0 and the ttgl and ttg2 (Appelhagen et al., 2014) mutants were
grown under greenhouse conditions at the John Innes Centre under natural light, and with an
average temperature of 20-22 °C. Plants were sown in March 2017 and grown for 7 weeks. The

first true leaf was used for imaging. The whole leaf area was used as sample.

3.3.2.-Qualitative and quantitative analysis of epidermal features.

For each leaf sample, 8-15 micrographs of 0.3 mm? were generated. | used cryofixation for the
first generation of the ILs, and chemical fixation for the second generation (please see Chapter
2. General methods for more information) to prepare the samples before imaging. In every case,
the same leaf (first fully expanded leaf) and the same part of the leaf (intervein space close to
the central vein) was used for assessment of stomatal, trichome and pavement cell numbers.
These three cell types were manually quantified in micrographs at a relatively low magnification
(x600) using ImagelJ v. 1.49 (National Institutes of Health, USA). Trichome and stomatal densities
were calculated as percentage of total epidermal cells and expressed as fold change of each line
with respect to the M82 values obtained in the corresponding generation. Trichomes were
classified in different groups according to (Luckwill, 1943), although type | and type IV trichomes
were grouped together under type | (McDowell et al., 2011) and all non-glandular trichomes
were classified as type V. For trichome density values, all trichomes were considered together.
Aberrant trichome morphologies were recorded and SEM pictures were taken at the most
appropriate magnification settings. For ILs 2-5 and 2-6, younger leaves were also imaged to

assess aberrant patterning of trichomes.
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3.3.3.-Statistical analysis

To assess differences in trichome and stomatal density in the IL population, | performed a t-test
to compare the value of each individual line to the value of M82 for the corresponding
generation. For the first generation, where values were more extreme and variable, | used a p-
value cut-off of 0.005. For the second generation, where values were more consistent, | used a
p-value cut-off of 0.05. For the type distribution, low numbers of some types of trichomes and
differences in trichome density led to artefactual statistical results, so | decided to make a
gualitative observation without determining significance. For comparisons between Arabidopsis
lines, each mutant was compared to Col-0 using a t-test. The relation between trichome density
and stomatal density in M82 was determined by correlation coefficient (R?). The analyses were

performed using R software (ver. 3.2.2; R Core Team, Vienna, Austria).

3.4.-Results

3.4.1.-Characterisation of trichomes in parental lines M82 and S. pennellii.

| analysed the surface of leaves and stems of the parental lines of the IL population, S.
lycopersicum cv. M82 and S. pennellii, and characterised the features of their trichomes (Fig 3.2).
On stems, | observed a high presence of type |, IV, V and VI trichomes in S. lycopersicum (Fig.
3.2A) while | observed a predominance of type IV trichomes in S. pennellii (Fig 3.2B). Type IV
trichome in S. pennellii showed a slightly different morphology,with longer stems and bigger
glandular heads. | measured trichome density on the adaxial surface of leaves in both species,

and | observed a three-fold higher trichome density in S. pennellii compared to M82 (Fig. 3.2C).

3.4.2.-Identification of genomic regions involved in determination of trichome density.

| measured the trichome density on the adaxial surface of leaves of two generations of the ILs
(Fig. 3.3 and 3.4). In both generations, | observed a high variability of the values of trichome
density between lines and within each line. In general, most lines had a lower trichome density
than the cultivated parent M82, the trichome density of which ranks amongst the highest lines
in the population. | identified 37 lines with a significantly lower trichome density than M82 in
the first generation of the population (Fig. 3.3) and none of the lines showed a significantly
higher trichome density than M82. In the second generation, | identified 34 lines with a
significantly lower trichome density than the cultivated parent (Fig. 3.4) and one line had a

significantly higher trichome density.

| selected those lines that showed a consistent phenotype in both generations, and | could
therefore identify 18 ILs with a low trichome density. These are: ILs 2-1-1, 2-2 and 2-3 in
chromosome 2; IL 4-1 in chromosome 4; ILs 5-3 and 5-4 in chromosome 5, IL 7-2 in chromosome

7; ILs 8-1, 8-1-1 and 8-2-1 in chromosome 8; ILs 9-1-3, 9-3-1 and 9-3-2 in chromosome 9; ILs 10-
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Figure 3.2.- Differences in trichome features in M82 and S. pennellii. Micrographs of the surface
of the third internode of a stem of A) M82 and B) S. pennellii reveal differences in types and
morphology of trichomes. C) Trichome density on the adaxial surface of the first true leaf of M82
and S. pennellii. D) Stomatal density on the adaxial surface of the first true leaf of M82 and S.
pennellii. The values for C) and D) are mean+SEM (n=3). S. pennellii showed a significantly higher

trichome and stomatal density compared to M82 (p-value<0.01).
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Figure 3.3.- Trichome density of the first generation of the IL population. Trichome density
is expressed as fold-change of the ratio of trichomes to total epidermal cells compared to
M82. Lines are classified according to the chromosomal region introgressed from S.
pennellii and each bar represents an IL. Green bars represent lines showing a significant (p-
value<0.005) decrease in trichome density when compared to M82. The gray bars
represent the value for M82, used for comparison. For each line, the adaxial surface of the

first fully-expanded true leaf from three plants was sampled.
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Figure 3.4.- Trichome density of the second generation of the IL population. Trichome

density is expressed as fold-change of the ratio of trichomes to total epidermal cells

compared to M82. Lines are classified according to the chromosomal region introgressed

from S. pennellii and each bar represents an IL. Green bars represent lines showing a

significant (p-value<0.05) decrease in trichome density and red bars represent lines

showing a significant increase in trichome density (p-value<0.05) when compared to M82.

The grey bars represent the value for M82, used for comparison. For each line, the adaxial

surface of the first fully-expanded true leaf from three plants was sampled.

and

10-3

chromosome 10 and ILs 12-1, 12-3 and 12-3-1 in chromosome 12. IL 11-3 had a significantly

higher trichome density only in the second generation, but in the first generation, although not

significantly different from M82, it averaged the highest value for trichome density.
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3.4.3.-Identification of genomic regions involved in determination of trichome identity.

| classified the trichomes observed in the adaxial surface of leaves for two generations of the IL
population in different types (Fig. 3.5 and 3.6). In the first generation, in M82, the main trichome
type is type |, accounting for 63% of the total. The rest of the types of trichomes found in S.
lycopersicum were observed in smaller percentages (5-10%). | used this distribution as standard

for comparison with the rest of the ILs.

For most lines, type | trichomes were the most abundant, although ILs 2-1, 3-3, 4-3-2 and 8-1-1
showed a substantial reduction of this type of trichome. This reduction in type | trichomes was
compensated by an increase in non-glandular type V trichomes in ILs 2-1 and 3-3. | also observed
increased type V trichome density in ILs 1-3 and 11-4. For 21 of the ILs, | could not observe any
type V trichomes in the assessed tissue. Type VI trichomes were generally found in low
proportions, but it was the most common type in IL 8-1-1, 8-2-1 and 8-3-1. A total of 7 ILs showed
no type VI trichomes in the assessed tissue. Type VIl trichomes were the scarcest and absent in
32 of the ILs. Importantly, absence of any type of trichome in the assessed tissue does not mean

complete absence in other tissues.

In the second generation, most trichomes were damaged because of the chemical fixation used
for sample preparation (Fig. 3.6). Therefore, | could not extract any conclusions from the

trichome classification.

It is important to note that there was not any line with a complete absence of type | trichomes

in either of the two generations.

3.4.4.-Identification of genomic regions involved in determination of trichome morphology.

For each line under study, trichomes showing an aberrant morphology were recorded (Fig. 3.7).
The most common type of aberrant trichome found in the population consisted of two swollen
cells emerging from a type I-like multicellular base. This type of trichome was observed in ILs 1-
1-2, 4-3-2, 5-3, 6-4, 7-4/7-4-1/7-5, 8-1-2 and 11-3 (Fig. 3.7A-F and H). In IL 10-2, | observed
another type of aberrant trichome, consisting of a branched, multicellular, non-glandular
trichomes (Fig. 3.7G). In every IL with aberrant trichomes, the aberrant forms always appeared

alongside wild type-like trichomes in both generations (Fig. 3.5 and 3.6).

3.4.5.-Identification of genomic regions involved in determination of trichome patterning.

| observed unusual clusters of trichomes on the adaxial surface of leaves in ILs 2-5 and 2-6 (Fig
8). In young leaves, trichomes in M82 are equally distributed on the leaf surface and they are
oriented in the same direction (Fig. 3.8A). However, in IL 2-5 trichomes were clustered in groups

of up to 4 trichomes and they were randomly oriented (Fig. 3.8B). In mature, fully expanded
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leaves, | could still observe clusters of two trichomes in ILs 2-5 and 2-6, and these observations
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Figure 3.5.-Trichome type distribution in the first generation of the IL population. Lines are
classified according to the chromosomal region introgressed from S. pennellii and each bar
represents an IL, and the height of each colour section represents the proportion in percentage
of each type of trichome. Blue represents type | trichomes; green represents type V trichomes;
red represents type VI trichomes; grey represents type VII trichomes, orange represents
damaged trichomes and purple represents aberrant trichomes. A schematic representation of
each type of trichome is displayed in the legend. Trichomes are classified in different types

according to (Luckwill, 1943).
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Figure 3.6.- Trichome type distribution in the second generation of the IL population. Lines are
classified according to the chromosomal region introgressed from S. pennellii and each bar
represents an IL, and the height of each colour section represents the proportion in percentage
of each type of trichome. Blue represents type | trichomes; green represents type V trichomes;
red represents type VI trichomes; grey represents type VII trichomes, orange represents
damaged trichomes and purple represents aberrant trichomes. A schematic representation of
each type of trichome is displayed in the legend. Trichomes are classified in different types

according to (Luckwill, 1943).
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Figure 3.7.-Aberrant trichome morphologies in the IL population. Micrographs of
representative aberrant trichomes are shown for ILs A) 1-1-2, B) 4-3-2, C) 5-3, D) 6-4, E) 7-5, F)
8-1-2, G) 10-2 and H) 11-3. The most common type of aberrant trichome is a type I-like swollen
structure (A, B, C, D, E, F and H). Non-glandular branched trichomes were also observed (G).

Scale is indicated in each micrograph.
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Figure 3.8.- Abnormal trichome clusters in the IL population. Micrographs of the adaxial surface
of A) a young leaf of IL 2-5, B) a mature leaf of IL 2-5 and C), D) and E) mature leaves of IL 2-6
reveals abnormal patterning of type | and type V trichomes leading to clusters of up to four

trichomes. Black arrows point to trichome clusters. Scale is indicated in each micrograph.
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were made for glandular and non-glandular trichomes (Fig. 3.8C-E). Trichomes in these clusters

were found oriented in all possible directions respectively to each other.

3.4.6.-Identification of genomic regions involved in the determination of stomatal density.

| measured the stomatal density on the adaxial surface of leaves of the two generations of the
IL population (Fig. 3.9 and 3.10). As observed for trichomes, | found a high degree of variability
in the population between and within lines. In contrast to the observation for trichome density,
most ILs had a higher stomatal density than the parental line M82, which had one of the lowest
values for stomatal density in the population. In the first generation, | identified 23 ILs with a
significantly higher stomatal density compared to M82 (Fig. 3.9) and none of the lines showed a
significantly lower stomatal density than M82. In the second generation, | found 10 lines with a
significantly higher stomatal density compared to M82 and three lines with a lower stomatal

density (Fig. 3.10).

| selected those lines that had a consistent stomatal phenotype in both generations, and this led
to the identification of four ILs with a high stomatal density. These were: IL 5-1 in chromosome
5; ILs 7-2 and 7-5 in chromosome 7 and IL 8-3-1 in chromosome 8. It is interesting to note that
only IL 7-2 appeared in both the lists of selected lines for trichome density and stomatal density.
Interestingly, IL 11-3 behaved in opposite ways in the two generations, having a higher stomatal
density compared to M82 in the first generation and a lower stomatal density in the second

generation.

3.4.7.-Characterisation of the relationship between trichome and stomatal densities.

| observed a generally lower trichome density for most ILs (Fig. 3.3 and 3.4) and a generally
higher stomatal density for most ILs (Fig. 3.9 and 3.10) compared to M82. | calculated the
average trichome and stomatal densities for the whole population and compared these to the
value for M82. For trichome density, in both generations, the average of the population was
approximately half of the value recorded for M82 (Fig. 3.11A). Regarding stomatal density, the
average for the population was approximately double the value for M82 in the first generation
and slightly higher in the second generation (Fig. 3.11B). These observations indicated a
potential correlation between both variables, as | also observed for the M82 values (Fig. 3.11C,
R2=0.60, p-value=0.04). However, no correlation was observed at the population level between

trichome density and stomatal density.

To understand whether the observations made for the cultivated tomato (Fig. 3.11C) occurred
in other species outside the Asterids clade, | measured trichome and stomatal density in A.
thaliana Col-0 plants, as well as the trichome mutants ttg1 and ttg2 (Fig 3.12). As expected, ttg1l

mutant had no trichomes, and ttg2 had aberrant trichomes but did not have lower or higher

64



iy
o

w
o

Stomatal density (fold change)
5 5

o
o

Py
o

Chromosome 1

oy
=)

w
o

Stomatal density (fold change)
5 P

Chromosome 2

P
=)

w
o

Stomatal density (fold change)
5 5

Chromosome 3

w
=]

Stomatal density (fold change)
5 2

e
o

P
o

w
=]

Stomatal density (fold change)
5 5

e
o

0.0 0.04
T+ 7 T T SRR R R R W @ o
F I . I % EXZEILRER g 2 01 oa
[SI— s [ E— - 5
Line Line Line
3.0 4.0
Chromosome 5 Chromosome 6 Chromosome 7
H %
g < 3.09
5 2.0 S
el e
< £
= 220
£ £
c c
17} T
=10/ 3
g ‘gw-
2 2
&a &
0.0 0.04
et o
EL L gLl g 2 2t EIXSLI I
3 8] 5 AN
Line Line Line
4.0 4.0
Chromosome 9 Chromosome 10 Chromosome 11
M n
£304 2304
< <
5} El
el T
£ =
z20 220
frl G
c <
L7} T
T o
= =
= 1.04 = 1.04
£ £
S 2
@ fA
0.0 0.0
ZEEREENEY 'EEEEREE EIEIEIERE
"~ & A S I I TR Y B LU e A
L KA =
Line Line Line

b
=

.y
=)

Stomatal density (fold change)

=4
=}

>
o

w
=}

[ad
=}

=}

Chromaosome 4

w
=}

Stomatal density (fold change)
P 5

e
o

Fa
=)

w
o

Stomatal density (fold change)
P P

14
o

z & P b oA BB
@ = - N oW oW A
~ KN )
Line
Chromosome 8
T i
[ S Y
Lo jin N
Line
Chromosome 12
R
S T I
Line

Figure 3.9.-Stomatal density of the first generation of the IL population. Stomatal density is

expressed as fold-change of the ratio of stomata to total epidermal cells compared to M82. Lines

are classified according to the chromosomal region introgressed from S. pennellii and each bar

represents an IL. red bars represent lines showing a significant increase in stomatal density (p-

value<0.005) when compared to M82. The grey bars represent the value for M82, used for

comparison. For each line, the adaxial surface of the first fully-expanded true leaf from three

plants was sampled.
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Figure 3.10.- Stomatal density of the second generation of the IL population. Stomatal density
is expressed as fold-change of the ratio of stomata to total epidermal cells compared to M82.
Lines are classified according to the chromosomal region introgressed from S. pennellii and each
bar represents an IL. Green bars represent lines showing a significant (p-value<0.05) decrease in
stomatal density and red bars represent lines showing a significant increase in stomatal density
(p-value<0.05) when compared to M82. The grey bars represent the value for M82, used for
comparison. For each line, the adaxial surface of the first fully-expanded true leaf from three

plants was sampled.
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second (G2) generations of the ILs compared to the average trichome density of the population.

Blue bars represent M82 values and grey bars represent average values. B) Stomatal density in

percentage of total epidermal cells of M82 in the first (G1) and second (G2) generations of the

ILs compared to the average stomatal density of the population. Orange bars represent M82

values and grey bars represent average values. For A) and B), values are mean + SEM (N=4 in

M82 G1, N=3in M82 G2, N=67 for Average G1 and N=74 for Average G2). C) Negative association

between trichome density and stomatal density for M82 values combined for both generations.

Correlation index and p-value are shown in the graph. Each point corresponds to an individual

plant (N=7, N=4 in first generation and N=3 in second generation).
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Figure 3.12.-Trichome and stomatal density in A. thaliana Col-0 and trichome mutants ttg1
and ttg2. A) Unicellular, branched trichome in Col-0 A. thaliana. B) Aberrant trichome in ttg2
mutant. C) Trichome density in percentage of total epidermal cells of Col-0, ttg1 and ttg2. D)
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values are mean * SEM (N=3). No significant differences were found between Col-0 and the

mutant lines.
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trichome density than Col-0 (Fig. 3.12A). For the three lines, no differences were observed in
stomatal density (Fig. 3.12B). No correlation was observed between either variable for any of

the lines individually or considering all of them together.

3.5.-Discussion
3.5.1.-Natural variation from the wild relative Solanum pennellii reveals new QTLs for

trichome density in tomato

Trichome density is tightly associated with the physiological functions fulfilled by trichomes.
Higher trichome density has been linked to improved tolerance to abiotic and biotic stresses,
including tolerance to drought (Hauser, 2014, Mo et al., 2016) and insect attack (Bleeker et al.,
2012, Tian et al., 2012). Therefore, understanding how trichome density is determined in tomato

can have important agronomic impacts.

Wild relative species have been used for genetic improvement of commercially important crops,
as they tend to preserve traits lost during domestication. In the case of Solanum pennellii, the IL
population has been extensively used to identify QTLs involved in many different
developmental, metabolic and physiological processes, including leaf development (Chitwood
et al., 2013), fruit quality (Fernandez-Moreno et al., 2017) and photosynthetic activity (Magnum
et al., 2018). These success stories supported the use of the natural variation present in the IL

population to explore trichome development in tomato.

| measured the trichome density of S. pennellii and S. lycopersicum cv. M82 on the adaxial
surface of leaves and found it was three-fold higher in S. pennellii compared to S. lycopersicum
cv. M82 (Fig. 3.2C). This is in agreement to previous reports about trichomes in Solanum species
(Simmons and Gurr, 2005). This difference supported the use of S. pennellii as a donor species

to study trichome density determination in Solanum.

| observed a high variability in trichome density in both generations of the IL population,
between lines and even between plants of the same line (Fig. 3.3 and 3.4). Trichome density is
affected by several external stimuli, and changes in environmental conditions (water availability,
temperature, light) can lead to increases or decreases in the number of trichomes (Gianfagna et
al.,, 1992, Fu et al., 2013). Therefore, although the plants were grown in greenhouse under
relatively stable conditions, changes in environmental and microenvironmental conditions
(position effects, shadowing) may have been responsible for the observed variation. This is
especially true for the first IL generation, where lines were grown successively over a period of
six months. In any case, | could identify 18 ILs that showed a consistent phenotype over two
generations, pointing towards a stable genetic component regulating trichome density in these

lines.
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Interestingly, most of the ILs analysed for this work showed a lower trichome density than M82,
and these differences were consistent in both generations of the population (Fig. 3.3 and 3.4),
with the average value of trichome density of the population being two-fold lower than M82
(Fig. 3.11A). This was unexpected given the values observed for the parents (Fig. 3.2C). Trichome
development in tomato is a complex process which involves expansion of the cell wall, cell
division and differentiation of glandular cells (Glover, 2000), and each one of these processes is
under the control of positive and negative regulators (Tian et al., 2017). In addition to this, there
is evidence that the development of different types of trichomes is regulated by different
pathways. For example, the Woolly mutant in tomato showed an increase in type | trichomes
but no other types were affected (Yang et al., 2011a). Small alterations in any of these steps,
due to a different activity or expression level of the S. pennellii alleles of the genes controlling

them, may explain the low trichome density observed in these lines.

The introgressed genomic regions from S. pennellii have been mapped precisely to the tomato
genome and there is a high degree of certainty about their borders and the genes that are
present in each IL (Fig. 3.13). Some of the ILs we identified by their low trichome density,
harbour overlapping S. pennellii genomic regions, indicating that probably the genomic feature
responsible for the phenotype is in the shared region. This is the case of ILs 2-2 and 2-3, 5-3 and
5-4, 9-3-1 and 9-3-2, and 12-3-1 and 12-3. This may help to narrow down the candidate genes
responsible for the observed phenotypes. Interestingly, some of the selected genomic regions
are completely contained within bigger regions corresponding to ILs which did not show a low
trichome density in both generations. For example, this is the case of IL 2-1-1 the genomic region
of which is fully contained in the region of IL 2-1 or IL 8-2-1 and IL 8-2. It is difficult to explain the
reasons behind this observation. Perhaps ILs 2-1 and 8-2 might have missed the p-value cut-off
due to the high variability of the population or as a result of type Il error in the statistical analysis.
This might be the case for the QTL in chromosome 2, as IL 2-1 also showed low trichome density
in the second generation (Fig. 3.4). Another explanation involves the possible existence of a
compensatory mechanism in the bigger genomic region. Finally, IL 8-1 and 8-1-1 harbour exactly

the same region (Smeda et al., 2016).

| searched the genomic regions of interest for genes known to be involved in trichome
development in tomato or related species. An aquaporin-like gene (Solyc08g066840) has been
proposed as a candidate gene for the dialytic (dl) mutant phenotype (Chang et al., 2016), which
maps to the IL 8-2-1 region. However, this mutant was not compromised in trichome initiation
but rather in trichome development, displaying aberrant, forked trichomes on its leaf surface.
The auxin-responsive factor 3 (SIARF3) plays an important role in the development of epidermis

in tomato, and when knocked-down, trichome density was reduced (Zhang et al., 2015). SIARF3
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maps to the region covered by IL 2-3. The HD-Zip transcription factor responsible for the Woolly
(Solyc02g080260) mutant phenotype, with increased trichome density (Yang et al., 2011a), also
maps to this region of chromosome 2. These genes might be potential candidates for the
phenotype observed in this line (Fig. 4.3 and 4.4). The Woolly transcription factor interacts with
a type-B cyclin (SICycB2, Solyc10g083140), essential for division of multicellular trichomes,
which causes a dramatic reduction in trichome density when silenced in RNAi lines (Gao et al.,
2017). This gene maps to the region covered by IL 10-3, and might also be responsible for the
low trichome density in this line. Finally, MIXTA-likel is a known regulator of trichome
development in A. thaliana (Oshima et al., 2013) and Antirrhinum majus (Perez-Rodriguez et al.,
2005), although it remains uncharacterised in tomato. The tomato MIXTA-likel gene (SIMX2,
Solyc04g005600) maps to the region corresponding to IL 4-1 and it is a good candidate for

further analysis of its role in trichome development.

In conclusion, the natural genetic variation present in the IL population, coupled with our
phenotyping screen, revealed new genomic areas of interest containing genes with potential
roles in determination of epidermal development. This IL screen will aid any future research on

trichome development in Solanum species.

3.5.2.-Cryo-SEM allows precise classification of trichome identity and morphology in the IL
population.

| classified trichomes on the adaxial surface of the first true leaf of two generations of the ILs,
using cryo-scanning electron microscopy (SEM) for the first generation (Fig. 3.5) and using
chemical fixation coupled with room temperature SEM for the second generation (Fig. 3.6).
Trichomes are fragile structures and their function as factories of secondary metabolites make
them prone to abscission of the glandular heads that are used for trichome classification (Bergau
et al.,, 2015). They are also hydrated structures which tend to collapse under high-vacuum
conditions, required for traditional SEM. The use of the cryo-fixation allowed me to determine
the trichome types with a low percentage of broken trichomes (Fig. 3.5). However, the use of
chemical-fixation was highly damaging and most trichomes were found broken on the assessed
surfaces (Fig. 3.6). Therefore, although chemical fixation might be a better tool for analysis of
trichome density (Fig. 3.4), cryo-fixation should be used preferentially for assessing trichome

identity (Fig. 3.5) or aberrant morphologies or patterning (Fig. 3.7 and 3.8).

| classified trichomes according to (Luckwill, 1943), although | grouped type | and type IV under
the same group (Type | in Fig. 3.5 and 3.6). Type | and IV share the same morphology and
metabolic profiles, and their differences are based mostly on their length, so some authors

consider type | and type IV as a single type (McDowell et al., 2011). In a similar fashion, non-
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glandular trichomes are traditionally classified as type Il, lll or V depending on their length, but

for comparative purposes they were all labelled as type V (Fig. 3.5 and 3.6).

The most abundant trichome type in M82 and most ILs was type | (Fig. 3.5), in contradiction to
previous reports, that ranked type VI as the most common glandular trichomes (Bergau et al.,
2015). This observation may have been due to a difference between M82 and the cultivars used
in other studies. Importantly, the density of type | trichomes was reported to be a juvenility trait,
being very high in the first leaf — the one we assessed for every plant- and going down in leaves
formed afterwards, and this happens as a trade-off with type V trichomes, which are less
abundant in early leaves and become much more abundant in late ones (Vendemiatti et al.,
2017). This report agrees with our results and therefore indicates a potential bias in our
observations but reinforces the necessity for consistency in sampled tissues for meaningful
comparisons. This also explains why we observed 21 ILs with no type V trichomes. | observed
four lines with a low proportion of type | trichomes. In the case of ILs 2-1 and 3-3, this was
compensated by an increase in the percentage of type V trichomes, with an inverted trend to
the observations in (Vendemiatti et al., 2017), making them good lines for further research on
the control of juvenile phase development. In the case of ILs 8-1-1 and 8-2-1, the observed
reduction in type | trichomes was accompanied by a reduction in trichome density (Fig. 3.3 and
3.4). This suggests that the pathway controlling the formation of type | trichomes may be
compromised in these lines, while other types might not be affected. Both lines also showed an
increased proportion of type VI trichomes. This could indicate that different types of trichomes
are controlled by different regulatory mechanisms and that these mechanisms might be
interlinked to compensate for alterations in the type distributions. This is in agreement with

previous reports in tomato (Li et al., 2004, Yang et al., 2011a) and tobacco (Payne et al., 1999).

Type VI trichomes were relatively unabundant in the sampled leaves, but absent only in 7 ILs of
the population. IL 4-1 had no type VI trichomes, and this line also had low trichome density (Fig.
3.3 and 3.4). As inferred before for ILs on chromosome 8, this low trichome density could be due
to a specific reduction in this type of trichome. It is important to note that, even though | could
not find type VI trichomes in the assessed tissues, they were found on stems and major veins
(not shown), suggesting a tissue specific regulation of epidermal development, which is not
uncommon in other species such as A. thaliana (Schnittger et al., 1998) or A. majus (Glover et
al., 1998). Type VIl trichomes were very scarce in the interveinal leaf tissue in all lines, and this
led to finding none in half of the lines (Fig. 3.5). This type of trichome was however commonly
found on major and minor veins (data not shown), indicating that their number is higher in these

stem-like tissues.
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While phenotyping the IL population, | found several aberrant morphologies (Fig. 3.7) and
unusual epidermal patterning (Fig. 3.8). The most common aberrant morphology consisted of a
multicellular base similar to the one found in type | trichomes, with two swollen cells emerging
from this base (Fig. 3.7 A-F and H). These structures are reminiscent of the aberrant type |
trichomes in the odourless-2 mutant (Kang et al., 2010b), still uncharacterised, and the dialytic
mutant (Chang et al., 2016). In some ways, the swollen appearance of these trichomes is similar
to that observed in the hairless mutant (Kang et al., 2010a, Kang et al., 2016b), which presents
a truncated version of the SPECIALLY-RAC1 ASSOCIATED (SRA1) gene and is therefore
compromised in the actin cytoskeleton organisation in trichomes, or the inquieta mutant, which
harbours an altered copy of the ACTIN-RELATED PROTEIN 2/3 COMPLEX SUBUNIT 2A (ARPC2A)
(Jeong et al., 2017). It is possible that the observed phenotype might be to alterations in the
process of cell elongation or cytoskeleton development. In fact, the ARPC2A gene maps to the
IL 11-3 region (Fig 7H). The ACTIN-RELATED PROTEIN 3 (ARP3) and ACTIN-RELATED PROTEIN 2/3
COMPLEX SUBUNIT 3 (ARPC3) genes encode proteins that are part of the complex required for
actin filament formation (Goley and Welch, 2006), and map to the IL 4-3-2 and IL 7-4/7-4-1/7-5
regions respectively (Fig. 3.7B and E). All these lines need further analysis to understand whether
the phenotype is caused by impairment of the same pathway or whether they are the structures
resulting from alterations in different pathways. The fact that all of these appear amid wild-type
looking trichomes (Fig. 3.5) points towards a phenotype caused by small changes in expression
or functionality of S. pennellii versions of the genes rather than gain- or loss-of-function
mutations. | also observed a branched, multicellular, non-glandular type of trichome in ILs 10-2
and 10-3, which lacks a multicellular base (Fig. 3.7G). This structure resembles the type V-like
trichomes observed in SICycB2 or Woolly RNAi lines (Yang et al., 2011a), and actually, SICycB2
maps to the region delimited by these two ILs, indicating that the S. pennellii version of the gene

might have reduced activity compared to that of M82.

Finally, | observed an unusual clustering of trichomes in ILs 2-5 and 2-6 (Fig. 3.8). These clusters
were much more evident in young leaves (Fig. 3.8B) but were usually found in mature leaves as
well (Fig. 3.8C-E). Trichomes are evenly distributed over the leaf surface in tomato (Fig. 3.8A),
although the mechanisms by which this patterning is determined are unclear. In A. thaliana,
trichome patterning is mediated by small MYB transcription factors that inhibit trichome
initiation in cells adjacent to newly formed trichomes (Hauser, 2014), but the mechanism in
tomato and related species is not understood yet (Tominaga-Wada et al., 2013). These lines

provide useful tools to gain new insights into cell fate determination in the epidermis of leaf.
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3.5.3.-Screening the IL population reveals new QTLs for stomatal density and a link between
trichome and stomatal development.

| also measured the stomatal density for each line in both generations of the ILs (Fig. 3.9 and
3.10). Stomatal density is a key trait in tolerance to abiotic stresses as stomata have a direct role
in gas exchange and maintenance of water status (Masle et al., 2005, Wentworth et al., 2006),
and a low stomatal density has been associated with an improved response to drought
conditions (Zhao et al., 2017). Similar to the observations made for trichomes, variability in
stomatal density in the population and within lines was very high, and this may be a response to
small alterations of environmental conditions, since stomatal density is affected by light, CO,
concentration and temperature (Beerling and Chaloner, 1993, Rogiers et al., 2011), and this
again may be especially true for the first generation of the ILs (Fig. 3.9). Overall, | identified 4 ILs
with a consistently high stomatal density in both generations, and these were selected as

candidate lines.

Interestingly, most of the lines had a higher stomatal density than the parental line M82 (Fig.
3.9 and 3.10), with the average value for the population being two-fold higher in the first
generation and slightly higher in the second (Fig. 3.11B). This was unexpected as previous
studies had reported a lower stomatal density in S. pennellii (Heichel and Anagnostakis, 1978,
Chitwood et al., 2013), bur my own measurements showed a stomatal density significantly
higher in S. pennellii than in the cultivated parent (Fig. 3.2D). This behaviour was the opposite
to my observations for trichomes, where most lines had a lower trichome density than M82 (Fig.
3.3, 3.4 and 3.11A). These observations suggested a potential link between trichome and
stomatal development, as has been reported before for tomato and tobacco (Glover et al., 1998,
Glover and Martin, 2000). | did observe a significant correlation between trichome density and
stomatal density in M82 plants (Fig. 3.11C), but this was not observed at the population level,
where we found no correlation between the two variables. The former observations suggest a
possible developmental link between both epidermal structures, probably involving an early
commitment of cell fate to trichome formation that prevents stomatal formation thereafter as
described for tobacco (Glover et al., 1998). | also have evidence that this negative association
between trichomes and stomatal densities might take place preferentially under stress

conditions (discussed in chapters 7 and 8).

Epidermal development is a complex process that involves many regulators. Some of them might
act in determining both stomatal and trichome development, such as MIXTA (Glover et al., 1998)
or GL1 and TRY in Arabidopsis (Bean et al., 2002), which determine stomatal and trichome
patterning in cotyledons. Other genes, however, might affect different steps of trichome or

stomatal development without affecting the formation of other epidermal structures. This is the
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case of the TRANSPARENT TESTA GLABRA 1 (TTG1) (Walker et al., 1999) and 2 (TTG2) (Pesch et
al., 2014) in Arabidopsis, both known regulators of trichome development, which were analysed
to understand whether the correlation observed for tomato (Fig. 3.11C) was observed in other
distant species. Trichomes were completely absent in the ttgl mutant, while their density in
ttg2 mutants was not substantially lower (Fig. 3.12C), despite the fact that they presented
aberrant branching (Fig. 3.12B). The lack of trichomes in the ttgl mutant did not result in an
increase in stomatal density (Fig. 3.12D), and no changes in stomatal density were observed
either for the ttg2 mutant (Fig. 3.12D). Therefore, | concluded that neither of these genes had a
role in stomatal development in Arabidopsis. It is plausible that other genes in tomato might act
in similar ways, affecting one of the two structures, and this might be the case for ILs where
changes in trichome density were not accompanied by changes in stomatal density (Fig. 3.3-3.6).
In general, my results suggested that a link between stomatal and trichome development exist,
but this might be restricted to certain conditions or regulatory mechanisms, and its universality

is unlikely.

| analysed the genomic regions covered by the 4 ILs with consistent high stomatal density to
determine if any known regulators of stomatal development (Pillitteri and Dong, 2013) mapped
to them. | could not find any of the genes in the introgressed regions, and this suggested that
new genes involved in determination of stomatal density might be responsible for the

phenotype.

In summary, | found new interesting QTLs in the IL population controlling stomatal density. |
observed a link between stomatal and trichome development, but its extent and the
mechanisms regulating this crosstalk require further investigation. It is important to note that
all these analyses were done on the adaxial surface of the leaves, which has fewer stomata than
the abaxial surface, and a detailed analysis of both sides of the leaves would be beneficial for a

better understanding of epidermal development.

3.6.-Conclusion

In this chapter, | present a comprehensive analysis of the epidermal structures in the adaxial
surface of leaves of the S. pennellii x S. lycopersicum cv. M82 IL population. By combining two
fixation methods, chemical fixation and cryofixation, and two generations of the ILs, | produced
a very powerful data set to study variation of trichome and stomatal density, trichome identity

and trichome formation.

This analysis allowed me to identify 18 ILs with a low trichome density and 4 ILs with high
stomatal density. Most of the genomic regions corresponding to these ILs do not map to any

known regulatory gene of either trichome or stomatal development, so | have identified new

75



loci that need to be researched further. In a similar way, we found important differences in the
proportion of trichome types in the ILs and also trichomes with aberrant shapes. Further analysis
of the introgressed regions harboured by these lines will shed light on regulation and structural

development of trichomes.

Finally, I have produced further evidence that trichome and stomatal development is negatively
associated in tomato, although | observed some limitations to the universality of the
phenomenon. First, the negative association between stomatal and trichome density was not
observed in the whole IL population, but only in the parental cultivated line. Second, this

relationship was not observed at all in A. thaliana trichome mutants.

In conclusion, | believe that the data generated for this chapter will contribute to the phenotypic
data available to the tomato scientific community and will make an important contribution to

future research projects.
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Chapter 4 - Virus-Induced Gene Silencing of candidate
genes potentially involved in trichome development.



4.1.-Abstract

In this chapter | describe the functional characterisation of candidate genes selected from the
phenotypic screen of the ILs performed in chapter 3 for their potential involvement in trichome
development, by means of virus-induced gene silencing (VIGS). | discuss the advantages and
limitations of this transient assay. The work in this chapter led to the identification of two MIXTA
genes (SIMIXTA-like and SIMX2) with a role in trichome patterning and trichome initiation

respectively. | could also validate the function of SICycB2 in regulating trichome morphogenesis.

4.2.-Introduction

4.2.1.-Tools available for QTL mapping using the IL population.

The DNA sequence of the tomato genome has been available for several years (The Tomato
Genome, 2012), and since its publication, the volume of work devoted to understanding its main
features has been vast (Aoki et al., 2013, Causse et al., 2013, Karlova et al., 2013, Kim et al.,
2014, Lin et al., 2014, Jung et al., 2016). The Sol Genomics Network (Fernandez-Pozo et al.,
2015a)is an online database containing all the available genomic information for tomato, as well
as other Solanaceae species. This platform includes information about wild crop relatives -where
available-, gene annotation for known loci and provides tools for molecular studies (molecular
markers, BLAST, genetic maps). The database is updated periodically to reflect the latest

discoveries in tomato genomics.

The introgression line populations have proven to be useful for breeding and research (see
chapter 3). The widespread use of wild crop relatives in tomato has benefitted from the
sequencing of some of their genomes, including Solanum pimpinellifolium (The Tomato
Genome, 2012), Solanum lycopersicoides (The Solanum lycopersicoides Genome Consortium,
unpublished but available) and Solanum pennellii (Bolger et al., 2014), the parent of the IL
population used for this thesis. The genomic information available for both the cultivated and
the wild parents of the populations has been extremely useful to find differences and potential
candidates for trichome development. In addition to this, there has been an effort to map
precisely the genomic regions introgressed in each one of the ILs (Chitwood et al., 2013,
Fernandez-Pozo et al., 2015a), allowing fast trait mapping to a relatively small region containing

a manageable number of candidate genes.

The accessibility and affordability of sequencing approaches have led to the generation of a huge
number of RNAseq datasets for tomato, for different organs, developmental stages,
physiological processes and stress conditions. Specifically, RNAseq data for S. lycopersicum cv.
M82 and S. pennellii (as well as other wild relatives) is publicly available (Koenig et al., 2013, Dai

et al., 2017) and it can be browsed easily through the eFP browser (Winter et al., 2007). Apart
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from transcriptomic profiling of the parental lines of the IL population, several attempts have
been made to characterise the whole set of ILs. For example, the Tomato Functional Genomics
database provides information about gene expression in tomato fruit, combined with
information about metabolite content and small RNAs, for the whole S. pennellii IL population
(Fei et al., 2011), alongside many other useful datasets. The transcriptomic data has been used
successfully to identify candidate genes involved in lycopene and ascorbic acid accumulation in
fruit (Calafiore et al., 2016). In a similar way, RNA from leaves of all the ILs was sequenced and
the dataset was made available (Chitwood et al., 2013). This information has aided in
understanding several leaf developmental and hormonal processes (Bucksch et al., 2017,
Coneva et al., 2017, Wang et al., 2018). Finally, we have access to different cell type-specific
RNAseq data, including the Tomato Expression Atlas (Shinozaki et al., 2018) that provides stage-
specific transcriptomic data for each cell type in the tomato fruit, or trichome-specific

transcriptomics (Spyropoulou et al., 2014).

All the available resources, together with the characterisation of the different phenotypes of the
IL population for hundreds of traits (see chapter 3), have facilitated functional genetics

approaches in tomato and have been essential for the work described in this thesis.

4.2.2.-Virus-induced gene silencing (VIGS) as a tool for molecular characterisation

Virus-induced gene silencing (VIGS) is a system for transient silencing of target genes in planta
using a viral vector which is targeted by the silencing machinery of the cell (Sahu et al., 2012).
The dsRNA generated during viral replication are targeted by DICER, which cleaves them into
short interference RNAs (siRNA), that are recruited by the RNA-induced Silencing Complex
(RISC). This complex can recognise transcripts complementary to the siRNA generated by DICER,
and cause the degradation of the complementary transcript and, consequently, the silencing of
the target gene (Baulcombe, 2004, Becker and Lange, 2010). This mechanism is used by plants
to stop viral infection by silencing the viral genome (Waterhouse and Fusaro, 2006), but
modification of the viral sequence to include a sequence complementary to the target host gene
can be used for functional studies. It is a rapid system that does not require stable
transformation of the crop or plant under study and can be performed transiently (Sahu et al.,
2012), and it also leads to a systemic silencing of the gene, with tissues generated after

infiltration showing also a reduction in the expression of the target gene (Kriton et al., 2008).

Despite its usefulness for characterisation of gene functions, VIGS has some limitations. First,
the sequence similarity between different genes can cause off-target silencing, leading to
inaccurate conclusions being drawn from the phenotypes observed (Sahu et al., 2012). This can
be overcome by selecting a highly-specific gene fragment, and computing tools are available for

tomato genes to determine the best VIGS fragment embedded in the Sol Genomics Network
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website (Fernandez-Pozo et al., 2015a). Second, the silencing does not take place homogenously
in infiltrated plants, but rather in a patchy fashion (Senthil-Kumar et al., 2007), which limits the
applicability of this technique when phenotypes cannot be visually inspected or need
quantitative assessment (for example, trichome density on leaves). This problem has been
partially overcome in tomato using co-silencing of visual markers such as GFP (Quadrana et al.,
2011) or Delila/Roseal (Orzaez et al., 2009) together with the gene of interest. With this reporter
gene approach, it is relatively straightforward to delimit the regions where silencing is taking

place.

VIGS has been extensively used for functional characterisation of genes in many different
species, including model species and crops (Senthil-Kumar and Mysore, 2011). In fact, a huge
number of viral vectors have been developed to infect a wide range of hosts, including Barley
stripe mosaic virus (BSMV) as the preferred choice for monocotyledonous species (Steve et al.,
2002, Yuan et al., 2011) and Tobacco Rattle Virus (TRV) as the most widely used vector for
dicotyledonous species, including pepper (Arce-Rodriguez and Ochoa-Alejo, 2017), cotton (Gao
etal., 2011), Nicotiana (George et al., 2010) and tomato (Liu et al., 2002) among many examples
(Senthil-Kumar and Mysore, 2011). In the case of tomato, other vectors have been developed
for VIGS assays, including Apple Latent Spherical Virus (ALSV) (lgarashi et al., 2009) or Potato
Virus X (PVX) (Lacomme and Chapman, 2008), but their use is essentially anecdotical compared
to examples using TRV-based vectors. The TRV-based system involves co-infiltration with two
different constructs, pTRV1 and pTRV2. pTRV1 contains the RNA-dependent RNA polymerase
required for the replication of the virus (and the formation of dsRNA necessary for silencing), as
well as the movement protein required for the systemic spread of the viral infection. pTRV2
includes the viral coat protein as well as the recombinant DNA fragment complementary to the
target gene for silencing. This system is versatile and different cloning methods can be used for
the construction of the recombinant pTRV2, including Gateway (Liu et al., 2002) or ligation-

independent cloning (Dong et al., 2007).

VIGS has been an essential tool for characterisation of genes in tomato and the number of
reports of its use is very extensive (Sahu et al., 2012). Some interesting examples include the
characterisation of SIMYB12 as a regulator of flavonoid biosynthesis that, when silenced,
produces a pink-coloured rather than a scarlet-coloured fruit (Ballester et al., 2010). VIGS was
also used to characterise some fruit ripening regulators, such as the SQUAMOSA promoter
binding protein-like gene in the Colourless non ripening (Cnr) locus (Manning et al., 2006) or
Ethylene Insensitive 2 (SIEIN2) (Fu et al., 2005). The silencing of both of these genes caused an
inhibition of fruit ripening. The VIGS approach has also been used to study the development of

vegetative organs in Solanum. For example, silencing of the Geranyl Diphosphate Synthase gene
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(SIGPS) caused a dramatic dwarf phenotype (Van Schie et al., 2007), and helped characterise the
role of this gene in the gibberellin biosynthetic pathway. More recently, VIGS-mediated silencing
of Argonautl (AGO1) —a member of the RISC complex required for small RNA silencing- showed
the important role of this gene in the development of compound leaves and determination of
trichome density (Wang et al.,, 2015a). It is inferred from transcriptomic studies in AGO1-
silenced tissue that this role might be mediated by deregulation of auxin signalling-related
genes, and specifically for trichomes, the SIIAA15 gene, which is known to affect trichome
density (Deng et al., 2012). However, this is probably the only study in tomato where transient
silencing though VIGS has been used to test the role of candidate genes in trichome
development, and its use as a mid-to-high throughput testing tool can be exploited to

understand this and other developmental processes.

In this chapter, | will describe the selection of candidate genes affecting trichome formation in
tomato, based on the results described in Chapter 3, using the available genomic and
transcriptomic tools and the phenotypes observed when these were silenced using VIGS in

young tomato plants.

4.3.-Methods

4.3.1.-Candidate gene selection.

| selected interesting genomic regions based on the screen of the ILs phenotypes described in
chapter 3. | analysed the selected IL intervals for candidate genes with a potential involvement
in the observed trichome phenotypes. | used the bin map developed by (Chitwood et al., 2013)
to narrow down the number of genes using information from adjacent ILs, although in most
cases | included neighbouring bins, due to the diffuse nature of the borders between
introgressed regions and the potential for epistatic effects of other genes or genomic features
contained in the target and adjacent ILs. The genes corresponding to the selected bins were
filtered based on their annotation (The Tomato Genome, 2012, Fernandez-Pozo et al., 2015a),
and | picked those genes with annotation terms with a potential relation to trichome
development, including hormone-signalling (especially auxin), structural genes necessary for cell
expansion (expansins, cytoskeleton-related genes) and transcription factors. These genes were
further filtered using the available transcriptomic information. Therefore, | determined whether
each gene was expressed or not in trichomes (Spyropoulou et al., 2014) and whether its
expression was downregulated or upregulated in the target IL (Chitwood et al.,, 2013).
Downregulation and upregulation were called by comparing the expression values for the target
gene in the selected IL compared to the average of the population. A gene was considered
downregulated when the expression level was less than 80% of the average value for the

population. A gene was considered upregulated when the expression level was more than 120%
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of the average value of the population. The significance of changes could not be assigned as |
lacked data for the parental line M82 or replicate values, and was thus used as a supporting tool.
The final candidates for molecular characterisation were selected depending on all the previous
criteria. Finally, the S. pennellii version of each gene (Bolger et al., 2014) was analysed to check
for significant changes in sequence that could lead to lack or gain of functionality as well as to
determine whether the gene was S. lycopersicum-specific using the BLAST tool in the Sol

Genomics Website (Fernandez-Pozo et al., 2015a).

4.3.2.-Plant material for VIGS assays.

Virus-induced gene silencing assays were performed on transgenic S. lycopersicum cv. Microtom
plants carrying a proSIPNH:AmRoseal/35S:Delila insertion, referred to as Valencia plants
hereafter (Martin et al., 2012). The promoter of the AmRoseal gene corresponds the PNH
gene, of unknown function, initially described as fruit-specific (Estornell et al., 2009).
However, when the described construct was stably transformed in tomato (work done by
Dr Eugenio Butelli in Cathie Martin’s lab), its expression was generalised in all tissues,
including leaves, roots, anthers and fruits (Fig. 4.1 A and B), where both genes combined
drove the expression of anthocyanin biosynthetic genes and produced a strong purple
colouration. No differences in trichome phenotype were observed between MicroTom and

Valencia leaves (Fig. 4.1 C and D).

4.3.3.-Generation of VIGS constructs.

For VIGS assays, 300 bp fragments of the target gene coding sequence were selected for
amplification and insertion into a pTRV2-Del/Ros1-GW plasmid (Orzaez et al., 2009). This pTRV2
version is a modification of the original one described by (Liu et al., 2002), and it includes a
recombinant fragment targeting Delila and Roseal, followed by a Gateway cassette to allow
efficient cloning of DNA fragments targeting the gene of interest in each case. This allows
silencing of the candidate gene together with silencing of the Del/Ros1 genes overexpressed in
Valencia plants, which leads to formation of green tissue (compared to purple, unsilenced tissue)

that can be used as a visual marker for silenced sectors.

For each one of the ten candidate genes, a 300 bp fragment was chosen using the VIGS tool in
the Sol Genomics Network website (Fernandez-Pozo et al., 2015b). This tool indicated the best
gene fragment to reduce off-target silencing. The fragment was amplified from S. lycopersicum
cv. MoneyMaker and cloned using the Gateway system (see chapter 2). The primers for each
one of the fragments are shown in Appendix 1. The presence of the insert in the final construct

was verified by sequencing using pTRV2-specific primers.
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Figure 4.1.-Phenotype of Valencia (proSIPNH:AmRoseal/35S:Delila) plants. A) Close-up
view of WT S. lycopersicum cv. Microtom leaves and Valencia leaves are shown. B)
Overview of Valencia plants, where the purple colouration can be observed in stems, leaves
and anthers. Strong anthocyanin pigmentation is responsible for the purple colour. C)
Scanning electron micrograph of the adaxial surface of a WT microtom leaf. D) Scanning
electron micrograph of the adaxial surface of a Valencia leaf. No differences were observed

between the trichome phenotype for both lines.
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4.3.4.-Agroinfiltration and assessment of silenced phenotype.

Seeds from Valencia plants were grown under greenhouse conditions for 7-10 days before
agroinfiltration. Agrobacterium tumefaciens strain AGL1 were transformed by electroporation
with the pTRV1 plasmid and the pTRV2-Del/Rosl-Target and grown in selective media
containing kanamycin (50 pg/mL), ampicillin (100 pg/mL) and rifampicin (50 pg/mL). Liquid
cultures were grown to an ODgpe=0.5-0.8, and the cells were pelleted and resuspended in 10mM
MgCl;, 10mM MES pH 5.6 buffer with 200 uM of acetosyringone to a final ODgo=0.1. The pTRV1
and pTRV2 solutions were mixed in a 2:1 ratio, and Valencia plantlets were vacuum-infiltrated
using a chemical duty pump (Merck, USA) and a vaccuum dissecator for 10 minutes. pTRV1 and
pTRV2-Del/Ros1-GW empty vectors were also infiltrated as a positive control for silencing. After
infiltration, plants were grown for 3 weeks, and fully-expanded leaves where the silencing was
obvious due to presence of purple and green sectors (Fig. 4.2) were sampled for trichome
phenotyping.Green (silenced) and purple (unsilenced) sectors of the same leaf were imaged
using a cryo-SEM (see chapter 2). When trichome density was assessed, at least 8 micrographs
of approximately 0.3 mm? per sample were used for manual quantification of trichomes,
stomata and pavement cells. This was done with the aid of ImagelJ v. 1.49 (National Institutes of
Health, USA). Trichomes were also scored according to the current classification (Luckwill, 1943,
Simmons and Gurr, 2005). When trichome morphology was assessed, | made records of the

aberrant shapes or patterns found in silenced plants.

When | observed differences between silenced and unsilenced tissue, the effective silencing of
the gene was assessed by quantitative PCR (qPCR, see chapter 2). Primers used and efficiencies
are shown in Appendix 1. This was not done for SICycB2, as the gene function had been

described previously.

4.3.5.-Statistical analysis.
To compare trichome density between silenced and unsilenced tissue, | performed t-tests using
R software (ver. 3.2.2; R Core Team, Vienna, Austria). The p-value cut-off for significance was set

at 0.05.

4.3.6.- Transcriptomic data retrieval.
The expression profile of SIMX2 in the leaves of S. pennellii ILs was retrieved from the RNAseq
data for leaves obtained from (Chitwood et al., 2013). The colour-coded display of gene

expression used in this chapter was generated using the Tomato eFP Browser.
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Figure 4.2.-Valencia (proSIPNH:AmRoseal/35S:Delila) leaves after VIGS-mediated silencing of
Del/Ros1 and gene of interest. Purple sectors of the leaf correspond to regions where silencing

did not take place, while green sectors correspond to areas where the genes were co-silenced.
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4.4.-Results

4.4.1.-Silencing of candidate genes in the genomic region covered by ILs 2-5/2-6.

| screened the candidate genes contained in the genomic region in chromosome 2 covered by
ILs 2-5 and 2-6 (Fig. 4.3). The most likely bin to contain a gene responsible for the phenotype is
bin 2-L, which corresponds to the overlapping region between both ILs displaying an aberrant
phenotype. | included also bin 2-K, as the borders of the regions are sometimes not very well
defined. | selected two genes, SIMIXTA-like and SIEXP15 (Table 4.1). SIMIXTA-like was expressed
in trichomes and its expression was downregulated in IL 2-6 compared to other ILs. SIMIXTA-like
is a homolog of the MIXTA-like2 gene in Antirrhinum majus (Perez-Rodriguez et al., 2005,
Baumann et al., 2007). SIEXP15 was expressed in trichomes and its expression did not change in

the ILs under study. SIEXP15 has a role in loosening of cell walls for cell expansion.

Silencing of SIMIXTA-like by VIGS resulted in the development of trichome clusters on the adaxial
(Fig. 4.4B and C) and abaxial (Fig. 4.4D) surfaces of silenced tissue, similar to those observed in
ILs 2-5 and 2-6 (See Chapter 3). Analysis of the abundance of SIMIXTA-like transcripts in silenced
and unsilenced tissue indicated an effective reduction of the expression level of SIMIXTA-like
(Fig. 4.5). Silencing of SIEXP15 by VIGS did not have any effect on the trichome phenotype of
silenced tissue (Fig. 4.6).

4.4.2.-Silencing of candidate genes in the genomic region covered by IL 4-1.

| screened the candidate genes contained in the genomic region in chromosome 4 covered by
the IL 4-1 (Fig. 4.7). The most likely bin to contain a gene responsible for the phenotype is bin 4-
B, which corresponds to the region covered only by IL 4-1. However, | included also bin 4-A,
which corresponds to the overlapping region between IL 4-1-1 and 4-1, because of the inexact
borders and because IL 4-1-1 showed a similar phenotype (low trichome density in first
generation of the ILs, and absence of type VI trichomes, see Chapter 3). | selected one gene,
SIMX2 (Table 4.2). SIMX2 was not expressed in trichomes, but its expression in leaves was greatly
reduced in IL 4-1-1 and completely knocked down in IL 4-1. It is also a homolog of the MIXTA-
likel gene in Antirrhinum majus (Perez-Rodriguez et al., 2005), and the S. pennellii version of the

gene lacks a DNA-binding domain (Fig. 4.8).

Silencing of SIMX2 by VIGS resulted in a significant reduction in the total trichome density (Fig.
4.9B and C). This observation was in agreement with the low trichome density observed in IL 4-
1 (see chapter 3) Upon classification of trichome types, the number of type VI trichomes did not
change significantly between silenced and unsilenced tissue, while the number of non-glandular

type V trichomes was reduced substantially (Fig. 4.9D). Analysis of the abundance of SIMX2
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Chromosome position (Mb)

394 42.7 46.2 48.7
2 2-) 2K 2L 2-M 2N

Chromosome 2

Figure 4.3.-Bin map of the regions covered by ILs 2-5 and 2-6. The code 2-| to 2-N refers to the
genomic bin delimited by the overlapping regions corresponding to each IL and the chromosome
position of the bin boundaries is indicated in the map. Bins were mapped by (Chitwood et al.,
2013). Each rectangle represents a specific IL, and the green rectangles represent the ILs 2-5 and

2-6 where we observed the phenotype of interest (See chapter 3).

87



Expressed Expression Extra information

in changeinlL
trichomes
SIMIXTA- | Solyc02g088190 | 2-K Yes Downregulated Homolog of
like inlIL2-6 AmMIXTA-like 2
SIEXP15 | Solyc02g088100 | 2-K Yes Unchanged -

Table 4.1.- Candidate genes in region covered by ILs 2-5 and 2-6. The genes were selected by
their functional annotation, their expression level in trichomes (Spyropoulou et al., 2014) and

their expression level in leaves of the target ILs (Chitwood et al., 2013). Genomic bins were

mapped in (Chitwood et al., 2013).
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Figure 4.426.-Silencing of SIMIXTA-like on tomato leaves. A) Adaxial leaf surface of unsilenced
tissue. B, C) Adaxial leaf surface of tissue where SIMIXTA-like was silenced. D) Abaxial leaf surface
of tissue where SIMIXTA-like was silenced. Trichome clusters were found on both leaf surfaces.

Black arrows indicate trichome clusters. Scale bars are shown for each micrograph.
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Figure 4.5.-Expression level of SIMIXTA-like in unsilenced and silenced tissue. The purple bar
represents the expression level of SIMIXTA-like in unsilenced control tissue, and the green bar
represents the expression level in tissue where SIMIXTA-like was silenced by VIGS. Expression

level was significantly lower in the silenced tissue, as indicated by the two stars (p-value<0.05).
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Figure 4.6.-Silencing of SIEXP15 on tomato leaves. A) Leaf surface of unsilenced tissue. B) Leaf
surface of tissue where SIEXP15 was silenced. No differences in trichome patterning were

observed. Scale bars are shown for each micrograph.
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Chromosome position (Mb)

0.7 4.9
4-A 4-B 4C 4D

Chromosome 4

Figure 4.7.-Bin map of the regions covered by IL 4-1. The code 4-A to 4-D refers to the genomic
bin delimited by the overlapping regions corresponding to each IL and the chromosome position
of the bin boundaries is indicated in the map. Bins were mapped by (Chitwood et al., 2013). Each
rectangle represents a specific IL, and the green rectangle represents the IL 4-1 where we

observed the phenotype of interest (See chapter 3).
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Expressed Expression Extra info

in changeinlL
trichomes
SIMX2 Solyc04g0056 | 4-A No Extremely Homolog of
00 downregulated | AmMMIXTA-like 1
DNA-binding
domain absent
in SpMX2

Table 4.2.-Candidate genes in region covered by IL 4-1. The gene was selected for their
functional annotation, their expression level in trichomes (Spyropoulou et al., 2014) and their

expression level in leaves of the target ILs (Chitwood et al., 2013). Genomic bins were mapped

in (Chitwood et al., 2013).
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Figure 4.8.-Alignment of SIMX2 and SpMX2 amino acid sequences. The highlighted blue

sequence corresponds to the MYB DNA-binding domain, which is absent in the S. pennellii

version of the protein.

94



~

08

0.6

Trichome density (%)

Trichome density (%)

04

0.2

Unsilenced VIGS us VIGS us VIGS
TypeV Type VI

Figure 4.9.- Silencing of SIMX2 on tomato leaves. A) Adaxial leaf surface of unsilenced tissue. B)
Adaxial leaf surface of tissue where SIMIXTA-like was silenced. C) Total trichome density in
unsilenced and silenced tissue. D) Trichome density of type V and type VI trichomes in
unsilenced (US) and silenced (VIGS) tissue. For A and B, scale bars are shown for each
micrograph. For C and D, blue bars represent unsilenced tissue and orange bars represent tissue

where SIMX2 was silenced. The triple star indicates statistical significance (p-value<0.01)

according to t-test.
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transcripts in silenced and unsilenced tissue indicated an effective reduction of the expression

level of SIMX2 (Fig. 4.10).

4.4.3.-Silencing of candidate genes in the genomic region covered by IL 10-2.

| analysed the candidate genes contained in the genomic region in chromosome 10
corresponding the IL 10-2 (Fig. 4.11). The most likely bin to contain a gene responsible for the
phenotype is 10-D, although | expanded this region a bit as | did for the previous examples. IL
10-2 showed aberrant branched trichomes (see Chapter 3), shared with IL 10-3 (Fig. 4.12), and
also had a very distinctive hairless-like phenotype (Fig 4.13), and | tried to test whether my

candidate genes play a role in causing either phenotype.

| finally selected five candidate genes for further testing (Table 4.3). sMYB10-2 (Solyc10g08030)
encodes a small MYB transcription factor with just a DNA-binding domain, and its expression is
reduced in IL 10-2, although it is not expressed in trichomes. S/IbZIP17 (Solyc10g078290) was not
expressed in trichomes and showed no changes in expression level in the target IL, but it was
chosen as the A. thaliana homolog has a role in root development during stress. SIABI8
(Solyc10g079210) showed no expression in trichomes, but it was downregulated in IL 10-2.
SICycB2 (Solyc10g083140) is a small cyclin interacting with the Woolly transcription factor,
known for its role in trichome development. It is not expressed in trichomes and its expression

is unchanged in IL 10-2. Finally, MYB10-2 is expressed in trichomes and upregulated in IL 10-2.

| silenced the candidate genes by VIGS. Silencing of sMYB10-2 did not lead to any clear
phenotype, with no aberrant trichomes such as those observed in IL 10-2 (Fig. 4.14). Moreover,
trichome density was not affected by silencing of sMYB10-2 (Fig. 4.14C). Silencing of SIbZIP17
did not affect trichome morphology (Fig. 4.15), and | did not observe any clear phenotype in
tissue where SIABI8 was silenced (Fig. 4.16). Silencing of SICycB2 did influence trichome
morphology, as silenced tissue contained branched multicellular trichomes similar to the ones
observed in IL 10-2 (Fig. 4.17). However, silenced leaves and stems did not show a hairless-like
phenotype equivalent to the phenotype of IL 10-2 (Fig. 4.18). | did not observe any differences
between control unsilenced tissue and tissue where MYB10-2 was silenced (Fig. 4.19).
Consequently, my candidate gene screen did not lead to the discovery of the gene responsible

for the hairless-like phenotype.

4.4.4.-Silencing of candidate genes in other genomic regions.
| selected other candidate genes for functional characterisation in regions outside the ones

described above (Table 4.4).

In particular, | selected a basic helix-loop-helix (bHLH) transcription factor (SILHW,

Solyc11g06890) contained in the region covered by IL 11-3, which consistently showed the
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Figure 4.10.- Expression level of SIMX2 in unsilenced and silenced tissue. The blue bar
represents the expression level of SIMX2 in unsilenced control tissue, and the orange bar
represents the expression level in tissue where SIMX2 was silenced by VIGS. Expression level

was significantly lower in the silenced tissue, as indicated by the three stars (p-value<0.01).
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Chromosome position (Mb)

58.9 64.1

10-C 10-D 10-E 10-D10-F

Chromosome 10

Figure 4.11.-Bin map of the regions covered by IL 10-2. The code 10-C to 10-F refers to the
genomic bin delimited by the overlapping regions corresponding to each IL and the chromosome
position of the bin boundaries is indicated in the map. Bins were mapped by (Chitwood et al.,
2013). Each rectangle represents a specific IL, and the green rectangle represents the IL 10-2

where we observed the phenotype of interest (See chapter 3).
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Figure 4.12.-Aberrant trichome on the adaxial surface of IL 10-3. Micrograph of the leaf surface
of IL 10-3, where a branched, aberrant trichome is shown. Scale bars are shown in each

micrograph.
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Figure 4.13.- Hairless-like phenotype in IL 10-2. A) Close up view of the stem of IL 10-2. B) Close
up view of the stem of M82. C) Close up view of flower buds of IL 10-2. D) Close up view of flower
buds in M82. The hairless-like phenotype is due to a reduction in the number of long trichomes,

rather than a change in trichome density (see chapter 3).
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Expressed Expression Extra info

in changeinlL
trichomes
sMYB 10-2 | Solyc10g080300 | 10-E No Downregulated -
SIBZIP17 | Solyc10g078290 | 10-C No Unchanged -
SIABI8 Solyc10g079210 | 10-D No Downregulated -
SICycB2 Solyc10g083140 | 10-F No Unchanged Interacts
with
Woolly
MYB 10-2 | Solyc10g078310 | 10-C Yes Upregulated -

Table 4.3.-Candidate genes in region covered by IL 10-2. The genes were selected for their
functional annotation, their expression level in trichomes (Spyropoulou et al., 2014) and their
expression level in leaves of the target ILs (Chitwood et al., 2013). Genomic bins were mapped

in (Chitwood et al., 2013).
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Figure 4.14.-Silencing of sMYB10-2 on tomato leaves. A) Micrograph of the adaxial leaf surface
of unsilenced tissue. B) Micrograph of the leaf surface of tissue where sMYB10-2 was silenced.
C) Trichome density in unsilenced and silenced (VIGS) tissue. No significant differences were
observed (p-value>0.05). For A) and B), scale bars are shown in each micrograh. For C), the blue

bar represents unsilenced tissue and the orange bar represents silenced tissue.
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Figure 4.15.-Silencing of SIbZIP17 on tomato leaves. A) Micrograph of the adaxial leaf surface

of unsilenced tissue. B) Micrograph of the leaf surface of tissue where SIbZIP17 was silenced. No

differences were observed. Scale bars are shown in each micrograph.

103



Figure 4.16.-Silencing of SIABI8 on tomato leaves. A) Micrograph of the abaxial leaf surface of
unsilenced tissue. B) Micrograph of the leaf surface of tissue where SIABI8 was silenced. No

differences were observed. Scale bars are shown in each micrograph.
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Figure 4.17.-Silencing of SICycB2 on tomato leaves. A) Micrograph of the abaxial leaf surface of
unsilenced tissue. B) Micrograph of the adaxial leaf surface of tissue where SICycB2 was silenced.
C) Micrograph of the stem surface of unsilenced tissue. D) Micrograph of the stem surface of
tissue where SICycB2 was silenced. White arrows indicate branched aberrant trichomes in B)

and D). Scale bars are shown in each micrograph.
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Figure 4.18.-Silencing of SICycB2 on tomato plants. A) Close up view of an unsilenced
proSIPNH:AmRos1/35S:Del tomato plant. B) Close up view of a proSIPNH:AmRos1/35S:Del
tomato plant where SICycB2 was silenced. Both plants display the same visual trichome

phenotype, distinct from the hairless-like phenotype observed in IL 10-2.
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Figure 4.19.-Silencing of MYB10-2 on tomato leaves. A) Micrograph of the abaxial leaf surface
of unsilenced tissue. B) Micrograph of the leaf surface of tissue where MYB10-2 was silenced.

No differences were observed. Scale bars are shown in each micrograph.
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Gene ID Bin Expressedin Expression Extra info
trichomes changeinlL

SILHW Solyc11g06890 11-E Yes Upregulated Downregulated
in MIXTA-like-
RNAI lines.

SIEIF1 Solyc07g016150 | 7-C Yes Unchanged Absent in
Solanum
pennellii (SGN)

Table 4.4.-Candidate genes in regions covered by other ILs. The genes were selected for their

functional annotation, their expression level in trichomes (Spyropoulou et al., 2014) and their

expression level in leaves of the target ILs (Chitwood et al., 2013). Genomic bins were mapped

in (Chitwood et al., 2013).
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highest trichome density among all the ILs (see Chapter 3) (Fig. 4.20). This gene was in bin 11-E,
exclusive to IL 11-3, and was expressed in trichomes and upregulated in IL 11-3. Moreover, it
was downregulated in SIMIXTA-like-RNAi lines. Silencing of SILHW did not have any effect on
trichomes on the leaf surface and did not result in any effects on morphology, patterning or
density (Fig. 4.21). | also selected a gene in the region covered by IL 7-4-1 (Fig. 4.22), which
showed a swollen type of aberrant trichomes (see Chapter 3). Elongation factor 1 (SIEIF1,
Solyc07g016150) was expressed in trichomes and its expression remained unchanged compared
to other ILs. The gene seemed to be S. lycopersicum-specific according to the annotation in the
Sol Genomics Network, although it was present in the NCBI database. It mapped to the bin 7-C,
which correspond to the region shared by IL 7-4-1 and 7-4, both of which showed aberrant
trichomes. Silencing of SIEIF1 did not affect trichome morphology, and no differences were
observed between unsilenced tissue and tissue where SIEIF1 was silenced (Fig. 4.23).
Consequently, | could not find a gene responsible for the phenotypes observed in IL 11-3 and 7-

4-1 by this candidate gene approach.

4.5.-Discussion

4.5.1.-SIMIXTA-like plays an important role in trichome patterning in tomato.

The altered trichome patterning in ILs 2-5 and 2-6 involved clustering of trichomes with two or
more trichomes grouped together. Trichome patterning in Arabidopsis and related species is
mediated by small R3 MYB transcription factors, which lack an activation domain and compete
with positive regulators of trichome initiation (Ishida et al., 2008). In fact, Arabidopsis mutants
of TRIPTYCHON (TRY) and CAPRICE (CPC), both R3 MYB factors, have trichome clusters
(Schellmann et al., 2002, Kirik et al., 2004a), similar to the ones observed for these ILs (see
Chapter 3). The homologs of these genes have been identified and their role has been partially
characterised by ectopic expression in Arabidopsis (Tominaga-Wada et al., 2013, Wada et al.,,
2014), but their function in tomato is still unclear. Little is known about how trichome patterning

is regulated in Solanum and related species.

| screened the genes contained in the genomic region covered by ILs 2-5 and 2-6 (Fig. 4.3) and |
picked two genes for further characterisation (Table 4.1) among the 774 genes contained in the
analysed region. | focused on bins 2-K (IL 2-5-specific, containing 479 genes) and 2-L (overlapping
region between ILs 2-5 and 2-6, containing 295 genes). The final candidates were in bin 2-K,
which corresponds only to IL 2-5. However, their functional annotation and transcriptional

behaviour pointed towards a potential role in trichome development.

SIEXP15 is a member of the a-expansin family, a family of proteins which are involved in the

process of cell wall loosening to allow cell expansion (Cosgrove, 1998) and are known to be
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11-D 11-E 11-F
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Figure 4.20.-Bin map of the region covered by IL 11-3. The code 11-D to 11-F refers to the
genomic bin delimited by the overlapping regions corresponding to each IL. Bins were mapped
by (Chitwood et al., 2013). Each rectangle represents a specific IL, and the green rectangle

represents the IL 11-3 where we observed the phenotype of interest (See chapter 3).
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Figure 4.21.-Silencing of SILHW on tomato leaves. A) Micrograph of the adaxial leaf surface of
unsilenced tissue. B) Micrograph of the leaf surface of tissue where SILHW was silenced. C)
Trichome density in unsilenced and silenced (VIGS) tissue. No significant differences were
observed (n=3, p-value>0.05). For A) and B), scale bars are shown in each micrograh. For C), the

blue bar represents unsilenced tissue and the orange bar represents silenced tissue.
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Chromosome position (Mb)
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Figure 4.22.-Bin map of the region covered by IL 7-4-1. The code 7-A to 7-C refers to the
genomic bin delimited by the overlapping regions corresponding to each IL. Bins were mapped
by (Chitwood et al., 2013). Each rectangle represents a specific IL, and the green rectangle

represents the ILs where we observed the phenotype of interest (See chapter 3).
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Figure 4.23.-Silencing of SIEIF1 on tomato leaves. A) Micrograph of the adaxial leaf surface of
unsilenced tissue. B) Micrograph of the leaf surface of tissue where SIEIF1 was silenced. No

differences in trichome morphology were observed. Scale bars are shown in each micrograph.
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involved in fibre (trichome) formation in cotton (Arpat et al.,, 2004, Wu et al., 2006). The
Arabidopsis a-expansins AtEXPA7 and AtEXPA18 are involved in hair root (Rose et al., 2000, Kaur
et al., 2010) and leaf (Fleming et al., 1997) development but no reports of their function in
trichome development are publicly available. Silencing of SIEXP15 did not affect trichome
formation in tomato plants (Fig. 4.7), and | could not observe any alteration of trichome
patterning or morphology. This indicated that SIEXP15 is unlikely to be responsible for the
phenotype observed in ILs 2-5 and 2-6, however its expression in trichomes (Spyropoulou et al.,
2014) points towards a potential role in cell wall expansion during trichome formation in tomato.
The reason why silencing of SIEXP15 did not cause any phenotype might be an ineffective
downregulation of the target gene using the VIGS system. The use of Del/Ros1 as a visual marker
allowed me to analyse leaf tissue expressing the VIGS fragment, but | did not analyse SIEXP15
expression and it maybe was not effective. A more likely reason might be a functional
redundancy of a-expansins in trichome development, as at least five other members of this
family are expressed in trichomes (SIEXP4a, SIEXP4b, SIEXPS8, SIEXP11 and SIEXP13) (Spyropoulou
et al., 2014). These might perhaps compensate functionally for any reduction in expression level
of the SIEXP15 gene in silenced tissue. In fact, SIEXP11 (Solyc04g081870) was the gene family
member with the highest expression (5-fold higher than the target gene SIEXP15), which
indicates it is likely to be the main driver of cell wall loosening for expansion in tomato
trichomes. Further analysis of these genes is required to generate a clearer picture of the role

of expansins in trichome development.

SIMIXTA-like is a homolog of MIXTA-like2 in A. majus (Fig 4.24). This gene mapped to the bin 2-
K, corresponding to the region specific to IL 2-5 (Fig. 4.3). However, its expression was relatively
low in IL 2-6 compared to other ILs (Chitwood et al., 2013), and its location was close to the
border between bins 2-K and 2-L. MIXTA/MIXTA-like genes are known regulators of epidermal
development in several species (Brockington et al., 2013). SIMIXTA-like is very closely related to
PhMYBL1 in Petunia hybrida and MIXTA-like2 in A. majus (Lashbrooke et al., 2015). These two
genes, together with the A. thaliana MYB16, are known positive regulators of conical cell
formation (Baumann et al., 2007). SIMIXTA-like has also been characterised in tomato for its role
in regulating conical cell formation in fruits, but not petals (Lashbrooke et al., 2015). AtMYB16
also regulates trichome branching (Oshima et al., 2013), but the role of this gene in trichome
development has not been investigated for any of the aforementioned species. Silencing of
SIMIXTA-like in tomato leaves led to the formation of trichome clusters (Fig. 4.4) similar to the

ones observed in the ILs 2-5 and 2-6 (see Chapter 3).

The fact that an effective reduction of the expression of SIMIXTA-like (Fig. 4.5) resulted in an
abnormal trichome patterning indicates that this gene plays an important role in trichome
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Figure 4.24.-Evolutionary relationship between functionally characterised members of the
MIXTA/MIXTA-like family. The phylogenetic tree was built using the Neighbour-Joining method.
The bootstrap consensus tree was inferred from 10000 replicates, with the percentage of
replicate trees in which branches were clustered together is shown next to each branch. The
evolutionary distance was calculated using the Jones-Taylor-Thorton substitution method. 18
MIXTA/MIXTA-like amino acid sequences were included. AtMYB51, a distantly related MYB

protein, was used to root the tree.
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distribution over the epidermal surface and that it might act as a negative regulator of trichome
initiation in leaves, since its expression is necessary to prevent the formation of one trichome
next to a previously formed one. A close homolog of SIMIXTA-like in Mimulus guttatus
(MgMIXTA-like 8) was identified as a potential negative regulator of trichome initiation (Scoville
et al.,, 2011), which would confirm my observations. The fact that these clusters appeared
alongside non-clustered trichomes indicate that it might be part of a more complex regulatory
network or that other genes might have redundant functions in tomato. SIMIXTA-like is
expressed in trichomes (Spyropoulou et al., 2014), which seems to contradict its potential
function as a negative regulator of trichome initiation. In A. thaliana, there is a similar situation,
as R3 MYB transcription factors, such as TRY or CPC (Schellmann et al., 2002), act as negative
regulators of trichome initiation but are actually expressed in trichomes and then move to the
neighbouring cell to repress trichome initiation (Wang and Chen, 2014). However, this
mechanism is unlikely to work in a similar fashion in tomato. SIMIXTA-like is not a small R3 MYB
gene, and it lacks the S1 and S2 amino acid motifs required for cell-to-cell movement (Tominaga-
Wada and Wada, 2018). Understanding how trichome patterning is controlled in tomato

requires further analysis of the function of SIMIXTA-like.

It is interesting to note that although the expression level of SIMIXTA-like in IL 2-6 was slightly
lower than the average of the IL population (Chitwood et al., 2013), and that change of SIMIXTA-
like expression pattern might be the cause for the observed phenotype, its expression level is
not reduced in IL 2-5. This seems to indicate that the S. pennellii MIXTA-like protein is likely to
be less active or effective than the S. lycopersicum version, even when its expression is
unaltered. The functional and structural differences between both protein versions must be
investigated further to fully understand the nature of their molecular role (see chapter 5 for

further discussion).

4.5.2.-SIMX2 silencing caused a reduction in trichome density in tomato.

| selected the region covered by IL 4-1 due to its consistent low trichome density in both
generations of the ILs (see chapter 3). Moreover, this line seemed to lack type VI trichomes in
the assessed tissue, indicating a reduction of this type of trichome specifically rather than a
reduction of the total trichome density. The most likely genetic bin to contain the gene
responsible for the phenotype is 4-B, which contains 130 genes (Fig. 4.7). | also included in my
analysis the genes included in bin 4-A (containing 98 genes) because of the unclear borders
between bins and because IL 4-1-1 showed a very similar phenotype, with a low trichome
density in the first generation grown of the ILs and absence of type VI trichomes in the assessed

tissue. In the second generation, this IL was not significantly different from M82 in terms of
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trichome density, but its trichome density was low and not very dissimilar from the value

recorded for IL 4-1 (see chapter 3).

| selected one gene, SIMX2, as a potential candidate for the trichome phenotype. SIMX2 is
clustered together with other tomato MIXTA genes (SIMX1 and SIMX3A/B) in the evolutionary
tree of proteins encoded by MIXTA/MIXTA-like genes, in a distant clade from SIMIXTA-like and
relatively close to AmMIXTA and AmMIXTA-like 1 (Fig. 4.24). The MIXTA/MIXTA-like family are
known regulators of epidermal development (Martin et al., 2002, Brockington et al., 2013). This
gene is generally expressed at low levels in tomato (Fig. 4.10), and its potential involvement in
regulation of epidermal development had been ruled out before as it was believed not to be
expressed at all (Lashbrooke et al., 2015). However, it is now known to be expressed in most
aerial tissues (Winter et al., 2007, Koenig et al., 2013) in tomato, and actually its expression is
extremely downregulated in ILs 4-1 and 4-1-1 (Chitwood et al., 2013). It is interesting to note
that the S. pennellii version of this protein seems to be lacking its DNA-binding domain according
to its annotation in the Sol Genomics Network website (Fig. 4.8). This seems to indicate that the
proteinis not functional in S. pennellii and therefore it is a very strong candidate for the trichome
phenotype observed in the ILs. Whether the annotation is right or not will need to be addressed
by studying the actual sequence of the SpMX2 coding sequence in vivo. However, its null
expression in S. pennellii (Koenig et al., 2013) made it impossible to clone a coding sequence for
this gene, which indicated that this automatic annotation is not a reflection of the situation in

vivo, where SpMX2 is not expressed and can be considered a pseudogene.

Silencing of SIMX2 in tomato leaves resulted in a reduction in trichome density, compared to the
unsilenced tissue (Fig. 4.9). Interestingly, only non-glandular type V trichomes were affected by
the silencing of SIMX2, while type VI trichome density was not significantly lower between
silenced and unsilenced tissue (Fig. 4.9D). This contrasted with what was expected from the IL
phenotyping, as IL 4-1 had no type VI trichome on the assessed tissue (see chapter 3), and in the
silencing experiment, this type of trichome was not affected by the effective knock-down of the
gene (Fig. 4.9 and 4.10). The closely-related gene AmMIXTA-like 1 is a known positive regulator
of trichome initiation (Perez-Rodriguez et al., 2005). The AtMYB106 gene, which is the closest
Arabidopsis gene to SIMX2, performs a dual function, acting as both negative and positive
regulator of trichome development, depending on the time of expression (Gilding and Marks,
2010). SIMX2 is also closely related structurally to SIMIX1 (Fig. 4.24), a positive regulator of
trichome initiation in tomato (Ewas et al., 2016b). All the evidence from different species
support the role of SIMX2 as a regulator of trichome formation. Regarding the fact that only
non-glandular trichomes are affected, it has been suggested that determination of trichome

identity takes place after initiation, and that initiation and determination are independent
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Expression level of SIMX2

Figure 4.25.-Expression level of SIMX2 in the S. pennellii ILs. Absolute expression level of SIMX2
in leaves of the S. pennellii ILs, from the RNAseq data generated by (Chitwood et al., 2013). The
image was generated using the eFP expression browser (Winter et al., 2007). Note the null
expression in S. pennellii and the ILs 4-1 and 4-1-1. The expression level in IL 9-1-3 was 30% of

the value recorded for M82.
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processes (Bergau et al., 2015). In fact, most known regulators in tomato tend to affect all
trichome types simultaneously (Deng et al., 2012, Ewas et al., 2016). Therefore, SIMX2 likely
regulates both trichome initiation, affecting the total trichome number, and non-glandular

trichome determination.

In conclusion, my data suggest that SIMX2 is a possible regulator of trichome initiation and
determination in tomato. Its low expression in ILs 4-1 and 4-1-1 is enough to cause a reduction
in trichome density, comparable to VIGS-mediated gene silencing (Fig. 4.9). It is interesting to
note that IL 9-1-3, another low trichome density line (see Chapter 3) also shows a very low
expression of this gene, around 30% of the expression value observed for M82 (Fig 4.25)
(Chitwood et al., 2013), pointing towards a possible upstream regulator in that genomic region.

Also, the non-functional SpMX2, according to the available annotation, is likely to be unable to

fulfil the functions of the SIMX2 gene in the ILs 4-1 and 4-1-1. Apart from being non-functional,
its expression is consistently null in all tissues in S. pennellii (Koenig et al., 2013). This, together
with the fact that only non-glandular trichomes seem to be affected by silencing, would explain
the absence of type V and type Il non-glandular trichomes in S. pennellii (Simmons and Gurr,

2005).

4.5.3.-The hairless-like phenotype was not caused by any of the selected candidate genes.

| chose to investigate the genomic region covered by IL 10-2. IL 10-2 has a very distinctive
hairless-like phenotype (Fig. 4.13), and it also has aberrant, branched trichomes (see chapter 3).
Given that the neighbouring ILs did not show the same phenotype, the region containing the
best candidate genes corresponded to bin 10-D, which contains 55 genes and is specific to IL 10-
2 (Fig. 4.11). However, as for other ILs, | widened my search to the whole region covered by IL
10-2, containing 693 genes, to avoid missing genes that might not have been mapped correctly.

Therefore, | picked genes contained in several different bins (Table 4.3).

| selected sSMYB10-2 because its expression was low in IL 10-2 (Chitwood et al., 2013). Moreover,
it was an interesting gene to test, as it contains a MYB-like DNA binding domain, but it has no
homologs in Arabidopsis, and even where homologs exist in closely related species (Capsicum
or Nicotiana), its function has not been described. Given that Arabidopsis lacks multicellular
glandular trichomes, this small MYB gene was apparently a good candidate. It was not expressed
in trichomes (Spyropoulou et al., 2014), but it might be expressed in other epidermal cells or
even expressed at the initial stage of trichome development. Silencing though VIGS of sMYB10-
2 did not have any clear effect on trichome morphology or density (Fig. 4.14) and did not lead

to a hairless-like phenotype. Although no Arabidopsis proteins were very closely related to
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sMYB10-2, its DNA-binding domain shared a relatively high degree of similarity with Telomere
Repeat Binding Factors (45% identity with TRFL10). TRFL10 is unable to bind DNA in vitro (Fulcher
and Riha, 2015), although it is expressed in most tissues and developmental stages, indicating it
must fulfil an important role in planta (Klepikova et al., 2016). In any case, the silencing of this
gene did not have an effect on trichomes, which suggested it does not play a role in epidermal
development. Itis also possible that gene silencing was not effective or homogenous throughout

the assessed tissue.

SIbZIP17 was selected even though it was not expressed in trichomes and its expression did not
change in IL 10-2 (Table 4.3) (Chitwood et al., 2013, Spyropoulou et al., 2014). The main reason
why | decided to analyse this gene further is the fact that in A. thaliana it is a known regulator
of plant development, affecting mostly primary root elongation, but also over-developed
trichomes have been observed in bzip17 mutants (Kim et al., 2018a). In tomato, other bZIP
transcription factors are involved in response to drought and salt stress (Zhu et al., 2018c), and
changes in trichome density are associated to stress responses (Fu et al., 2013, Liu and Liu,
2016). Moreover, in fibre mutants in cotton, bZIP17 is highly upregulated (Wan et al., 2014),
suggesting a role in fibre -trichome- development. However, silencing of SIbZIP17 did not result
in altered trichome phenotypes (Fig. 4.15). This indicates that this gene is probably not involved
in trichome development, although the lack of phenotypic effects might be due to an ineffective

silencing of the gene when using VIGS.

SIABI8 was located in bin 10-D, and although not expressed in trichomes, was downregulated in
IL 10-2 (Table 4.3). The abscisic acid (ABA) insensitive (ABI) genes were initially described in A.
thaliana based on the ability of mutants of these genes to germinate when ABA was exogenously
applied (Koornneef et al., 1982), and they are a set of different genes with different functions,
including transcription factors (ABI3) (Bedi et al., 2016) or phosphatases involved in signal
transduction (ABI1 and ABI2) (Merlot et al., 2001). ABIS8 is a glycosyltransferase-like protein with
a role in cellulose biosynthesis and cell elongation (Brocard-Gifford et al., 2004, Wang et al.,
2015b). Moreover, mutations of this gene led to the formation of stomatal clusters in A.
thaliana, due to an impairment of the plasmodesmatal transport of transcription factors with a
role in cell fate determination (Kong et al., 2012). When SIABI8 was silenced in tomato plants, |
observed no effect on trichomes or on any other epidermal cell type (Fig. 4.16). This indicated
that, although AtABI8 has a role in epidermal development, the silencing of the S. lycopersicum
version is not enough to cause a change in epidermal development, and therefore this gene is

likely not responsible for the trichome phenotypes observed in IL 10-2.

| decided to silence SICycB2, a small cyclin reported as not expressed in trichomes and with no

changes in expression in IL 10-2 (Table 4.3). However, it is expressed in trichomes as shown by
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GUS expression under the control of the SICycB2 promoter (Gao et al., 2017). Cyclins control cell
cycle and cell division by binding to cyclin-dependent kinases (Hirt, 1996). Different types of
cyclins control different transitions in the cell cycle, and type B cyclins (as SICycB2) control the
transition from the G; phase to mitotic activity (Dewitte and Murray, 2003). In plants, however,
there are many different cyclins and cyclin-dependent kinases and the differences and overlaps
in function are unclear (Van Leene et al., 2010). This specific cyclin, however, has been
characterised as an interacting partner for Woolly, a HD-ZIP transcription factor which positively
regulates trichome initiation (Yang et al., 2011a). Silencing of this gene by RNAi led to the
formation of branched trichomes similar to those observed in the IL 10-2 (Yang et al., 2011a),
and this phenotype agreed with the observations | made on leaves and stems where SICycB2
was silenced by VIGS (Fig. 4.17). Silencing of SICycB2 has been reported to induce an increase in
trichome density (Gao et al., 2017), however, | did not observe a clear effect in my VIGS
experiment (Fig. 4.18). Therefore, my data suggest that SICycB2 is likely responsible for the
aberrant trichome formation observed in IL 10-2, in agreement with previous reports (Yang et
al., 2011a, Gao et al., 2017), but it is unlikely to be responsible for the hairless-like phenotype.
This was confirmed as SICycB2 maps to the bin 10-F, which is shared by IL 10-2 and 10-3, which

does not show the hairless-like phenotype but does have aberrant trichomes (Fig. 4.12).

The final candidate | selected for further testing was another MYB gene, MYB10-2, which is
expressed in trichomes and upregulated in IL 10-2 (Table 4.3). The function of this MYB
transcription factor has not been studied yet, and, although it has no clear homologs in
Arabidopsis, it shares some sequence homology at the protein level with the response regulator
1 (ARR1) in Capsicum, a transcription factor involved in plant development through cytokinin
signalling (Oka et al., 2002). Silencing of this gene under my experimental conditions did not
cause any clear phenotype in trichome or epidermal cell development (Fig. 4.19). | concluded

that this gene is probably not involved in trichome formation in tomato.

In conclusion, | confirmed that the branched, aberrant trichomes observed in IL 10-2 were
caused by variation in activity of SICycB2. The fact that its expression was unchanged in IL 10-2
(Chitwood et al., 2013), indicates that probably the S. pennellii version of the gene is sufficient
to cause this type of aberrant trichome. This is in fact supported by the presence of branched
trichomes in IL 10-3 (Fig. 4.12). However, | failed to find a gene responsible for the hairless-like
phenotype among the pool of candidate genes | tested through VIGS. Other approaches to
narrow down the potential candidate genes, such as the use of backcrossed inbred lines (BILs)
or sub-ILs (Alseekh et al., 2013, Ofner et al., 2016) might have been useful to identify the
causative gene. In fact, recently, a C2H2 zinc finger transcription factor, denominated HAIR, has

been identified as the gene responsible for the hairless-like phenotype of IL 10-2 (Chang et al.,
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2018) by genome-wide association study of 180 tomato varieties followed by a map-based
cloning approach in a F2 segregating population of a cross between IL 10-2 and the S.
lycopersicum cultivar Ailsa Craig. The function of HAIR was further characterised by
overexpression and silencing. This gene was never considered as a candidate in my screen, as its
expression is shown as null for every line (including M82) in the IL RNAseq data | used (Chitwood

et al., 2013). This highlights the limitations of an expression-based candidate gene approach.

4.5.4.-Analysis of candidate genes outside the main target genomic regions.
| decided to test some other genes by VIGS that were not contained in the main genomic regions

on which | focused for the data included in this chapter.

The first candidate | selected was SILHW, which is a bHLH transcription factor expressed in
trichomes which was highly expressed in IL 11-3 (Table 4.4). IL 11-3 showed a consistently high
trichome density, with a significantly higher trichome density compared to M82 in the second
generation of the ILs (see chapter 3), and therefore genes in this region are likely to play roles in
trichome development (Fig. 4.20). Moreover, this gene was found to be downregulated in
SIMIXTA-like-RNAi lines (Lashbrooke et al., 2015), indicating that it is possibly under the control
of this potential regulator of trichome formation (see section 4.4.1). The A. thaliana homolog of
this gene, Lonesome Highway (LHW), regulates the formation of vascular tissue in roots and
mutants of this gene showed changes in root symmetry and lateral root development (Ohashi-
Ito and Bergmann, 2007). In plants, leaf and root development share common regulators (Kwak
et al., 2014), in some cases including regulators of trichome and root hair development such as
CPC or TRY (Schellmann et al., 2002). These shared regulatory pathways, together with the fact
that SILHW is expressed in trichomes (Spyropoulou et al., 2014), made LHW a good candidate
for further analysis. Silencing of SILHW in tomato caused no changes in trichome morphology or
density (Fig. 4.21). These results suggest that SILHW does not play a role in trichome formation,

although possibly it plays roles in other processes controlled by SIMIXTA-like.

| also analysed the genomic region corresponding to IL 7-4-1, as this line, as well as the
neighbouring ILs 7-4 and 7-5, had aberrant, swollen trichomes (see chapter 3). The region most
likely to contain genes responsible for the phenotype is bin 7-B (containing 33 genes), which
corresponds to the overlapping region between the three ILs (Fig. 4.21). However, | decided to
look in a wider region, including bin 7-C (containing 1072 genes). In this region | found S/EIF1,
which is a translation elongation factor expressed in trichomes and with no changes in
expression in IL 7-4-1 (Table 4.4). According to the annotation in the Sol Genomics Network
website, this gene is absent in S. pennellii, indicating that the introgressed genomic region must
lack this gene, making it a good candidate for the observed phenotype. Moreover, EIF1 in A.

thaliana is involved in cell wall formation, which is essential for cell expansion during outgrowth
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formation (Hossain et al., 2012). However, when this gene was silenced by VIGS in tomato, |
observed no effect on trichome morphology, and no aberrant trichomes were spotted in

silenced tissue (Fig. 4.22). Therefore, this gene is unlikely to play any role in trichome formation.

In conclusion, neither SILHW nor SIEIF1 silencing had any effects on trichome development in

tomato.

4.6.-Conclusion.

In this chapter, | present the results from the functional characterisation of candidate genes
selected for their potential role in trichome development from my initial screen of the natural
variation in the IL population. This work demonstrates the usefulness of the combination of the
phenotypic data from the chapter 3, access to the available genomic and transcriptomic
resources and transient gene-silencing approaches for the discovery of new genes and new gene

functions.

The VIGS assay has proven to be a rapid method for molecular characterisation and has helped
identify two MIXTA/MIXTA-like transcription factors possibly involved in trichome development
at different stages in tomato. SIMIXTA-like, described for its role in cutin deposition and conical
cell formation in fruit, functions as a regulator of trichome patterning of tomato leaves. SIMX2,
not described previously in tomato, plays a role in determination of trichome density and non-
glandular trichome formation. Moreover, we have been able to validate the loss of function of
SICycB2 in the formation of aberrant branched trichomes, as described previously (Yang et al.,
2011a, Gao et al., 2017). | failed to identify the gene responsible for the hairless-like phenotype
in IL 10-2, the most prominent trichome-related phenotype observed in the ILs screen, which
was not included in my candidate gene pool due to the lack of expression in the RNAseq data
which | used (Chitwood et al.,, 2013). In summary, | managed to identify three genes
underpinning the natural variation in trichome formation between S. lycopersicum and S.
pennellii, which demonstrates the usefulness of the ILs in identifying and characterising natural

variation.

This chapter also reveals some of the limitations of VIGS for functional characterisation. A
definite answer regarding the actual function of the candidate genes in tomato would require
further analysis, including stable overexpression and knock-out through genome editing
techniques. Nevertheless, the work described provides new insights in the regulation of

trichome development in Solanum species.

123



Chapter 5 — Functional characterisation of the role of
SIMIXTA-like in trichome formation in tomato.



5.1.-Abstract

In this chapter | describe a thorough characterisation of the function of SIMIXTA-like in
epidermal development by using a range of complementary approaches. The analysis of stable
overexpressing lines and CRISPR/Cas9 knock-outs, together with the transient silencing
described in Chapter 4, revealed that SIMIXTA-like acts as a negative regulator of trichome
initiation in leaves, and it is responsible for trichome patterning. | also validated its function as
a positive regulator of the elongation of conical cells in the epidermis of fruits and petals.
Analyses of the SIMIXTA-like promoter activity using GUS staining revealed new potential

functions in the development of lateral roots.

5.2.-Introduction

5.2.1.-The role of MIXTA/MIXTA-like genes in epidermal development.

Genes in the MIXTA/MIXTA-like family are R2R3 MYB transcription factors belonging to
subgroup 9, according to the first classification of MYB genes in Arabidopsis thaliana based on
alignments of the amino acid sequence of the DNA binding domains as well as the conserved
amino acid motifs outside the MYB DNA-binding domain (Kranz et al., 1998) In Arabidopsis,
subgroup 9 includes MYB16, MYB106 and MYB17, although only MYB16 and MYB106 are
considered to belong to the MIXTA family as a result of comparison with genes described in
many other species (Brockington et al., 2013). The first gene functionally characterised in the
MIXTA/MIXTA-like family was the MIXTA gene in snapdragon (Antirrhinum majus), which
encodes a regulator of conical cell formation in petals (Noda et al., 1994). The overexpression of
this gene in a heterologous system, Nicotiana tabacum, led to ectopic formation of trichomes
and conical cells in carpels and leaves (Glover et al., 1998), and when constitutively expressed
in Antirrhinum, also showed ectopic trichome formation on leaves (Martin et al., 2002). Analysis
of the time of expression of MIXTA relative to the cell cycle indicated that early expression of
MIXTA in cells where cell division is still possible leads to the formation of multicellular
trichomes, while later expression, at a time when cell division is no longer possible, leads to the
formation of conical epidermal cells (Glover et al., 1998). Other related genes were later
described in Antirrhinum and named MIXTA-like 1, 2 and 3 (MYBML1, MYBML2 and MYBML3).
Each one of these genes fulfils distinct functions which are generally related to epidermal
development. The function of MYBML1 was also investigated by ectopic expression in N.
tabacum, where it can drive both the formation of trichomes and conical cells (Perez-Rodriguez
et al., 2005). Analysis of its expression pattern seemed to indicate that MYBML1 plays a role in
the formation of trichomes in the ventral petal of the A. majus corolla, although it also regulates
conical cell formation in the ventral petal and cell expansion in the mesophyll cells of the ventral

petal (Perez-Rodriguez et al., 2005). MYBML2 was characterised in a similar way as a positive
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regulator of conical cell formation, although its function was distinct from that of MIXTA as
conical cells were more conical in tobacco petals overexpressing MYBML2 (Baumann et al.,
2007). This function was confirmed by analysis of a mutant of the functional homologue of
MYBML2 in petunia (PhMYB1) (Baumann et al., 2007). Finally, MYBML3 is a truncated protein
with a shorter C-terminus that retains some ability to positively regulate epidermal outgrowths
(Jaffé et al., 2007). The research on these genes has been essential to establish a framework in
which to study epidermal development in plants, but the use of heterologous systems limits our

ability to draw general conclusions from these studies.

More MIXTA/MIXTA-like genes have been described in other species, which suggests further
specialisation in their function (Brockington et al., 2013), which is normally described in
comparison to the genes from Antirrhinum. In the model species Arabidopsis thaliana, only two
members of the MIXTA family are present, MYB16 and MYB106. The proteins encoded by both
these genes are clustered in their own clade, separated from the other MIXTA proteins (Fig. 5.1),
and the closest degree of similarity with genes from Antirrhinum is found for AmMMYBML2
(Baumann et al., 2007), and no orthologues of AMMIXTA are found in the Arabidopsis genome
(Baumann et al., 2007). MYB16 can also promote conical cell formation when overexpressed in
tobacco, performing an equivalent function to AmMYBML2 (Baumann et al., 2007). MYB106 acts
a positive and negative regulator of trichome formation, both inducing epidermal outgrowth to
form trichomes but limiting trichome branching (Gilding and Marks, 2010). Both genes are also
involved in cuticle biosynthesis and deposition (Oshima et al., 2013), which indicates functional
diversity in different species. The Arabidopsis gene MYB17, although belonging to the MYB
subgroup 9, is not considered a MIXTA or MIXTA-like gene and it functions as a regulator of

transition from vegetative to reproductive growth (Pastore et al., 2011).

In non-model species, MIXTA/MIXTA-like genes have also been described, indicating a generally
conserved function of these genes in terms of epidermal development. For example, in
Artemisia annua, AaMIXTAL is closely related structurally to AmMMYBML2/3 (Fig. 5.1) and
regulates the formation of glandular trichomes as well as cuticle deposition (Pu et al., 2018), and
does this through interaction with HD-ZIP transcription factors (Yan et al., 2018), which are
known regulators of trichome development in other species (Yang et al., 2011a, Nadakuduti et
al., 2012). In cotton, three genes in this family have been described, including GhMYBML10, a
regulator of trichome development on petals (Tan et al., 2016), and GhMYB25 and GhMYB25-
like, both of which regulate early cotton fibre and trichome development (Machado et al., 2009,
Walford et al., 2011). In petunia, PAMYB1 has the same function as AmMYBML2 or AtMYB16 in
terms of development of conical cells (Baumann et al., 2007). MIXTA/MIXTA-like genes also

seem to play a similar role in woody species, as poplar MYB186 controls trichome formation in
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Figure 5.1.- Evolutionary relationship between functionally characterised members of the

MIXTA/MIXTA-like family. The phylogenetic tree was built using the Neighbour-Joining method.

The bootstrap consensus tree was inferred from 10000 replicates, with the percentage of

replicate trees in which branches were clustered together is shown next to each branch. The

evolutionary distance was calculated using the Jones-Taylor-Thorton substitution method. 18

MIXTA/MIXTA-like amino acid sequences were included. AtMYB51, a distantly related MYB

protein, was used to root the tree. This figure is already shown as figure 4.24 in chapter 4.
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this species (Plett et al., 2010). In Thalictrum, an herbaceous species outside the core eudicots,
the homologue of AmMMYBML2, TtMYBML2, was shown to control conical cell formation when
overexpressed in tobacco (Di Stilio et al., 2009). Interestingly, some of genes in this family also
can act as negative regulators of epidermal outgrowths. This is the case of MYB6 in cucumber,
which is a negative regulator of spine development in fruits (Yang et al., 2018) or MIXTA-like 8
in Mimulus guttatus, the expression of which is known to be negatively associated with trichome
formation (Scoville et al., 2011). In general, the MIXTA/MIXTA-like family of MYB transcription
factors are present in many different plant families and play distinct, although related, roles in

development of epidermal tissue in different organs.

5.2.2.-MIXTA/MIXTA-like genes in tomato.

In tomato, seven genes have been identified as members of the subgroup 9 of R2R3 MYB
transcription factors (The Tomato Genome, 2012, Lashbrooke et al., 2015). Among these, two
of them are more closely related to AtMYB17, and therefore are not considered to be
MIXTA/MIXTA-like regulatory factors. The other five show different degrees of sequence
divergence from AmMIXTA and other members of the family described in the previous section
(Fig. 5.1) (Lashbrooke et al.,, 2015), with only SIMIXTA-like being closely related to these,
although all of them share the attributes of members of subgroup 9. Only two of these have
been functionally characterised, SIMX1 (Ewas et al., 2016b, Ewas et al., 2017) and SIMIXTA-like
(Lashbrooke et al., 2015).

SIMX1 (Solyc01g010910) is evolutionary related to the AmMMIXTA and AmMYBML1 genes (Fig.
5.1), and it has an extended number of functions in tomato. First, SIMX1 is a regulator of
trichome development. Overexpression of this gene in tomato plants caused a substantial
increase in trichome density, although it caused the appearance of branched, aberrant
trichomes. Consequently, silencing via RNAi caused a reduction in the trichome density. There
was a reduction in all type of glandular and non-glandular trichomes. Other effects on
development were observed in the fruit cuticle, which was thicker in SIMX1 overexpression
plants and thinner in RNAiI lines, and in the leaf thickness, which was also thinner in RNAi lines
and thicker in overexpression lines. Finally, SIMX1 also controlled carotenoid content in fruit by
regulation of the main enzymes in the biosynthetic pathways (Ewas et al., 2016, Ewas et al.,
2017). SIMX1 appears to be a good example of conservation of core MIXTA functions while

gaining new functions in specialised tissues.

SIMIXTA-like (Solyc02g088190) is closely related to AmMYBML2 (Fig. 5.1) and its function has
been described in RNAi tomato lines (Lashbrooke et al., 2015). Silencing of SIMIXTA-like had two
main effects: flattening of conical cells in the epidermis of the fruit and reduction of the cuticle

thickness in fruit. Silencing also had some pleiotropic effect in vegetative growth, including
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delayed growth and curling and wrinkling of leaves. No effect was observed on conical cells in
petals or in trichomes, which suggested that SIMIXTA-like has a highly specialised function. Both
cuticle deposition and conical cell formation are processes traditionally controlled by
MIXTA/MIXTA-like genes. These findings are reported by (Lashbrooke et al., 2015). The lack of
description of overexpression lines limited the full characterisation of the activity of this gene in

tomato.

SIMX2 (Solyc04g005600), although not described in the literature, is a potential regulator of
trichome development, as suggested by my VIGS assays results described in chapter 4 and is a

close homolog of AMMIXTA and AmMYBML1 (Fig. 5.1).

The function of both SIMX1 and SIMIXTA-like has been studied through silencing approaches.
RNAi, although very useful for gaining a better understanding of physiological and
developmental processes, has limitations. These include off-target silencing as well as silencing
not reaching a low enough expression level of the gene to develop a scorable phenotype
(Boutros and Ahringer, 2008). The use of knock-out mutants, either by screening of populations
or generated by CRISPR-mediated genome editing facilitate understanding of how these genes

function in tomato, especially in terms of trichome development.

5.3.-Methods

5.3.1.-Plant material.

All transformations were done in Solanum lycopersicum cv. MoneyMaker, following the
procedure described in chapter 2. Transient expression assays were performed in Nicotiana
benthamiana. For overexpression of SIMIXTA-like and SpMIXTA-like — the equivalent gene from
Solanum pennellii, the full-length gene was amplified from cDNA of S. lycopersicum cv.
MoneyMaker and S. pennellii respectively, using primers with overhang sequences including the
attB sites required for cloning into pDONR207 using the Gateway® recombination system
(Thermo Fisher Scientific, USA) to generate entry vectors. Gene fragments were introduced into
a pBIN19-based expression vector, driven by a 35S promoter, generating the final expression
vectors 35S:SIMIXTA-like and 35S:SpMIXTA-like. Primers and plasmids used for generation of
these constructs can be found in Appendices 1 and 2. For generation of CRISPR knock-outs, two
highly specific guides were selected from the genomic sequence of SIMIXTA-like, using NGG as
PAM sequence, using the online tool CRISPR direct (Naito et al., 2015). The guide sequences
were introduced into the pICSL002218A plasmid (TSLSynBio, Norwich, UK) using a Golden Gate
digestion-ligation procedure. Primers and plasmids used are listed in Appendices 1 and 2. For
generation of a construct for reporting promoter activity, a 1000 bp region upstream of the

translation start of SIMIXTA-like was cloned into pDONR207 and then transferred to the
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destination vector pKGWFS7 (Karimi et al., 2002), where the insert was positioned upstream of
a GFP:GUS fusion protein, generating a proMIXTA-like:GFP:GUS construct. All primers and
plasmids for these assays are included in Appendices 1 and 2. In each case, all the assays were

done on T1 plants, except for SpMIXTA-like OE lines, were seeds of the T1 were not available.

Positive transformants were identified by PCR using the Phire kit (see chapter 2). For
overexpression lines, the transcript abundance of SIMIXTA-like and SpMIXTA-like was
determined by gPCR, using the primers shown in appendix 1. None of the SpMIXTA-like-specific
primers performed well in qPCR assays, so, in the case of SpMIXTA-like-OE plants, the transcript
abundance of both SpMIXTA-like and SIMIXTA-like was measured together using a common

primer. Details of the qPCR protocol can be found in chapter 2.

5.3.2.-Evaluation of trichome phenotype.

For evaluation of the trichome phenotypes in each of the generated lines, the line of interest
(OE or KO) was grown alongside MoneyMaker plants in seed trays under greenhouse conditions
for 4 weeks until the first true leaf was fully expanded (with an average temperature of 20-22
°C). The terminal leaflet of the first fully expanded leaf of five plants per line for SIMIXTA-like
KO characterisation and three plants per line for SIMIXTA-like OE (except for OE #1, where only
two plants were available) were excised and leaf sections of 0.5 x 0.5 cm were used for cryo-
SEM imaging of their adaxial surface (see details in chapter 2). For trichome, stomata and
pavement cell quantification, 8-15 micrographs of approximately 0.3 mm? were manually
counted, and trichomes were also sorted according to the established classification (Simmons
and Gurr, 2005). Trichome and stomatal density were expressed as percentage of total
epidermal cell number. Trichome-to-stomata ratio was calculated as the ratio relating trichome

density to stomatal density. Aberrant morphologies and patterning of trichomes were recorded.

For SpMIXTA-like OE lines, mature fully expanded leaves were analysed in the TO generation and
compared visually to equivalent MoneyMaker plants of similar age. No detailedquantifications

were done for this line.

5.3.3.-Evaluation of phenotype in flowers, fruits and roots.

Flowers of the SIMIXTA-like KO line from the T1 generation, as well as MoneyMaker flowers,
were collected and the adaxial side was imaged using cryo-SEM (see chapter 2 for details).
Mature green fruits from MoneyMaker and SIMIXTA-like KO lines were harvested and sectioned

for cryo-SEM imaging of their epidermis. Differences in conical cell shape were recorded.

For root phenotyping, seeds from MoneyMaker and SIMIXTA-like KO lines were germinated in

MS + 3% sucrose in square plates and grown vertically in vitro. Roots were assayed in 10-days-
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old seedlings, and their architecture was recorded visually. Root hairs were imaged using a Leica

205F stereomicroscope (Leica, Germany).

5.3.4.-Generation of hairy roots through Agrobacterium rhizogenes transformation in
tomato.

The proMIXTA-like:GFP:GUS construct was transformed into electrocompetent Agrobacterium
rhizogenes strain ATCC15834, and bacteria were grown under antibiotic selection for 3-5 days.
Liquid cultures were generated from positive colonies and they were grown for 3 days. Tomato
(cv. MoneyMaker) cotyledons and hypocotyls were used as explants, and were co-cultivated for
3 days in MS+3% sucrose plates, and then were transferred to MS+3% sucrose plates with 200
ug/L cefotaxime and 100 pg/L kanamycin for selection of positively transformed roots. Hairy
(adventitious) roots emerged approximately 2-3 weeks after transformation. Explants were
subcultured every two weeks, and, when roots were over 5 cm longs, they were excised from

the explant and cultured on their own. This protocol was adapted from (Ron et al., 2014).

5.3.5.-Transient expression in N. benthamiana.

Transient expression of proMIXTA-like:GFP:GUS was performed by manually injecting
Agrobacterium tumefaciens strain agll transformed with the construct into mature leaves of 4-
week-old N. benthamiana plants grown at 20—-22 °C under greenhouse conditions. Transformed
A. tumefaciens were grown in TY cultures with streptomycin (100 pg/mL), ampicillin (100 pg/mL)
and rifampicin (50 pug/mL) as selection antibiotics to an ODggo 0.5-0.8. Cells were pelleted and
resuspended in 10mM MgCl2, 10mM MES pH 5.6 buffer with 200 uM of acetosyringone to a
final ODgoo=0.1. Injected leaves were harvested 5 days post infection and used for GUS staining

assays.

5.3.6.-GUS staining.

Tomato hairy roots, N. benthamiana leaves or tissue from stably transformed tomato plants
(petals, leaves, seedlings and roots) were stained using X-Glucose, which is metabolised into a
blue pigment by the B-glucuronidase (GUS) enzyme, the expression of which is driven by the
SIMIXTA-like promoter in these transformed tissues. The procedure consisted of fully
submerging the tissue to be assayed in a 50 mM phosphate buffer, pH 7.0 with 0.5 mg/mL of X-
Glc and incubating overnight at 37 °C in darkness. After staining, green tissues were submerged
in 70% ethanol for two hours and 100% ethanol for up to 24 hours to remove chlorophyll. The
samples were then imaged using a Leica 205F stereomicroscope (Leica, Germany). All

transformed samples were assayed alongside untransformed controls.
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5.3.7.-Statistical analysis.

Comparisons of trichome and stomatal density, trichome-to-stomata ratio and trichome type
densities and percentages were assessed using a t-test between the control line and each OE or
KO line. Significant differences were considered when p-value<0.05. The relationship between
trichome density and stomatal density was assessed by correlation coefficient (R?), and
significance by Pearson correlation test (p-value<0.05 used as cut-off for significance). The

analyses were performed using R software (ver. 3.2.2; R Core Team, Vienna, Austria).

5.3.8.-Transcriptomic data retrieval.

The tissue-specific expression profiles of SIMIXTA-like in S. lycopersicum cv. M82 and the
expression level in the leaves of S. pennellii ILs was retrieved. The tissue-specific transcriptome
were obtained from (Koenig et al., 2013) and the RNAseq data for leaves were obtained from
(Chitwood et al., 2013). The colour-coded display of gene expression used in this chapter was

generated using the Tomato eFP Browser.

5.4.-Results

5.4.1.-Analysis of the leaf epidermis in SIMIXTA-like overexpression lines.

| generated seven independent SIMIXTA-like overexpression (OE) lines, which were transformed
with a 35S:SIMIXTA-like construct. | used the T1 generation of these lines for the work described.
| determined the abundance of the SIMIXTA-like transcript in four of these OE lines by gPCR, and
analysed three lines (OE #1-3) with significantly higher expression levels of SIMIXTA-like (Fig.

5.2). | selected these lines for further analysis.

| observed a low trichome number in the adaxial surface of SIMIXTA-like OE lines (Fig. 5.3). When
quantified, the three OE lines had a significantly lower trichome density compared to the
MoneyMaker control line (Fig. 5.4A). Together with the change in trichome density, | observed
an increase in stomatal density in all three OE lines, although it was significant only for lines OE
#2 and #3 (Fig. 5.4B). The OE lines had a lower trichome-to-stomata ratio when they were
compared to MoneyMaker (Fig. 5.4C). | observed a negative association between trichome and
stomatal density when all the data points were considered (Fig. 5.4D). | classified the trichomes
in different groups according to the established categories (Luckwill, 1943, Simmons and Gurr,
2005) to determine whether the observed changes in trichome density affected specific
trichome types. No differences in the density of type | or VIl between were observed control and
OE lines. However, the density of type V trichomes was lower in OE #2 and OE #3 compared to
the control. Similarly, the density of type VI trichomes was lower in OE #1 and OE #3 compared
to the control (Fig. 5.5A). When | compared the percentages of each type of trichome in respect
to the total trichome number in each line, | observed no differences between MoneyMaker and

OE lines (Fig. 5.5B). In OE #2 and OE #3, which had the highest expression of SIMIXTA-like, |
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Figure 5.2.-Expression level of SIMIXTA-like in leaves from control untransformed tomato
plants and four independent SIMIXTA-like overexpression (35S:SIMIXTA-like) lines. The blue
bar corresponds to the values for control leaves. The orange bars correspond to each
overexpression line (OE #1-4). Values are mean+SEM of n=3-7 for each line. Three stars indicate
a significant difference between the corresponding line and the control lines (p-value<0.01)

according to a t-test.
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Figure 5.4.-Quantification of epidermal structures in SIMIXTA-like overexpression leaves and
control tomato leaves. A) Trichome density, expressed as percentage of total epidermal cells,
in control leaves (blue bar) and leaves from three independent overexpression lines (green bars).
B) Stomatal density, expressed as percentage of total epidermal cells, in control leaves (blue bar)
and leaves from three independent overexpression lines (orange bars). C) Trichome-to-stomata
ratio of control tomato leaves (blue bar) and three independent overexpression lines (pink bars).
D) Correlation between trichome and stomatal density in the assessed leaves. Turquoise circles
correspond to values from control leaves, purple squares correspond to OE #1 values, green
diamonds correspond to values from to OE #2 values and pink triangles correspond to OE #3
values. Correlation index and p-value are shown in the graph. For A, B and C, values are
expressed as meanzSEM of n=4 for control leaves, n=2 for OE #1 and n=3 for OE #2 and #3. Two
starts indicate a p-value<0.05 and three stars indicate a p-value<0.01 according to a t-test

between the corresponding OE line and the control value.
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of each trichome type of the total number of trichomes for each line. No significant differences

were observed in this comparison.
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observed swollen aberrant trichomes (Fig. 5.6). In every case, a large percentage of the

trichomes were broken (Fig. 5.5).

5.4.2.-Analysis of the leaf epidermis in SIMIXTA-like knock-out lines.

| generated four independent SIMIXTA-like knock-out lines by CRISPR/Cas9 (named KO #1-4). |
targeted two different gene sequences, one in the 5’ untranslated region and the other in the
coding sequence of the first exon, using two different sgRNAs (Fig. 5.7A). Both sgRNAs were
effective and | observed deletions in both regions (Fig. 5.8). | selected line KO #1 for further
analysis as the 2 bp deletion in the coding sequence caused a translation frameshift and an early
stop codon and led to the production of a truncated 34 amino acid protein (Fig. 5.7B and C). |

used T1 homozygous plants for the analysis described in this section.

| observed a higher abundance of trichomes in the adaxial surface of the leaves of the KO line
leaves (Fig. 5.9). There were also clusters of two trichomes involving type | (Fig. 5.9B and C),
type VIl (Fig. 5.9D) and type VI (Fig. 5.9E) trichomes. In some cases, | observed outgrowths of
the basal cells of type | trichomes (Fig. 5.9F), which resembled conical cells. | also observed some

clusters of stomata (Fig. 5.10).

When trichome and stomatal densities were quantified, the KO line showed a significantly higher
trichome density compared to the control MoneyMaker leaves (Fig. 5.11A). Stomatal density
was also significantly higher in the KO line (Fig. 5.11B), and consequently, the trichome-to-
stomata ratio was not statistically significant different between WT and KO lines (Fig. 5.11C).
Interestingly, the previously observed correlation between trichome and stomatal density was
maintained when the data points for the control MoneyMaker leaves were used, while this
correlation was not observed when the KO data points were considered and when all data points

for both lines were taken together (Fig. 5.11D).

As for OE lines, | classified the different trichomes into types according to (Luckwill, 1943,
Simmons and Gurr, 2005). Type | trichome density was significantly higher in the KO line
compared to the control MoneyMaker leaves (Fig. 5.12A), but the densities of other types were
not affected. When the percentages of each trichome type were compared, the percentage of
type | trichomes was still significantly different between the KO and control lines (Fig. 5.12B). |

did not observe any aberrant trichomes in the KO lines.

5.4.3.-Analysis of the leaf epidermis in SpMIXTA-like OE lines.

| cloned the S. pennellii version of MIXTA-like. The amino acid sequence is almost identical to
the S. lycopersicum one, and the MYB DNA-binding region is very conserved in the two species,
with the exception of an amino acid change (Fig. 5.13). | generated eight independent SpMIXTA-

like overexpression lines, which were transformed with a 355:SpMIXTA-like construct. These
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Figure 5.6.-Micrograph of aberrant trichome found on SIMIXTA-like overexpression line OE #2.

Scale bar is indicated in the picture.
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Figure 5.7.-Description of SIMIXTA-like KO mutant generated by CRISPR/Cas9. A) Gene model
of SIMIXTA-like. The orange arrows represent the gene coding sequence split into three exons.
The blue vertical lines represent the chosen sgRNAs for gene edition, located right before the
translation start and in the beginning of the coding sequence. The translation start and STOP
codon are shown in the model. The black line represents non-coding sequences (promoter, UTRs
and introns). B) Sequence of the genomic region edited in the KO mutant and the reference
sequence from the non-mutated gene. The blue letters correspond to the PAM sequence of the
sgRNA 2. C) Sequence of the mutated protein in the KO line (34 aa, with an early stop codon
caused by the frameshift) and the SIMIXTA-like WT version (417 aa).

139



150 180 170 190 190 20 210 20 220 200 250 20 270 260 300 3t0 320 30
Consensus —*_m—sms‘—w-s-"_c-v_s"__-n_i—u--ss-s_-s--s—

N \

AW b MAY i
MM TRACTACTTTCTTCATTATTITCTCTCE AGARATAGTCGCCA TITCGTC
KO #1 \AACTACTITETTCATTATTTTCTCTC CCACEAATAGTCGECATTTCGTE!

¢
| () A

| s \ AL AWl ‘\‘M@

THecete CTTEEACAT TCARRRAC TCTTRGC TTNTATCE ARSSACA TCE T
TTGTC ATAAGTTOGECTE AAANAAGE ACCTTGG ACACC TG AAGAAGATC ARAAAC TCTTAGE TTATATCG AGACATEG

100 1o 120 130 1% 150 160 170 190 190 200 210 20 230 240 20 200 amn 260 20 30 at 0 320
Consensus TTCNTTATTTTCT® O T TIRATTTE TR ATG 66 TG ATETERS T0 TIV 5 ATARAG T 0 EET ARAAKAS ETTATATC: AMG A EATG G TEATOG TAG ET56 £ €6 CATTACCTACEAANS ETC6 TAT: 0 ATTEN!

,M&"&«"MMMMMMM' ! 'fﬂw«M M@M ,mm‘ “mmmmmmmwmummummm bl

AATTTTCTTTACATANTATAGE eessRRATTTO T GTCG ATCTCCOTU IV T ATARAG TIGG € CT% AMAAANGG ACCATG A CACCTS ARG ARG ATCAARAACTCTT Al CTTATATCE AN ARACATG G TCATG TAG CTV6 C6 06 EATTACCTACCAANG CTVE TATS CGATTCA!
CGEATTACCTAC

150 150 170 180 190 21 31
Consensus __m-s-s—z--«._—zs-ns—-_—-x_c_-w_s_nm—n-s--“s_

Dol

MM ATTAAACTACTTTOTTC ATTATITTC TCTCCAGAAS:
KO #2ATTAAACTACTITGTTC ATTATTTTE T o

""‘E&M‘ " V

GCAMMARAGEACCTTGGAC

A

Figure 5.8.-Deletions observed in the SIMIXTA-like genomic sequence of CRISPR-edited plants.
Four independent lines with deletions in their genomic sequence were generated. The figure
shows the alignment between the MoneyMaker sequence (MM) and the sequence in each one
of the knock-out lines (KO #1-4). The translation start is underlined in blue. The PAM sequences
selected for targeted genomic edition are underlined in orange. Lines KO #1 and KO #3 had the
same 2 bp deletion that cause a frameshift and early stop codon. Lines KO #2 and #4 had the
same 1 bp deletion in the coding sequence and different deletions in the 5’ UTR. In both cases,

there was a frameshift and early stop codon.
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Figure 5.9.-Scanning electron micrographs of the adaxial surface of SIMIXTA-like CRISPR
knock-out plants. A) Overview of the adaxial surface of a MoneyMaker control leaf. B)
Overview of the adaxial surface of the SIMIXTA-like KO leaves. B) Detail of a cluster of two type
IV trichomes. C) Detail of a cluster of two type VIl trichomes. D) detail of a cluster of two type VI
trichomes. E) Detail of outgrowths on the basal cells of a type | trichome. The scale bar is
indicated for each micrograph. In B-E, arrows point trichome clusters. In F, the arrow indicates

aberrant trichome basal cells.
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Figure 5.10.-Stomatal clusters on the adaxial surface of SIMIXTA-like KO leaves. The scale bar

is indicated in the micrograph. The white arrows point towards stomata clusters.
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Figure 5.11.-Quantification of epidermal structures in SIMIXTA-like knock-out leaves and
control tomato leaves. A) Trichome density, expressed as percentage of total epidermal cells,
in control leaves (blue bar) and leaves from the described KO mutant (green bar). B) Stomatal
density, expressed as percentage of total epidermal cells, in control leaves (blue bar) and leaves
from the KO mutant (orange bar). C) Trichome-to-stomata ratio of control tomato leaves (blue
bar) and the KO mutant (pink bar). D) Correlation between trichome and stomatal density in the
assessed leaves. Blue circles correspond to values from control leaves, turquoise squares
correspond to the described KO mutant. A significant correlation was seen only in control leaves.
Correlation index and p-value are shown in the graph. For A, B and C, n=5 per line. Three stars

indicate a p-value<0.01 according to a t-test between both lines’ values.
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between control and KO percentages (p-value<0.05) according to a t-test.
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plants had some problems in the development of reproductive structures and were slow to
produce fruit. Therefore, the analysis of the T1 generation could not be performed due to time
constrains. | measured the MIXTA-like transcript abundance in the OE lines by qPCR, using three
of the independent OE lines (Fig. 5.14). The expression level was significantly higher in the OE
lines. It isimportant to note that the primers used for gPCR were common to the S. lycopersicum
and S. pennellii versions of the gene, and therefore the expression of both genes contributed to
the observed transcript abundance. The lack of T1 plants did not allow for proper comparison
between lines. Similar leaves from MoneyMaker control plants and one of the OE lines (SpOE
#1) were analysed under the microscope for outstanding differences. | did not observe a clear
phenotype in SpOE #1 (Fig. 5.15), although it is possible that trichome density was lower, similar
to the observations in SIMIXTA-like OE lines. Phenotyping of the T1 generation will shed light on

any possible functional differences between both gene versions.

5.4.4.-Analysis of SIMIXTA-like promoter activity in aerial and underground tissues.

| cloned the promoter region of SIMIXTA-like corresponding to the 1000 bp upstream of the start
codon (proMIXTA-like) to build a proMIXTA-like:GFP:GUS construct. The promoter activity was
generally low, and the GFP expression was hard to evaluate in tissues other than roots.
Therefore, | based my results on the observation of GUS-stained tissue. | transformed the
construct in Agrobacterium rhizogenes and analysed tomato hairy roots expressing the
construct (Fig. 5.16A and B). The promoter activity was high in the epidermal tissue, the pericycle
and especially the lateral root primordia. Expression of GUS was not observed in root hairs (Fig.
5.16A and B). No background staining was observed in control hairy roots transformed with the

empty vector.

| also generated three independent tomato lines stably transformed with the reporter construct.
| analysed the petals and leaves from the TO plants, as well as seedlings from the T1 generation.
Comparisons were made to control, untransformed MoneyMaker plants. | observed promoter
activity in petals, especially in the marginal areas and in the veins, where trichomes are usually
present in petals (Fig. 5.16C and D). Analysis of the promoter activity in leaves revealed that
SIMIXTA-like expression takes place in most of the epidermal tissue, especially in marginal areas,
but it is not expressed in trichome cells, only in basal cells of type | trichomes (Fig. 5.16E and F).
No background expression was observed in control leaves (Fig. 5.16G). Finally, the expression of
the reporter gene in cotyledons was equivalent to the observations in leaves, with staining of
the epidermal cells (Fig. 5.16H and I). In roots of stably transformed plants, | observed staining
in lateral root primordia and in the meristematic and distal elongation zones of the root (Fig.

5.17).
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Figure 5.14.-Expression level of MIXTA-like in leaves from control untransformed tomato
plants and TO SpMIXTA-like overexpression (35S:SpMIXTA-like) lines. The blue bar corresponds
to the values for control leaves. The orange bar corresponds to the expression values of MIXTA-
like of three independent TO OE lines. Values are mean+SEM of n=4 for control values and n=3
for OE values. Two stars indicate a significant difference between the corresponding line and the

control lines (p-value<0.05) according to a t-test.
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Figure 5.15.-Adaxial leaf surface of control S. lycopersicum and SpMIXTA-like overexpression
lines. A) Micrograph of the surface of a control, untransformed leaf. B) Micrograph of the surface
of a SpMIXTA-like overexpression (35S:SpMIXTA-like) line. Scale bars are shown in each

micrograph.
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Figure 5.16. GUS staining of different tissues expressing proMIXTA-like:GFP:GUS. A and B) GUS
staining of transformed and control (empty vector) hairy roots. C) GUS staining of petals of
transformed and control S. lycopersicum cv. MoneyMaker plants. D) Detail of GUS-stained petal
of transformed plant. E and F) GUS staining of leaves of transformed tomato plants. G) GUS
staining of a leaf from a control, untransformed tomato plant. H) GUS staining in cotyledons of
a transformed plant. 1) GUS staining of cotyledons of a control, untransformed plant. In A, B and

C, the white arrows indicate the transformed tissue.
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Figure 5.17.-GUS staining of roots of stably transformed lines expressing proMIXTA-
like:GFP:GUS. A) GUS staining in the meristematic and distal elongation zone of lateral roots. B)

GUS staining in lateral root primordia. White arrows point the described region in each picture.
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This indicates that SIMIXTA-like is expressed in more tissues and in a very spatially determined
fashion. I transiently expressed the proMIXTA-like:GFP:GUS construct in Nicotiana benthamiana
leaves. | observed an intense promoter activity in epidermal cells, but similar to the case of

tomato leaves, trichome cells did not show expression of the reporter gene (Fig. 5.18).

5.4.5.-Analysis of flowers, fruit and roots of SIMIXTA-like knock-out lines.

| analysed the surface of petals in of one of the SpMIXTA-like OE line, SIMIXTA-like KO #1 line
and MoneyMaker control plants. No flowers from the SIMIXTA-like OE lines were available at
the time of the assay. Conical cells in petals were flattened in the KO line, compared to the
control petals (Fig. 5.19), although upon close inspection they did not look completely flat. The
conical cells in SpMIXTA-like OE lines were slightly more elongated (Fig. 5.19C). A similar
situation was observed on the fruit surface. Conical cells were flatter in the KO line (Fig. 5.20),
as shown by (Lashbrooke et al., 2015). Interestingly, KO fruits had protuberances all over their
surface, some of them with trichomes on. (Fig. 5.20). This produced a very rough feeling to the
tomato skin when touched with bare hands. No SIMIXTA-like or SpMIXTA-like OE fruits were

available for the assay.

When roots of seedlings were analysed, | observed a reduced number of lateral roots in SIMIXTA-
like KO plants, and their lateral roots were shorter than those found in MoneyMaker plants.
Moreover, the lateral root patterning in SIMIXTA-like lines was aberrant, with lateral roots
primordia initiating next to each other (Fig. 5.21). Root hairs were, however, not different either

in length or density between the lines (Fig. 5.22).

5.5.-Discussion

5.5.1.-SIMIXTA-like is a positive regulator of the development of conical cells.

| observed SIMIXTA-like promoter activity in petals (Fig. 5.16C and D). | observed that petals of
the SIMIXTA-like KO line had much flatter conical cells compared to MoneyMaker petals, while
SpMIXTA-like OE petals had more elongated conical cells (Fig. 5.19), and this is in agreement
with reports of homologs of SIMIXTA-like, including MYB1 in petunia, MYB16 in Arabidopsis and
MIXTA-like 2 in snapdragon (Baumann et al.,, 2007). As described for these genes, the
appearance of the conical cells was not completely flat, suggesting that other factors are
necessary for initiation of conical cells in tomato petals, in a similar way to the distinct functions
of MIXTA and MIXTA-like 2 in Antirrhinum (Baumann et al., 2007). This function of SIMIXTA-like
was not identified in a previous study with RNAi silencing of SIMIXTA-like tomato, where no
effect of silencing was observed in petals (Lashbrooke et al., 2015). This indicates that even low
levels of expression may be sufficient to fulfil this function of SIMIXTA-like or maybe that

silencing mediated by stable expression of RNAi might not be very effective in petals. This
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Figure 5.18.-GUS staining of Nicotiana benthamiana leaves transiently expressing proMIXTA-

like:GFP:GUS. GUS activity was detected in the leaf epidermis, but not in trichomes.
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Figure 5.19.-Conical cells in petal surfaces in control and SIMIXTA-like KO lines. A) Adaxial
surface of a petal in control plants. B) Adaxial surface of SIMIXTA-like KO petals. White arrows
point to cells were the pseudoconical shape of the cells can be distinguished. C) Adaxial surface
of SpMIXTA-like OE petals. The white arrows point to cells were the more elongated conical

shape can be observed.
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Figure 5.20.-Conical cells in the fruit surface in control and SIMIXTA-like KO lines. A)
Micrograph of the conical cells on the surface of a control green tomato. B) Micrograph of the
conical cells on the surface of a SIMIXTA-like KO green tomato. C) Micrograph of the surface of
a control green tomato. D) Micrograph of the surface of a SIMIXTA-like KO green tomato. The
white arrows indicate protuberances in the fruit surface. The scale bars are indicated in every

image.
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MoneyMaker roots SIMIXTA-like KO roots

Figure 5.21.-Roots of control and SIMIXTA-like KO lines. On the left, roots of 2-week-old
MoneyMaker control seedlings. On the right, roots of 2-week-old SIMIXTA-like KO seedlings,
which have shorter and less abundant lateral roots. White arrows indicate aberrant patterning
of lateral roots. Both pictures are taken at the same magnification and correspond to the

equivalent distal regions of the root.
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Figure 5.22.-Root hairs of control MoneyMaker plants and SIMIXTA-like KO line. A) Apical
region of the root of a MoneyMaker plant. B) Apical region of a root of a SIMIXTA-like KO plant.

No clear differences were observed between both lines.
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supports the use of KO mutants in combination with silencing approaches (see chapter 4) to
obtain a better understanding of the function of a gene. | observed a similar effect on conical
cells in the fruit epidermis (Fig. 5.20), which were also much flatter in the KO line compared to
MoneyMaker fruits. These finding agreed with the previous report on the function of SIMIXTA-

like in conical cell development in fruit (Lashbrooke et al., 2015).

The tomato skin of the SIMIXTA-like KO line was very rough to the touch, even though the cells
on the surface were flatter. This rough feeling of the fruit was observed in all the different KO
mutants generated for this chapter (see line KO #1-4, Fig. 5.8), and in all different stages of fruit
development and ripening. This effect could be due to defects in the cuticle formation given the
role of SIMIXTA-like in controlling cutin synthesis and deposition (Lashbrooke et al., 2015),
although after examining the tomato surface of the KO line under the SEM, | observed
protrusions in the epidermis (Fig. 20C and D), which were not present on the surface of the
MoneyMaker fruits. Some of these protrusions had trichome on top might also impact the
texture of the fruit. The cause of the formation of these multicellular outgrowths is unclear at
this stage, and it is unclear whether those are caused directly by the absence of SIMIXTA-like
activity or whether they are a mechanical consequence of the altered fruit surface. Further
research on this aspect of the function of SIMIXTA-like will help understand the mechanics of

epidermal development.

5.5.2.-SIMIXTA-like is a negative regulator of trichome initiation.
SIMIXTA-like is an R2R3 MYB transcription factor in tomato, which belongs to the MIXTA-like
family (Fig. 5.1).

When SIMIXTA-like was overexpressed in tomato, | observed a reduction in trichome density of
about three-fold in the three independent lines that were analysed (Fig. 5.4A). Moreover, in the
knock-out line, trichome density was increased compared to the control MoneyMaker plants
(Fig. 11A). Therefore, SIMIXTA-like must function as a negative regulator of trichome initiation
in tomato leaves. This function contrasts with the previously described function for different
MIXTA and MIXTA-like proteins. In tomato, SIMX1 (belonging to a separate phylogenetic clade,
Fig. 5.1) is a positive regulator of trichome density (Ewas et al., 2016) and SIMIXTA-like (ortholog
of the AmMIXTA-like 2 and PhMYB1 proteins) has been reported to positively regulate conical
cell development in fruit (Lashbrooke et al., 2015) and petals (Fig. 5.19). In other species, most
MIXTA-like genes have been characterised as positive regulators of conical cell formation or
trichome formation (Brockington et al., 2013). For example, MYB1 in Petunia hybrida, MIXTA-

like 2 in A. majus or MYB16 in A. thaliana are close homologs that positively regulate conical cell
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development in their respective species (Baumann et al., 2007). Indeed, PAMYB1 is the likely
orthologue of SIMIXTA-like in tomato (Fig. 5.1). Moreover, MYB16 regulates branching of
trichomes and wax deposition on vegetative tissues in A. thaliana (Oshima et al., 2013) pointing

to a dual function in vegetative and reproductive organs.

In terms of trichome regulation, most described MIXTA-like proteins are also positive regulators.
This is the case of Populus MYB186 (Plett et al., 2010), MIXTAL in Artemisia annua (Pu et al.,
2018), MYB25 in cotton (Machado et al., 2009) and MYBML3 in Medicago truncatula (Gilding
and Marks, 2010). However, some genes in this family are also negative regulators of trichome
development. In Mimulus guttatus, the expression of MYBML8 correlated negatively with
trichome density. In A. thaliana, MYB106 acts as both a positive and negative regulator of
trichome development, affecting branching of trichomes (Gilding and Marks, 2010). Recently, a
MIXTA-like protein in cucumber (Cucumis sativus), CsMYB6, was described as a negative
regulator of trichome development on the fruit surface (Yang et al., 2018), acting in a very similar
way to our observations for SIMIXTA-like in tomato. This evidences the pleiotropic effects of
MIXTA/MIXTA-like proteins in plants, and supports the role of SIMIXTA-like as a negative
regulator of trichome initiation. Moreover, our initial observations of SpMIXTA-like OE lines
suggest that its function is conserved with that of SIMIXTA-like (Fig. 5.15). It is important to note
that the overexpression lines were not completely glabrous (Fig. 5.3 and 4A) and the knock-out
was not extremely pubescent, showing an increase of about 2-fold compared to the control
leaves (Fig 5.11A). This suggests that the function of this gene on its own is not sufficient to
inhibit completely trichome formation, and it is probably part of a much more complex network
that involves other known regulators of trichome development in tomato, as SIMX1 (Ewas et al.,

2016b) or Woolly (Yang et al., 2011a).

SIMIXTA-like also plays an important role in epidermal patterning and spatial distribution of
trichomes. SIMIXTA-like was identified in the screen of the IL population | carried out due to the
presence of clusters of two or three misoriented trichomes in ILs 2-5 and 2-6 (see chapter 3).
The downregulated expression of SIMIXTA-like in leaves of the ILs (Chitwood et al., 2013),
especially in IL 2-6 (Fig. 5.23B), suggested a potential involvement of this gene in the trichome
phenotype observed. Moreover, an amino acid change in the DNA-domain was observed
between SIMIXTA-like and SpMIXTA-like (Fig. 5.13). This proline to serine substitution could
explain a different activity of both proteins, as this residue is conserved in the Antirrhinum
MIXTA proteins (Perez-Rodriguez et al., 2005). The analysis of the SpMIXTA-like-OE plants will
help understand the significance of the differences in amino acid sequences between both
species. Its role in preventing trichome clustering was confirmed by transient silencing in

tomato, which gave rise to clustered trichomes (see chapter 4). | analysed the surface of
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Figure 5.23.-Expression level of SIMIXTA-like in different tissues and S. pennellii ILs. A)
Absolute expression level of SIMIXTA-like in S. lycopersicum cv. M82 and S. pennellii based on
RNAseq data generated by (Koenig et al., 2013). B) Relative expression level of SIMIXTA-like in
leaves of the S. pennellii ILs, from the RNAseq data generated by (Chitwood et al., 2013). C)
Relative expression level of SIMIXTA-like in root tips of the S. pennellii ILs, from the RNAseq data

generated by (Ron et al., 2013). The images were generated using the eFP expression browser

(Winter et al., 2007).
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SIMIXTA-like OE and KO lines and scored for the absence or presence of trichome clusters. OE
lines did not have any clusters. KO lines had trichome clusters that affected all trichome types
(Fig. 5.9). Although these groups of trichomes were found all over the leaf surface, they were
more frequently found on the marginal ends of the leaf. This is in agreement with the spatial
pattern of expression of SIMIXTA-like, as | observed stronger GUS activity in the leaf margins of
plants transformed with a proMIXTA-like:GFP:GUS construct (Fig. 5.16E and H). | also observed
aberrant outgrowths in basal cells of type | trichomes in KO lines (Fig. 5.9F). This could be
explained by a lack of repression of further outgrowths by MIXTA-like, especially in a set of cells
where intense GUS staining was observed (Fig. 5.16F). A mechanism for determination of
epidermal patterning involving a MIXTA-related protein is substantially different from the
regulation of trichome patterning in A. thaliana, where the small R3 MYBs Trypricon (TRY) and
Caprice (CPC) prevent trichome initiation in cells adjacent to a newly initiated trichome (Wada
et al., 1997, Schnittger et al., 1999, Ishida et al., 2008). Remarkably, although trichome clusters
were commonly found in leaves of SIMIXTA-like KO lines, they were found alongside individual
trichomes (Fig. 5.9B). This indicates a possible involvement of other regulatory genes in the
determination of trichome clustering, similar to the case of trichome clustering mutants in
Arabidopsis, where try cpc double mutants have a much higher clustering frequency than the
single mutants (Schellmann et al., 2002). The presence of four more MIXTA genes in tomato
(SIMX1, SIMX2 and SIMX3A/B) suggests that they might act redundantly. However, these four
genes are evolutionary distant from SIMIXTA-like and clustered together in a different clade (Fig.
5.1), which could indicate functional divergence. Moreover, SIMX1 was reported as a positive
regulator of trichome initiation (Ewas et al., 2016) and silencing of SIMX2 led to a reduction of
trichome density (see chapter 4), indicating that they fulfil different functions in the leaf

epidermis. The function of SIMX3A/B has not been studied to this date.

| tried to determine if the effect of SIMIXTA-like overexpression or knock-out was specific for
some trichome types (Fig. 5.5, 5.9 and 5.12). My observations for SIMIXTA-like OE lines
suggested that type | trichome density was unaffected, while type V and VI density was
specifically reduced (Fig. 5.5A). However, when the percentage of each type was compared
between OE and control lines, | could not observe significant differences (Fig. 5.5B). The
observed densities in type V and VI trichomes were probably the result of the lower numbers of
trichomes in OE lines and the high frequency of broken trichomes may have masked the effect
of SIMIXTA-like on type V and type VI trichomes. In the SIMIXTA-like KO mutant, | observed that
cluster formation was type-independent (Fig. 5.9B, C and D), suggesting that patterning and
spatial distribution of trichomes are determined before type specification takes place, as it has

been suggested in studies of type VI trichome development in tomato species (Bergau et al.,
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2015). However, analysing the effect of the mutation on trichome density, | observed that the
increase in the SIMIXTA-like KO line was predominantly in type | trichomes, and that the
differences persisted even when values were expressed as a percentage of total trichomes (Fig.
5.12). The greater number of trichomes in these lines supports the significance of the differences
observed. However, if trichome initiation is likely to take place before the final trichome type
identity has been determined (Bergau et al., 2015) and SIMIXTA-like controls trichome initiation,
this difference could be the result of an independent mechanism of trichome type
determination. Type | trichomes are the most common type of trichome on the adaxial surface
of the first true leaf (see chapter 3) and it is predictable that an increase in trichome initiation
would lead to an increase in type | trichome density, even if the regulator does not play a direct
role in trichome type determination. This view is supported by the lack of expression of SIMIXTA-
like in type | glandular trichomes (Fig. 5.16F), indicating it does not determine specific features
of this type of trichome. In light of my results, the function of SIMIXTA-like in controlling

trichome initiation is most likely trichome-type independent.

5.5.3.-SIMIXTA-like plays a role in stomatal patterning in tomato leaves.

| also observed some stomatal clusters in SIMIXTA-like KO lines (Fig. 5.10). Stomatal clusters
occur when asymmetrical division of the stomatal cell-lineage is impaired (Dow et al., 2014), and
many genes involved in stomatal development have been characterised in A. thaliana (Fig. 5.24).
For example, TOO MANY MOUTHS (TMM) is a leucine-rich repeat receptor-like protein which,
when mutated, leads to the development of stomatal clusters (Yang and Sack, 1995, Shpak et
al., 2005) similar to those observed in SIMIXTA-like KO lines. The ERECTA family consists of
transmembrane receptors which determine the fate of protodermal cells, and mutants of these
genes also lead to clustering of trichomes (Lee et al., 2012). Other signalling proteins, as the
serine protease STOMATAL DENSITY AND DISTRIBUTION (SDD1) (von Groll et al., 2002) also
trigger the differentiation of stomatal meristemoids, and sdd1 mutants show stomatal clusters
and increase stomatal density. Finally, BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE
(BASL) is a polarity molecule essential for correct asymmetric division, and in bas/ mutants
stomatal clusters are commonplace (Dong et al., 2009). In tomato, stomatal development has
not been studied in any depth at the molecular level, but there is some evidence that similar
regulators to those in Arabidopsis might be involved. Overexpression of a truncated version of
AtERECTA in tomato affected stomatal density in tomato (Villagarcia et al.,, 2012) and
overexpression of the Solanum chilense SDD1-like gene caused a reduction in stomatal density
in both Arabidopsis and tomato (Morales-Navarro et al., 2018), suggesting that stomatal
development and patterning are similarly regulated in both species. Therefore, my results

indicate that SIMIXTA-like either controls directly these or other similar genes or that the role of
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Figure 5.24.-Stomatal development in Arabidopsis thaliana. A) Schematic representation of the
divisions of the stomatal cell lineage to generate mature stomata. The bHLH transcription factor
regulating each transition are indicated in the diagram (SPCH, MUTE and FAMA). B) Schematic
representation of the proteins involved in the Epidermal patterning factor signalling pathway.
The MAPK cascade, activated by the ER/TMM/SERK complex, ultimately inactivates the bHLH
transcription factor SPCH, and possibly MUTE. This figure appeared in chapter 1 as Fig. 1.5.

Further information of each gene can be found in chapter 1.
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SIMIXTA-like in trichome development indirectly affects stomatal development by means of
independent regulatory mechanisms. In A. thaliana, try and g/l mutants show effects on
stomatal patterning, and the genes mutated in these lines are known regulators of trichome
formation (Bean et al., 2002). This suggests that a dual role of regulators in trichome and
stomatal development is not uncommon. Determining the targets of SIMIXTA-like will be

extremely useful to characterise its function in more detail.

5.5.4.-SIMIXTA-like is essential for maintenance of the negative association between
trichome and stomatal development.

In SIMIXTA-like OE lines, the decrease in trichome density (Fig. 5.4A) was accompanied by an
increase in stomatal density (Fig. 5.4B). In fact, this change caused a significant decrease in the
trichome-to-stomata ratio (Fig. 5.4C), which has been suggested to be an important
physiological parameter in tomato (see chapter 7). A significant negative correlation between
trichome density and stomatal density was observed when all data points were considered
together (Fig. 5.4D). This kind of relationship has been observed before in tobacco and tomato
(Glover et al., 1998, Glover, 2000) although this relationship may be limited to certain varieties
and species (see chapter 3) or may be heavily dependent on environmental conditions, such as
water availability (Galdon-Armero et al., 2018). In the SIMIXTA-like KO mutant, the increase in
trichome density was accompanied by an increase in stomatal density (Fig. 5.11A and B),
contrary to expectations from the OE data. Moreover, the trichome-to-stomata ratio was
unaffected (as the density of both structures grew in similar ways) (Fig. 5.11C). More
importantly, the correlation between trichome and stomatal densities was not observed for the
SIMIXTA-like KO line (Fig. 5.11D), while it was for the MoneyMaker controls. The observations
made of SIMIXTA-like OE and KO lines suggest that SIMIXTA-like plays a pivotal role in
development of stomata as well as trichomes and pavement cells, and it plays an essential role
in the mechanism controlling the negative association between trichome and stomatal
densities. SIMIXTA-like is therefore central for the dynamics of cell specialisation in the leaf
epidermis and physiological leaf functions, especially under stress, are likely dependent on the

correct functioning and modulation of this regulatory gene.

It is also possible that SIMIXTA-like is involved in stress responses. Drought stress, for instance,
can lead to changes in trichome and stomatal density (Fu et al., 2013) and in tomato drought
tends to lead to increases in trichome density and decreases in stomatal density (see chapter 7)
as also observed in SIMIXTA-like OE lines (Fig. 5.4). Stress perception and response are very
complicated processes that involve stress sensing, signal transduction and cell and tissue
reprogramming to respond to the initial stimulus (Zhu, 2016). Many MYB transcription factors

in different species have been identified as regulators of different stress responses (Li et al.,
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2015), and SIMIXTA-like may fulfil similar functions in tomato. SIMIXTA-like is a known regulator
of cutin biosynthesis for the cuticular epidermal layer (Lashbrooke et al., 2015), and its
Arabidopsis thaliana homolog also regulates cuticle deposition (Oshima et al., 2013). The cuticle
is the main barrier for the plant to prevent water loss (Xue et al., 2017) and protect it from
pathogens and UV damage (Krauss et al., 1997, Bargel et al., 2006, Leveau Johan, 2006). In
addition to this, cuticle content changes upon stress, such as UV exposure (Steinmuller and
Tevini, 1985) and water scarcity (Seo et al., 2011, Lee and Suh, 2015) and these changes may be
mediated by MYB transcription factors (Cominelli et al., 2008, Seo et al., 2011). Another process
associated with the stress responses and regulated by MYB genes is expansin-mediated cell wall
expansion (Schmidt et al., 2013), which is essential for trichome development. Therefore,
SIMIXTA-like might act in stress responses, and it may function in changing the trichome-to-
stomata ratio under stress conditions. The SIMIXTA-like KO mutation could lead to a stress
insensitive phenotype, unable to adapt to environmental cues by changing trichome and
stomatal densities. However, the analysis of the SIMIXTA-like native promoter activity indicates
that this gene plays a function in most tissues independently of the environment (Fig. 5.16) and
SIMIXTA-like expression is recorded in all tissues in the absence of stress (Fig. 5.24). Studies of
response to stresses such as drought, pathogen attack or herbivory using the SIMIXTA-like OE
and KO lines could provide more evidence to understand the function of this gene. Moreover,
transcriptomic analysis of the KO and OE lines could be useful to understand its potential

involvement in stress responses.

5.5.5.-The spatial expression pattern of SIMIXTA-like provides insights into its function.

The results presented in this chapter focus on the role of SIMIXTA-like in trichome development,
and its relationship to determination of other epidermal cell types. However, the observed
expression pattern of SIMIXTA-like in different tissues (Fig. 5.16) drew my attention to other

functions of this transcription factor.

| observed intense activity of the SIMIXTA-like promoter in hairy roots, especially in the pericycle
tissue (Fig. 5.16A) and in meristems of lateral roots (Fig. 5.16B). The expression of SIMIXTA-like
in root tips of the S. pennellii ILs showed a high level of expression in S. pennellii compared to S.
lycopersicum, and this high level of expression was observed in the ILs 2-5 and 2-6, which had
the aberrant trichome patterning phenotype (Fig. 5.24). This contrasts with the expression in
leaves, which shows the opposite trend. Therefore, SIMIXTA-like seems to have an active
function in growing root tips. Lateral root primordia are formed through division of cells in
pericycle tissue (Péret et al., 2009), and the continuity of expression in both tissues suggested a
potential role of SIMIXTA-like in controlling root architecture through orchestration of pericycle

division and primordia initiation. GUS staining of roots of mature plantlets expressing the
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reporter construct showed expression in lateral root primordia and the meristematic and distal
elongation zones of the lateral roots (Fig. 5.17). Analysis of root architecture in the SIMIXTA-like
KO showed a reduced number of lateral roots (Fig. 5.21), suggesting a role of this gene in
formation of lateral roots. Some transcription factors have been identified as regulators of
lateral root development, such as the PLETHORA family (Du and Scheres, 2017), the LBD
complexes (Kim et al., 2017) and MYB genes. This is the case for MYB77 in A. thaliana, which
regulates lateral root development through the modulation of expression of auxin response
genes (Shin et al., 2007). The expression profile of MYB77 is similar to that of the GUS staining
for proMIXTA-like, indicating that it might be modulating similar auxin-related genes, which
might relate to auxin involvement in the development of conical cells (Varaud et al., 2011) and
trichomes (Deng et al., 2012, Zhang et al., 2015). MYB93, in contrast, is a negative regulator of
lateral root development (Gibbs et al., 2014), but its expression pattern is very specific and
distinct from the expression of SIMIXTA-like, indicating that these genes are unlikely to be
involved in the same pathways. Expression analysis of another known trichome regulator,
Woolly, showed high promoter activity in lateral root primordia (Yang et al., 2011a), indicating
a potential role for these genes in this process. Analysis of roots in the SIMIXTA-like KO line
suggests an important function of SIMIXTA-like in root development, particularly in lateral root
primordia formation. This would be the first report of a function for MIXTA/MIXTA-like genes in
root development. It is interesting to note that in SIMIXTA-like-RNAi lines, the expression of the
Lonesome Highway (SILHW) gene was reduced (Lashbrooke et al., 2015). In A. thaliana, lhw
mutants show defects in the development of vascular tissue in roots as well as the number of
stele cells (Ohashi-Ito and Bergmann, 2007). Interestingly, this mutant produces lateral roots
only on one side of the primary root. The role of SIMIXTA-like in root development of tomato

requires considerable further research.

Some GUS staining was observed on the root epidermis in hairy roots (Fig. 5.16A and B), but
root hairs did not seem to express proMIXTA-like-driven GUS. In roots from stably transformed
plants, there was no clear expression in root epidermal cells, and the staining was restricted to
the lateral root primordia and meristematic and distal elongation zones of the root (Fig. 5.17). |
did not observe any differences in root hair density between MoneyMaker roots and SIMIXTA-
like KO roots (Fig. 5.23). These findings suggest that SIMIXTA-like is not involved in the
development of root hairs, even though these are often considered as epidermal outgrowths
comparable to trichomes. In Arabidopsis, the molecular mechanisms governing trichome and
root hair formation are very similar and involve the same players, including TTG1, GL2, GL3, TRY
and CPC, although the functionally equivalent MYB factors GL1 and WER regulate trichome

initiation and root hair formation respectively (Ishida et al., 2008). However, whether this is the
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case in tomato and other related species is still unclear. SITRY has been reported to participate
in regulation of both trichomes and root hairs (Tominaga-Wada et al., 2013), but evidence about
this is limited to complementation assays in Arabidopsis, which are not very informative in the
context of tomato development. For most known trichome mutants in tomato, the mutations
either do not affect root hairs (Kang et al., 2010a) or their effect on root hairs has not been
reported (Kang et al., 2010b, Nadakuduti et al., 2012, Chang et al., 2016), probably indicating
there were no clear phenotypes. These observations seem to point towards a distinct regulation
of both trichome and root hair development in tomato, and a probable lack of a role for SIMIXTA-

like in the formation of root hairs.

Further conclusions about the function of SIMIXTA-like could be drawn based on the expression
data. The lack of SIMIXTA-like promoter activity in trichomes (except for basal cells) (Fig. 5.16F)
suggested that the loss of expression of MIXTA-like is required for their development. This would
explain why aberrant trichomes (similar to those observed in the dialytic mutant (Chang et al.,
2016)) were observed in OE lines (Fig. 5.6). It is interesting to note that transient expression of
the proMIXTA-like reporter construct in N. benthamiana resulted in the same observation, with
high promoter activity in the epidermis and basal cells, but a lack of expression on the trichomes
themselves (Fig. 5.18). This suggests a similar function for MIXTA-like in Nicotiana (and probably
other Asterids) to the role of SIMIXTA-like in tomato. A comparison of the promoter of SIMIXTA-
like with those regions of MIXTA-like genes in N. benthamiana (Fig. 5.25) revealed a very
conserved promoter region upstream of NbMIXTA-like 8 (the closest homolog to SIMIXTA-like
in this species), to which MYC2 can bind in silico (Chen et al., 2012) and in vivo (Du et al., 2017).
MYC2 is a bHLH transcription factor that functions as a regulator of the jasmonate-mediated
immunity in tomato and Arabidopsis (Dombrecht et al., 2007) in response to pathogens and
wounding (Du et al., 2017). In Arabidopsis, MYC2 is known to regulate stomatal development
(Han et al., 2018) and lateral root growth (Gangappa et al., 2010) in response to jasmonate. This
reinforces the idea of an Asterid-wide role for SIMIXTA-like in response to stress and raises new
questions about its regulation by upstream factors such as SIMYC2 in determination of trichome
and stomatal density. | observed that GUS staining, although present over the whole leaf
surface, was most intense in marginal areas of leaves and cotyledons (Fig. 5.16E and H). This
suggested that the function of SIMIXTA-like might be more important in marginal areas of the
leaf. A differential regulation of the development of marginal and lamina trichomes has been
reported in Arabidopsis, where TRANSPARENT TESTA 8 (TT8), a bHLH interacting with GLABRA1,
is responsible for the development of marginal trichomes, while GLABRAS3 is responsible for the

development of lamina trichomes (Baudry et al., 2006, Maes et al., 2008). The existence of
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Figure 5.25.-Comparison of the DNA sequences of the NbMIXTA-like 8 and SIMIXTA-like gene

promoters. A fragment of 1000 bp upstream of the start codon of the gene was used for

alignment. The only detected conserved region is found between the positions 750-820. A MYC2

binding motif was found in this region using the AtPAN software (Chen et al., 2012).
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similar developmental specialisations in tomato cannot be ruled out, and SIMIXTA-like may play

a role in this.

5.6.-Conclusion

In this chapter, | offer a detailed functional characterisation of SIMIXTA-like using
overexpression lines and CRISPR/Cas9-mediated knock-out mutants, as well as promoter activity
analysis using GUS as a reporter gene. The results described in this chapter show that SIMIXTA-
like is a negative regulator of trichome initiation on leaves and plays a key role in trichome
patterning on tomato leaves. My data also indicate that SIMIXTA-like is necessary for conical cell
elongation in petal epidermis and fruit epidermis, and suggest that SIMIXTA-like also plays a role

in development of lateral roots.

In silico promoter analysis and the effect of the SIMIXTA-like KO mutation on the ratio of
trichome to stomata in leaves suggest a possible involvement of SIMIXTA-like in responses to
stresses, raising new biological questions regarding the function of MIXTA/MIXTA-like genes in

plants.

In conclusion, the work described in this chapter, complemented with the silencing assays
described in chapter 4, provides new information about the function of SIMIXTA-like in tomato,

and opens new research lines.
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Chapter 6 — Analysis of CRISPR/Cas9 tomato mutants
affecting regulators of trichome development



6.1.-Abstract

In this chapter | describe the generation of a collection of mutants by CRISPR/Cas9 of known
genes involved in trichome formation in the same genetic background, the cultivar
MoneyMaker. | selected ten target genes from the literature affecting trichome development at
different levels (structural, regulatory and hormone-related genes) and | managed to generate
mutant for five of these genes (Woolly, CD2, SIMX1, Hairless and DWARF). | revisited the
phenotypes observed in these lines and added new observations to the current model for

trichome development in tomato.

6.2.-Introduction.

6.2.1.-Trichome development in tomato: key players at different levels.

Trichomes in tomato are multicellular and have different morphologies and metabolic activities
(Simmons and Gurr, 2005). Their development is a complex process that involves many different
players working at different levels including regulation of trichome initiation, cell expansion and
division, identity determination and the integration of trichome formation and function in

complex signalling networks in response to environmental and developmental stimuli.

Initiation is the first step in trichome development, in which a protodermal cell is selected to
undergo differentiation into a trichome (Hulskamp, 2004). This involves modulations in the
transcriptome of the cell that lead to the next steps of trichome development, with cell
expansion in the plane perpendicular to the epidermal surface and subsequent cell division, in
the case of multicellular trichomes. The processes of trichome initiation and development need
to occur in harmony with the development of other cell types in the aerial epidermis to ensure
the adequate patterning of stomata, pavement cells and trichomes (Glover, 2000). It is not clear
at which stage different trichome types are determined, but anatomical studies of the
ultrastructure of type VI trichomes indicate that, in the initial steps of cell initiation, all trichome
types are indistinguishable in tomato (Bergau et al., 2015). The similar structures of type IV -
glandular- and type V -non-glandular- trichomes (and probably type | and type Il, which are
bigger versions of these, respectively) suggests that their identities are determined after several
cell division cycles and that these trichome types likely share a common ontogenesis
(Vendemiatti et al., 2017), while type VI and VIl are recognisable after the first asymmetrical
division (Bergau et al., 2015). Finally, all the steps of trichome development are influenced by
external and internal stimuli, including biotic and abiotic stresses and plant age and organ, which
normally elicit responses integrated through hormonal signalling cascades. For example,
jasmonate, cytokinins, gibberellins and brassinosteroids increase trichome density in tomato,
affecting different trichome types in different ways (Campos et al., 2009, Maes and Goossens,

2010).
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In tomato, genes involved in most of the stages of trichome development have been identified
and characterised to different extents. For example, SIMX1, a MIXTA transcription factor, and
Woolly, a class IV HD-ZIP transcription factor, are considered to be regulators of trichome
initiation which therefore control the determination of trichome density in aerial tissues (Yang
et al.,, 2011a, Ewas et al.,, 2016, Ewas et al., 2017). SITRY, the homolog of TRYPTICON in
Arabidopsis, which controls trichome and root hair patterning, is functionally equivalent to
AtTRY when expressed in Arabidopsis (Tominaga-Wada et al., 2013). In the work described in
this thesis, | have characterised two members of the MIXTA-like MYB transcription factor family
as regulators of trichome initiation in leaves (SIMIXTA-like and SIMX2, see chapter 4 and 5),
although they have distinct functions and SIMIXTA-like also controls conical cell formation in

tomato.

These regulatory genes therefore control the expression of structural genes involved in cell
expansion, which probably include unidentified expansins and cell-wall related enzymes
(Marowa et al., 2016), as well as regulators of cytoskeleton dynamics, as it is the case of the
gene responsible for the hairless mutation (Kang et al., 2010a). Hairless encodes a member of
the WAVE complex, SRA1, which establishes branching points in the actin filaments and is
essential for maintaining the erect structure of trichomes (Kang et al., 2016). An aquaporin-like
gene has been identified as the locus affected in the dialytic mutant, which has aberrant forked
trichomes (Chang et al., 2016), and this aquaporin-like protein is probably involved in cell
expansion. Trichome development also involves cell division in tomato, and this seems to be

regulated by a cyclin, SICycB2 (Yang et al., 20113, Gao et al., 2017).

Regulation of trichome type determination is unclear. For example, Woolly, SIMX1 and HAIR
(encoding a C2H2 zinc finger transcription factor) have been reported to regulate mainly type |
trichome density (Yang et al., 2011a, Ewas et al., 2017, Chang et al., 2018), and CD2, another
HD-ZIP IV gene, showed a decrease in type VI trichomes when mutated (Nadakuduti et al., 2012).
Finally, many genes involved in hormone signalling have been studied in relation to their impact
on trichome development. This is the case of SIIAA15, a repressor of auxin-signalling genes,
which affects total trichome density (Deng et al., 2012) or Auxin Response Factor 3 (SIARF3)
which can also regulate total trichome density (Zhang et al., 2015), indicating a major role for

auxin in trichome development.

The complicated network which regulates trichome development in tomato is starting to be
unravelled. The current understanding of regulation of trichome development is summarises in
Fig. 6.1. Some regulators are involved in several of the stages (SIMX1 and Woolly control both
trichome initiation and identity) and some others are probably restricted to specific organs or

environmental conditions. A full characterisation of all these genes using mutants generated by
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Non-trichome cell Trichome initial

Figure 6.1.-Model for transcriptional regulation of trichome development in tomato. Initiation
is activated by SIMX1 and the Woolly-HAIR-SICycB2 complex. This complex can also regulate type
| trichome morphogenesis. CD2 controls type VI trichome morphogenesis. SITRY is a negative
regulator of trichome initiation and might act as the R3 MYB genes in Arabidopsis. Positive
interactions are indicated with an arrow line and negative interactions with a T-shaped line.
Question marks indicate possible interactions that have not been proved experimentally. Fine-

dashed arrow indicate cell-to-cell movement. This figure appeared in chapter 1 as Figure 1.8.
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genome editing in the same background will provide new insights into trichome development in

tomato.

6.2.2.-CRISPR/Cas9 as a tool for genome editing.

The CRISPR/Cas9 system was developed in 2013 as a tool for genome editing and it has been
used for editing in many eukaryotic species (Rath et al., 2015). The CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) locus was initially identified in bacteria (Ishino et al.,
1987, Mojica et al., 2005) as a number of repeated sequences with spacing sequences with a
high homology to exogenous DNA, mostly from viruses (Bolotin et al., 2005). This locus can be
transcribed into a CRISPR RNA (crRNA) molecule, which is used by the CRISPR-associated
proteins (Cas) to degrade target nucleic acids from the virus (Rath et al., 2015). The system is
present in most Archaea and in a big proportion of bacteria (Grissa et al., 2007), which use it as

a defence system.

For genome editing, synthetic small guide RNAs (sgRNAs) containing 20 nt of the target sequence
to edit are generated, which can acquire the secondary structure required for recognition by the
Cas9 protein, a specific Cas protein which produces a single doubled-stranded break in the target
nucleotide sequence (Jinek et al.,, 2012). Mutations resulting from the activity of the Cas9
depend on the mechanisms of repair of the double-stranded breaks in DNA, and two pathways
exist: nonhomologous end-joining (NHEJ), which binds the ends of the broken strands, generally
creating small deletions, or homologous recombination (HR), which uses a homologous
sequence as a template for DNA synthesis (Chapman et al., 2012). This latter mechanism can be
exploited to introduce any exogenous DNA using homologous sequences, although the low
frequency of this reparation system in plants limits its applicability (Liu et al., 2017). The ability
to generate small deletions via NHEJ repair in the coding sequence of genes of interest can be
used to obtain knock-out genome-edited (GE) mutants for genes of interest at high frequency in
tomato. Due to its high specificity, CRISPR/Cas9 genome editing provides an excellent tool to
generate targeted mutants. However, there is an accompanying risk of generating off-target

mutations which can mask or confuse the phenotype of interest.

The CRISPR/Cas9 system has been used successfully to obtain edited plants in many species (Liu
et al.,, 2017), including tomato. Some examples include editing of SIIAA9 to produce
parthenocarpic tomatoes (Ueta et al., 2017) and mutation of the RIN locus of tomato, which
regulates ripening (Ito et al., 2015). In this chapter, | describe the generation of CRISPR/Cas9
edited mutants of genes known to be involved in trichome development in tomato in the same
MoneyMaker genetic background. My aim was to get a collection of mutants which can be

compared directly for their roles in trichome development and used for interaction assays by
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generation of multiply mutant lines by crossing different mutants of interest. In this way, | was

able to revisit the functional characterisation of these genes.

6.3.-Methods.

6.3.1.-Selection of target genes for edition.

Regulatory, structural and signalling genes known for their roles in trichome development in
tomato were selected from the literature (Table 6.1). DWARF has not been described as having
a direct effect on trichomes, but the end product of the reaction catalysed by the enzyme
encoded by DWARF, brassinolide, is an active brassinosteroid, and brassinosteroids have been
associated to modulation of trichome density (Campos et al., 2009). Genomic sequences for
each gene were retrieved from the SolGenomics Network website (Fernandez-Pozo et al.,

2015a) and gene models were built using Vector NTI (Thermo Fisher Scientific, USA).

6.3.2.-Generation of CRISPR/Cas9 GE plants.

For each gene selected for genome editing (Table 6.1), | selected two specific sgRNAs using the
CRISPRdirect website (Naito et al., 2015) with NGG as the PAM sequence. The 20 nt-long guide
sequences were incorporated in the pICSL002218A plasmid (TSLSynBio, Norwich, UK) using the
Golden Gate digestion-ligation procedure described in chapter 2. Primers and plasmids
generated are shown in appendices 1 and 2 respectively. The constructs were transformed in
Agrobacterium tumefaciens strain AGL1 and transformed into tomato cv. MoneyMaker
following the procedure described in chapter 2. TO plants for each transformation were
genotyped by PCR using the primers shown in appendix 1 and the Phire Kit (see chapter 2). PCR
products were sequenced to determine the incidence of mutations in the target sequence. PCR
products of heterozygous and biallelic lines were cloned into the TOPO Zero Blunt plasmid
(Thermo Fisher Scientific, USA) and each allele was sequenced separately. Sequences were
analysed using Geneious 9.0.5 (www.geneious.com) Homozygous T1 plants were used for

analysis unless otherwise stated.

6.3.3.-Evaluation of epidermal phenotypes.

For quantitative analysis of Woolly and SIMX1 edited lines, plants were grown alongside
MoneyMaker controls for 4 weeks at an average temperature of 20-22 °C. The terminal leaflet
of the first fully expanded leaf of three or four plants per line were excised and leaf sections of
0.5 x 0.5 cm were used for cryo-SEM imaging of their adaxial surface (see details in chapter 2).
For trichome, stomata and pavement cell quantification, 8-15 micrographs of approximately 0.3
mm? were counted manually. For analysis of trichome types, 2.6 mm? of 3 young leaves per plant
were assessed, with trichomes being scored according to the established classification (Simmons

and Gurr, 2005). Trichome and stomatal density were expressed as percentage of total
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Gene ID Reference
SITIP4 Solyc08g066840 (Chang et al., 2016)
SIARF3 Solyc02g077560 (zhang et al., 2015)
DWARF Solyc02g089160 (Li et al., 2016b)
SITRY Solyc01g095640 (Tominaga-Wada et al., 2013)
CD2 Solyc01g091630 (Nadakuduti et al., 2012)
SIIAA15 Solyc03g120390 (Deng et al., 2012)
Hairless Solyc11g013280 (Kang et al., 2016)
Solyc11g013290 (Kang et al., 2016)
Woolly Solyc02g080260 (Yang et al., 2011a)
SIMX1 Solyc01g010910 (Ewas et al., 2016)
SIMYB106 Solyc04g005600 See chapter 4
SICycB2 Solyc10g083140 (Gao et al., 2017)
HAIR Solyc10g078970 (Chang et al., 2018)

Table 6.1.-Genes described as structural or regulatory genes in trichome development. For

each gene, the gene ID and source is indicated. These genes have been characterised to different

extents and were selected as candidates for the generation of CRISPR/Cas9 genome-edited

mutants.

175



epidermal cell number. Trichome-to-stomata ratio was calculated as the division of trichome
density and stomatal density. For quantification of pavement cell size in the DWARF edited line,

60 cells per line were measured using Fiji (Imagel distribution) (Schindelin et al., 2012).

6.3.4.-Evaluation of root phenotypes.

For each line under study, seeds were sterilised for 3 hours in 10% domestic bleach and plated
in MS + 3% sucrose. Plates were grown vertically for 2 weeks and plantlets were harvested for
analysis of root hairs and architecture. Root hairs were imaged using a Leica 205F

stereomicroscope (Leica, Germany).

6.3.5.-Generation of phylogenetic tree.

A phylogenetic tree was built for members of the class IV HD-ZIP transcription factor family. The
amino acid sequence of the 16 Arabidopsis thaliana genes, 15 Solanum lycopersicum genes, two
Artemisia annua genes, one Gossypium hirsutum gene, one Cucumis sativus gene and one
Cucumis melo gene were used for the analysis of evolutionary distance. Sequences were
retrieved from The Arabidopsis Information Resource (TAIR, www.arabidopsis.org) for A.
thaliana, the SolGenomics Network (SGN) (Fernandez-Pozo et al., 2015a) for S. lycopersicum,
and from the National Center for Biotechnology Information (NCBI, USA) for the remaining
species. Amino acid sequences were aligned using ClustalW and a phylogeny was built using the
neighbour-joining approach, based on the evolutionary distance computed by the JTT matrix-

based method. Bootstrap values were calculated based on 1000 bootstrap replicates.

6.3.6.-Statistical analysis.

Comparisons for trichome and stomatal density, trichome-to-stomata ratio and trichomes type
count were performed using a t-test between the control MoneyMaker values and the edited
line under study. Significant differences were considered when the p-value was <0.05. The
analyses were performed using R software (ver. 3.2.2; R Core Team, Vienna, Austria).
6.3.7.-Transcriptomic data retrieval.

The tissue-specific expression profiles of specific genes in S. lycopersicum cv. M82 and the
expression level in the leaves of S. pennellii ILs were retrieved for Woolly, CD2, SIHDZIP-1V 7,
SIMX1, SIMX3A and SIMX3B. The tissue-specific transcriptome were obtained from (Koenig et
al., 2013) and the RNAseq data for leaves were obtained from (Chitwood et al., 2013). The
colour-coded display of gene expression used in this chapter was generated using the Tomato

eFP Browser.
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6.4.-Results

6.4.1.-Selection of genes with a known role in trichome development in tomato.

| selected a set of genes that had been previously described as structural or regulatory genes
involved in trichome development in tomato (Table 6.1). For all of them, there is evidence to
support their role, although the depth of the functional characterisation varies, ranging from
limited functional knowledge (marker-assisted mapping and differential expression) to very
detailed characterisation (overexpression and silencing, coupled with identification of
interacting partners). | decided to generate genome-edited (GE) mutants for these genes using
CRISPR/Cas9, to gain better insights into their functions. | managed to generate mutants for

Woolly, SIMX1, Hairless, DWARF and CD2 in the time available during my PhD.

6.4.2.-Analysis of Woolly genome-edited mutants.

Woolly is a Homeodomain leucine-zipper (HD-ZIP) IV transcription factor, containing a HD DNA-
binding domain and a START domain. The Woolly coding sequence is relatively long, 2532 bp
split between 11 exons (Fig. 6.2A). | chose 2 sgRNAs for genome editing which targeted
sequences in the fourth exon, which encodes the DNA-binding domain of the transcription factor
(Fig. 6.2A). | generated six mutant alleles, with variable deletion sizes (4 bp, 7 bp, 8 bp, 9 bp, 10
bp and 14 bp) (Fig. 6.2B). Interestingly, all deletions were caused by the activity of the second
sgRNA, and no mutations around the expected target region of the first sgRNA were observed
(Fig. 6.2B). | selected three independent lines homozygous for three mutated alleles (GE #2, #3
and #5, respectively) for further analysis. The product of the mutated alleles consisted of
truncated proteins, as the deletions caused frameshifts in protein translation leading to early
stop codons. In all the truncated versions, the DNA-binding domain was still present (Fig. 6.3).
The peptide length ranged from 226 to 231 aa in the mutated proteins compared to the 752 aa

long Woolly WT protein.

The GE plants harbouring deleterious alleles each had a hairless-like appearance, with an almost
complete absence of long type | trichomes in stems or leaves (Fig. 6.4). On top of this effect on
trichome length, the Woolly GE lines had fewer trichomes on leaves, with the first true leaf
showing almost no trichomes compared to MoneyMaker WT plants (Fig. 6.5). | analysed
guantitatively the epidermis of two GE lines (#2 and #3), and in both, trichome density was
significantly lower than in MoneyMaker (Fig. 6.6A). Stomatal density showed no difference
between Woolly GE lines and MoneyMaker (Fig. 6.6b). Finally, the trichome-to-stomata ratio
was lower in the GE lines compared to MoneyMaker (Fig 6.6¢). No correlation was observed

between trichome and stomatal density for any of the lines.
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Figure 6.2.-Description of Woolly GE mutants generated by CRISPR/Cas9. A) Gene model of

Woolly. The orange arrows represent the gene coding sequence split between 11 different

exons. The blue vertical lines represent the sgRNAs chosen for gene editing, located in the fourth

exon. The translation start and STOP codon are shown in the model. The black line represents

non-coding sequences (promoter, UTRs and introns). B) Sequence of the genomic region edited

in the GE mutants and the reference sequence from the non-mutated gene. The PAM sequences

are underlined in red. Six different alleles were found in the mutated population.
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Figure 6.3.- Alignment of the peptide sequences of Woolly and three GE lines (#2, #3 and #5).
The Woolly WT protein is 752 aa long, and the protein in the GE lines #2, #3 and #5 are 228, 226
and 231 aa long respectively. The homeobox DNA-binding domain is shown in the black box. The

START domain is absent in the GE lines.

179



MoneyMaker

MoneyMaker Woolly GE #2

Figure 6.4.- Stem and leaves from S. lycopersicum cv. Moneymaker and Woolly genome-edited
line #2. A) Close up view of a control MoneyMaker stem. B) Close up view of a Woolly GE #2
stem. C) Close up view from a control MoneyMaker leaf (left) and a Woolly GE #2 leaf (right).

Long type | trichomes were almost completely absent in Woolly GE #2.
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Figure 6.5.- Adaxial leaf surface of control S. lycopersicum cv. Moneymaker and Woolly
genome-edited line #2. A) Micrograph of the surface of a control MoneyMaker leaf. B)
Micrograph of the surface of Woolly GE #2 line. Trichome density was dramatically reduced in

line GE #2. Scale bars are shown in each micrograph.
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Figure 6.6.-Quantification of epidermal structures in Woolly GE leaves and control tomato
leaves. A) Trichome density, expressed as percentage of total epidermal cells, in control leaves
(blue bar) and leaves from two independent GE lines (green bars). B) Stomatal density,
expressed as percentage of total epidermal cells, in control leaves (blue bar) and leaves from
two independent GE lines (orange bars). C) Trichome-to-stomata ratio of control tomato leaves
(blue bar) and two independent GE lines. Values are expressed as mean=SEM of n=3. Two starts
indicate a p-value<0.05 and three stars indicate a p-value<0.01 according to a t-test between

the corresponding GE line and the control value.
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| also observed a dramatic reduction of root hair density and length in Woolly GE lines #2 and #3

compared to MoneyMaker roots (Fig. 6.7).

6.4.3.-Analysis of Hairless genome-edited mutants.

Hairless is the tomato homolog of the conserved Specifically Rac1-Associated protein (SRA1), a
member of the WAVE regulatory complex (WRC) that orchestrates the formation of the actin
cytoskeleton. The Hairless gene maps to two annotated genes in the tomato genome (Table 6.1),
one corresponding to the N-terminus (Solyc11g013280, Fig. 6.8A) and C-terminus
(Solyc11g013290) of SRAL. The combined genomic region of the two loci is over 46 kb long and
has 30 exons. | focused on generating mutants targeting the first locus, which consists of 19
exons. | selected sgRNAs located in the second exon of Solyc11g013280 to generate a complete
knock-out mutant (Fig. 6.8A). | generated only one Hairless GE plant, which was biallelic,
harbouring two different alleles: the allele GE #1 had two small deletions (6 bp and 2 bp), and
the allele GE #2 had two similar deletions (6 bp and 5 bp) (Fig. 6.8B). In this case, the activity of
both sgRNAs caused deletions (Fig. 6.8B). Each mutated allele caused a two-amino acid deletion
(first 6bp deletion) in the SRA1 protein and a translation frameshift. In both alleles, the
translation frameshift gave rise to early stop codons (Fig. 6.9). Therefore, the proteins encoded
by the edited Hairless alleles were 62-63 aa long in the GE line compared to the 915 aa-long WT

protein, leading to a complete knock-out of Hairless (SRA1) in this plant.

The Hairless GE plant showed a clear phenotype in terms of trichomes, with an apparent
absence of long type | trichomes, similar to the visual phenotype observed for the Woolly GE
lines (Fig. 6.10). The Hairless mutation also caused sterility, with an inability to produce fruit.

Therefore, this plant is currently only propagated vegetatively.

| analysed the epidermis of Hairless GE leaves and observed swollen, deformed trichomes (Fig.
6.11). All trichome types were present, including distorted type | trichomes, and all the types
were affected in the same way and were unable to stay erect perpendicular to the leaf surface.
The lack of T1 seeds prevented further quantitative characterisation of the Hairless mutant, but
my preliminary assessment does not indicate that there are differences in terms of trichome
density between the GE line and MoneyMaker (Fig. 6.11). Consequently, Hairless is required for
the establishment of trichome morphology and edited plants are not, in fact, hairless. Therefore,

Hairless is unlikely to be involved in trichome initiation.

6.4.4.-Analysis of DWARF genome-edited mutants.
The DWARF locus encodes the tomato brassinosteroid-6-oxidase 2, which catalyses the last

reaction in the biosynthesis of brassinolide. The coding sequence of DWARF is 1659 bp long
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Figure 6.7.- Root phenotype of Woolly GE lines and MoneyMaker control plants. A and B) Roots
of Woolly GE plants. C and D) Roots of MoneyMaker plants. The Woolly GE lines showed a huge
reduction in root hair density, and root hair length seemed to be compromised in those root

hairs that could be found
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Figure 6.8.-Description of Hairless GE mutant generated by CRISPR/Cas9. A) Gene model of
Hairless (Solyc11g013280). The orange arrows represent the gene coding sequence split in 19
different exons. The blue vertical lines represent the chosen sgRNAs for gene edition, located in
the second exon. The translation start and STOP codon are shown in the model. The black line
represents non-coding sequences (promoter, UTRs and introns). B) Sequence of the genomic
region edited in the GE mutant and the reference sequence from the non-mutated gene. The
PAM sequences are underlined in red. Two different edited alleles were found in the mutant

plant.
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Figure 6.9.-Alignment of the peptide sequences of Hairless and the product of two GE alleles

(#1 and #2). The Hairless (Solyc11g013280) WT protein is 915 aa long, and the product of the GE

alleles #1 and #2 are 63 and 62 aa long respectively.
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Moneymaker

Figure 6.10.-Stem from S. lycopersicum cv. Moneymaker and Hairless genome-edited line. A)
Close up view of a control MoneyMaker stem. B) Close up view of Hairless GE stem. The

appearance of the traditional hairless mutant was observed in this GE line.
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Figure 6.11.-Adaxial leaf surface of control S. lycopersicum cv. Moneymaker and Hairless
genome-edited line. A) Micrograph of the surface of a control MoneyMaker leaf. B) Micrograph
of the surface of Hairless GE line. In the GE line, trichomes have aberrant morphologies with
swollen cells and inability to stay erect. This phenotype is similar to that observed in the
traditional hairless mutant (Kang et al., 2010a). Scale bars are shown in each micrograph. The

distortions affect all trichome types.
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which is split between nine exons (Fig. 6.12A). | chose two sgRNAs that targeted DNA in the
second exon to generate mutations at the beginning of the coding sequence. | obtained one GE
line with one mutated allele with a 5 bp deletion caused by the activity of the first sgRNA (Fig.
6.12B). No deletions were observed as a consequence of the activity of the second sgRNA. The
deletion caused a translation frameshift which led to an early STOP codon. The mutant protein
was 110 aa long compared to the DWARF WT protein, which is 464 aa long (Fig. 6.12C).
Heterozygous plants had a WT-like phenotype, but homozygous T1 plants showed a severe
DWARF phenotype (Fig 12). This consisted of a reduction in height and vegetative organ size,
accompanied by leaf curling and wider stems (Fig. 6.13). A general delay in growth and fruit
ripening was observed. Flowers also showed signs of dwarfism (Fig. 6.14), but fruits had a size
similar to MoneyMaker fruits (Fig. 6.15). The DWARF GE plants preserved the indeterminate
growth trait observed in MoneyMaker plants (Fig. 6.16).

| analysed the leaf epidermis to determine the effect of the mutation in DWARF GE plants on
trichome development. | observed a similar trichome density in the first true fully expanded leaf
to that of MoneyMaker controls (Fig. 6.17A and B). The extreme curling of the leaf in DWARF GE
leaves complicated the quantitative assessment of trichome and stomatal density, so | could not
perform a clear characterisation. However, my visual inspection of the leaf epidermis indicated
that the mutation did not have a substantial effect on trichome density or on individual trichome
types, as all types of trichomes were observed in the DWARF GE plants (Fig. 6.17C and D). As cell
size is affected in brassinosteroid mutants, | measured the pavement cell size in DWARF GE and

MoneyMaker leaves. | observed a significantly lower pavement cell size in the GE line (Fig. 6.18).

6.4.5.-Analysis of SIMX1 genome-edited mutants.

SIMX1 is a MYB transcription factor belonging to the MIXTA/MIXTA-like family. The SIMX1 coding
sequence is 1005 bp long, and it is split into three exons (Fig. 6.19A). | selected two sgRNAs
targeting the beginning of the gene, with the first sgRNA lying in the first exon and the second
one just at the beginning of the first intron (Fig. 6.19A). | obtained two SIMX1 GE lines. SIMX1
GE #1 had a 30 bp deletion caused by the activity of both sgRNAs and a complete deletion of the
region delimited by them. SIMX1 GE #2 had two small deletions around the first and second
sgRNAs, of 4 bp and 1 bp respectively (Fig. 6.19B). The mutated allele in SIMX1 GE #1, encoded
a protein lacking 10 aa around the N-terminus, where the MYB DNA-binding domain is located,
with the rest of the protein remaining unaffected. This allele was denominated siImx1A10. The
mutation in SIMX1 GE #2 caused a translational frameshift and an early STOP codon generating
a truncated protein of 33 aa of length compared to the 334-aa long SIMX1 WT protein. This allele
was denominated simx1 (Fig. 6.19C). In the T1 generation, | found homozygous plants carrying

the simx1A10 allele (simx1A10/simx1A10), which were selected for further analysis. However,
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Figure 6.12.-Description of the DWARF GE mutant generated by CRISPR/Cas9. A) Gene model
of DWARF. The orange arrows represent the gene coding sequence split between nine exons.
The blue vertical lines represent the sgRNAs chosen for gene editing, located in the second exon.
The translation start and STOP codons are shown in the model. The black line represents non-
coding sequences (promoter, UTRs and introns). B) Sequence of the genomic region edited in
the GE mutant and the reference sequence from the non-mutated gene. The PAM sequences
are underlined in red. C) Predicted sequence of the mutated protein in the GE line (111 aa) and

the DWARF WT version (464 aa).
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DWARF GE MoneyMaker

Figure 6.13.-Phenotype of a DWARF genome-edited plant (left) and a S. lycopersicum cv.
MoneyMaker control plant. Plants were 6 weeks old when the picture was taken. The DWARF

GE plant exhibited acute dwarfism, with reduced height, reduced organ size and leaf curling.
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Figure 6.14.- Flowers in DWARF GE plants. Flowers in the DWARF GE plants showed a dwarf
phenotype, with a reduction in the size of the floral whorls. The dwarf phenotype did not cause

sterility and plants were fertile.
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B DWARF GE

Figure 6.15.-Fruits in DWARF GE plants. A) Green and ripening fruits on a DWARF GE plant. B)
DWARF GE and MoneyMaker fruits. Fruit size was not affected by the severe dwarfism of the GE
plants, with mature fruits being of a similar size to the ones produced by MoneyMaker WT

plants.
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Figure 6.16.- Mature DWARF GE plant. DWARF GE plants conserved the indeterminate growth
style observed in the cultivar MoneyMaker. Therefore, absence of brassinosteroids did not

affect the indeterminacy of growth.
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Figure 6.17.-Adaxial leaf surface of control S. lycopersicum cv. Moneymaker and DWARF
genome-edited line. A) Micrograph of the adaxial surface of the first fully-expanded true leaf of
a control MoneyMaker plant. B) Micrograph of the adaxial surface of the first fully-expanded
true leaf of a DWARF GE plant. C) Micrograph of the adaxial surface of a young MoneyMaker
leaf. D) Micrograph of the adaxial surface of a young DWARF GE leaf. Scale bars are shown in

each micrograph, with A and B, and C and D taken at the same magnification.
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Figure 6.18.-Pavement cell size in DWARF GE and MoneyMaker leaves. Cell size was measured
as the surface of the pavement cells in the first true fully expanded leaf of three plants per line.
Values are meanzSEM of n=60 per line (n=20 per plant). Three stars indicate a significant

difference between the control and DWARF GE values (p-value<0.01).
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Figure 6.19.-Description of SIMX1 GE mutants generated by CRISPR/Cas9. A) Gene model of
SIMX1. The orange arrows represent the gene coding sequence split between three exons. The
blue vertical lines represent the sgRNAs chosen for gene editing, located in the first exon and
the beginning of the first intron. The translation start and STOP codons are shown in the model.
The black line represents non-coding sequences (promoter, UTRs and introns). B) Sequence of
the genomic region edited in the GE mutants and the reference sequence from the non-mutated
gene. The start codon is underlined in black. The PAM sequences are underlined in red. C)
Predicted sequence of the mutated proteins in the GE lines (325 and 34 aa, respectively) and

the SIMX1 WT version (335 aa).
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no homozygous plants carrying the allele simx1 were found in the T1 generation. Therefore,

heterozygous plants (SIMX1/sImx1) were selected for further analysis.

| observed a remarkable reduction in trichome density in SIMX1 GE #2 lines (SIMX1/slmx1), even
though they were heterozygous with a WT allele, noticeable in stems and leaves (Fig. 6.20). GE
lines showed a slight dwarfism, with delayed growth, reduced height and leaf curling (Fig. 6.20C
and 6.21). Leaf shape was also affected, with rounder leaflet edges (Fig. 6.20C). Interestingly,
hypocotyls were much hairier than vegetative stems (Fig. 6.21). The same phenotype was
observed for the SIMX1 GE #1 line (simx1A10/slmx1A10) (not shown). | compared the epidermal
phenotype of SIMX1 GE and MoneyMaker leaves. An overview of the leaf surface showed an
apparent decrease in trichome density, especially remarkable in veins for both GE lines (Fig.
6.22). | found all trichome types in the SIMX1 GE lines. | quantified trichome density in
MoneyMaker and SIMX1 GE #1 (simx1A10/sImx1A10) plants and observed a significant
reduction in trichome density in the mutant line (Fig. 6.23A). Stomatal density was not
significantly higher, although we observed a trend to higher stomatal density values in the GE
#1 (sImx1A10/sImx1A10) line (p-value=0.09) (Fig. 6.23B). | observed a significant reduction in
the trichome-to-stomata ratio in the GE #1 (s/Imx1A10/simx1A10) line (Fig. 6.23C). | did not
observe correlation between TD and SD for this data set. Similar results were observed for the
SIMX1 GE #2 line (SIMX1/sImx1 genotype), with a significant reduction in trichome density (Fig.
6.24). Interestingly, the reduction in trichome density in the two SIMX1 GE lines was mainly due

to a reduction in the number of non-glandular type V trichomes (Fig. 6.25).

6.4.6.-Analysis of CD2 genome-edited mutants.

The CD2 locus in tomato encodes a homeodomain leucine zipper (HD-ZIP) IV transcription factor
with a HD DNA-binding domain and a START domain, similar to the structure of Woolly. The
coding sequence of CD2 is 3 kb long and it is split between nine exons. | selected two sgRNAs
targeting the DNA-binding domain located in the fourth exon (Fig. 6.26A). | could generate only
one CD2 GE line, which had a 1bp insertion in the region targeted by the second sgRNA. The first
sgRNA did not cause any mutations (Fig. 6.26B). This 1 bp insertion caused a translation
frameshift that led to an early STOP codon and a truncated protein as a result of the mutation.
The truncated protein is 225 aa long compared to the 821 aa-long CD2 WT protein (Fig. 6.26C).
The truncated CD2 GE protein preserved the DNA-binding domain. The GE allele was found in
heterozygosity in the TO, and no T1 seeds were obtained in the time available for my thesis to
perform detailed analyses of the epidermis in homozygous GE plants. Leaves of the GE plant
(CD2/cd2 genotype) showed a glossy phenotype due to defects in cuticle formation (Fig. 6.27).

Preliminary investigation by SEM of the leaf surface showed that the density of type VI trichomes
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MoneyMaker

SIMX1 GE #2 MoneyMaker

Figure 6.20.-Stem and leaves from S. lycopersicum cv. Moneymaker and SIMX1 genome-edited
line #2 (SIMX1/slmx1). A) Close up view of a control MoneyMaker stem. B) Close up view of a
SIMX1 GE #2 stem. C) Close up view from a control MoneyMaker leaf (right) and a SIMX1 GE #2
leaf (left). Trichome density of type | trichomes was noticeably lower in the GE heterozygous

line.
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MoneyMaker SIMX1 GE #2

“Pooz
Y

Figure 6.21.-Phenotype of a S. lycopersicum cv. Moneymaker control plant (left) and a SIMX1
GE #2 plant (right). Plants were 5-week-old when the picture was taken. The SIMX1 GE #2 plants
exhibited signs of dwarfism (delayed growth, reduced height, leaf curling). Hypocotyls (marked

with a white line) had a hairy, wild type-like phenotype.
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| SIMX1 GE #1

100 um - : MonreyMaker 100 um ~ SIMX1 GE #2

Figure 6.22.-Leaf surface of control S. lycopersicum cv. Moneymaker and SIMX1 genome-
edited lines #1 (simx1410/simx1A10) #2 (SIMX1/sImx1). A) and C) Micrographs of the adaxial
surface of control MoneyMaker leaves, grown alongside SIMX1 GE #1 and #2 respectively. B)
Micrograph of the adaxial surface of SIMX1 GE #1 line. D) Micrograph of the adaxial surface of
SIMX1 GE #2 line. Imaged leaves were collected from 5-week-old plants. Scale bars are shown
in each micrograph, both taken at the same magnification. A clear reduction in trichome density

is observed in leaves and stems in the SIMX1 GE #1 and #2 lines.
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Figure 6.23.-Quantification of epidermal structures in SIMX1 GE #1 (simx1A10/simx1A10)
leaves and control tomato leaves. A) Trichome density, expressed as percentage of total
epidermal cells, in control leaves (blue bar) and leaves from line SIMX1 GE #1 (green bar). B)
Stomatal density, expressed as percentage of total epidermal cells, in control leaves (blue bar)
and from line SIMX1 GE #1 (orange bar). C) Trichome-to-stomata ratio of control tomato leaves
(blue bar) and line SIMX1 GE #1 (pink bar). Values are expressed as mean+SEM of n=3-4. Two

starts indicate a p-value<0.05 according to a t-test between the GE line and the control value.
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Figure 6.24.- Quantification of epidermal structures in SIMX1 GE #2 (SIMX1/slmx1) leaves and
control tomato leaves. A) Trichome density, expressed as percentage of total epidermal cells,
in control leaves (blue bar) and leaves from line SIMX1 GE #2 (green bar). B) Stomatal density,
expressed as percentage of total epidermal cells, in control leaves (blue bar) and from line SIMX1
GE #2 (orange bar). C) Trichome-to-stomata ratio of control tomato leaves (blue bar) and line
SIMX1 GE #2 (pink bar). Values are expressed as meantSEM of n=3. Two starts indicate a p-

value<0.05 according to a t-test between the GE line and the control value.
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Figure 6.25.-Trichome count of different trichome types in young leaves from MoneyMaker

and SIMX1 GE #1 (sImx1410/sImx1A10) and #2 (SIMX1/sImx1) plants. The blue bars represent

MM values and the green bars represent SIMX1 GE #2 values. Trichome count was calculates as

the number of trichomes in an area of approximately 2.6 mm? of the adaxial surface of either

MM o SIMX1 GE #2 leaves (n=3 per line). Three stars indicate a significant difference (p-

value<0.01) between lines, according to a t-test. Type V density was the only individual type

significantly affected by the SIMX1 mutation, which also affected the total count. Trichomes

were grouped according to the classification in Luckwill, 1943.
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Figure 6.26.-Description of the CD2 GE mutant generated by CRISPR/Cas9. A) Gene model of
CD2.The orange arrows represent the gene coding sequence split between nine different exons.
The blue vertical lines represent the sgRNAs chosen for gene editing, located in the fourth exon.
The translation start and STOP codon are shown in the model. The black line represents non-
coding sequences (promoter, UTRs and introns). B) Sequence of the genomic region edited in
the GE mutant and the reference sequence from the non-mutated gene. The PAM sequences
are underlined in red. C) Predicted sequence of the mutated protein in the GE line (225 aa) and

the CD2 WT version (821 aa).
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Figure 6.27.-Leaves from S. lycopersicum cv. Moneymaker and CD2 genome-edited line
(CD2/cd2). A) Young CD2 GE (left) and MoneyMaker (right) leaves. B) Close up view of a control

MoneyMaker leaf. C) Close up view from a CD2 GE leaf. CD2 GE leaves had a glossy surface.
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was reduced in the heterozygous line, but the total trichome density appeared to be

substantially higher than WT controls (Fig. 6.28).

6.5.-Discussion.
6.5.1.-Genome editing of HD-ZIP IV genes affect trichome density and trichome type

distribution.

Among the genes known to be involved in trichome development in tomato (Table 6.1), two of
them are homeodomain leucine-zipper (HD-ZIP) IV transcription factors: Woolly (Yang et al.,
2011a) and CD2 (Nadakuduti et al., 2012). HD-ZIP transcription factors are found only in plants,
and their DNA binding domain consists of a homeobox domain followed by a leucine-zipper
motif that is used for dimerization with other proteins (Ariel et al., 2007). Four different
subfamilies have been described for the HD-ZIP factors, according to the protein domains
present in the C-terminal region and their function (Ariel et al., 2007, Elhiti and Stasolla, 2009).
Subfamily IV, which includes Woolly and CD2, has a steroidogenic acute regulatory protein-
related lipid transfer (START) domain in the C-terminal region (Elhiti and Stasolla, 2009). No
specific lipid ligands have been identified in plants (Schrick et al., 2004), although the need for a
ligand for functional activity has been reported by heterologous expression in yeast (Schrick et
al., 2014) and correct functioning of HD-ZIP IV genes seem to be related to biosynthesis of fatty

acids and sterols (Lung et al., 2018).

The function of described HD-ZIP IV transcription factors is often related to epidermal
development. In Arabidopsis, 16 HD-ZIP IV genes have been identified (Nakamura et al., 2006).
GLABRA2 (GL2) was the first HD-ZIP IV identified as a negative regulator of root hair
development (Masucci et al., 1996) and as a positive regulator of trichome expansion (Rerie et
al., 1994). Two HD-ZIP IV genes, PROTODERMAL FACTOR 2 (PDF2) and MERISTEM LAYER 1
(ATM1) are necessary for development of the epidermal layer, as evidenced by the lack of
epidermis in double mutants in Arabidopsis (Abe et al., 2003). HDG1 is involved in cuticle
regulation (Wu et al., 2011). ANTHOCYANINLESS 2 is another member of this family with a role
in anthocyanin biosynthesis in subepidermal layers and in root development (Kubo et al., 1999).
HDG?2 is highly expressed in stomatal meristemoids and is essential for stomatal patterning
(Peterson et al., 2013). The high number of genes in the subfamily and their relatively specialised
functions in the development of epidermis causes a high degree of redundancy in the family,

and most single mutants do not develop strong phenotypes (Ariel et al., 2007).

The role of HD-ZIP IV genes in development of multicellular trichomes has been described for
several species. For example, in Artemisia annua, two HD-ZIP IV genes regulate trichome
initiation, AaHD1 (Yan et al., 2017) and AaHD8 (Yan et al., 2018). AaHD8 binds AaMIXTA1, a MYB

protein from the MIXTA/MIXTA-like subfamily, and thus regulates the expression of AaHD1 (Yan
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Figure 6.28.-Adaxial leaf surface of control S. lycopersicum cv. MoneyMaker and the CD2
genome-edited line. A and C) Micrograph of the surface of a control MoneyMaker leaf. B and
D) Micrograph of the surface of CD2 GE line. Scale bars are shown in each micrograph. White

arrows point type VI glandular trichomes.
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et al., 2018). In melon, CmGL is a HD-ZIP IV which regulates trichome initiation, and knock-out
mutants have completely glabrous aerial organs (Zhu et al., 2018a). In cucumber, CsGL3 has an
equivalent role, and when mutated, causes a glabrous phenotype (Pan et al., 2015). In cotton,
GhHD1 regulates fibre (trichome) initiation in seeds (Walford et al., 2012). With this general
knowledge about the function of this gene family, HD-ZIP IV seem to have a conserved function

in development of the epidermis, and more specifically trichome development.

In tomato, 15 class IV HD-ZIP genes have been described (Gao et al., 2015). Among these, only
two have been functionally characterised to some extent, Woolly and CD2 (Table 6.1). Woolly
was identified in the a mutant line that had an extremely hairy phenotype (Yang et al., 2011a).
A point mutation close to the C-terminus caused an amino acid substitution that affected the
function of the gene, promoting trichome growth in the mutant line. The mutation was
dominant, and homozygous lines were not viable and were aborted at the embryo stage (Yang
etal., 2011a). Lines overexpressing the mutated version of the gene were similarly compromised
in normal development. The use of RNAi lines to silence Woolly expression showed that the main
role of Woolly involves the promotion of long type | trichomes in tomato (Yang et al., 2011a). It
was suggested that silencing of Woolly might reduce slightly the density of all other trichome
types, apart from type |, but a proper quantification of this phenomenon was not carried out
(Yang et al., 2011a). My analysis of homozygous GE lines in this chapter confirmed these ideas.
Type | trichome formation was almost completely abolished in the GE lines (Fig. 6.4) and the
total trichome density was greatly reduced in GE leaves (Fig. 6.5 and 6.6A). Whether or not
Woolly controls specifically the production of type | trichome (which would reduce total
trichome density in KO mutants) or has a more general role in trichome initiation is not clear
from the data | have gathered so far. A more detailed analysis of mature vegetative tissues will
reveal whether other trichome types are also affected. The activity of the Woolly promoter (in
agreement with the available expression data, Fig. 6.29) in tomato revealed a high expression in
young leaves and flower buds which is in accordance with its function in trichome development
(Yang et al., 2011a). However, a low level of expression of Woolly occurs in roots (Fig. 6.29A),
and specifically in lateral root primordia (Yang et al., 2011a). Interestingly, plants overexpressing
the mutated Woolly allele did not develop lateral roots (Yang et al., 2011a). | observed a
dramatic reduction in the root hair numbers and length in the KO Woolly GE lines (Fig. 6.7),
indicating an important role for Woolly in the development of epidermis in underground tissues
too. | did not observe a clear effect of loss of Woolly activity on lateral root formation in the GE
mutant, but delays in germination and growth of the mutant complicated comparisons between
lines. This expression pattern is reminiscent of the one reported for SIMIXTA-like (see Chapter

5). Moreover, the RNAseq data available from the S. pennellii IL leaves (Chitwood et al., 2013)
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Figure 6.29.-Expression level of Woolly in different tissues and S. pennellii ILs. A) Absolute

expression level of Woolly in S. lycopersicum cv. M82 based on RNAseq data generated by

(Koenig et al., 2013). B) Relative expression level of Woolly in leaves of the S. pennellii ILs, from

the RNAseq data generated by (Chitwood et al., 2013). The images in A and B were generated

using the eFP expression browser (Winter et al., 2007).
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indicates that IL 2-6 (which showed low expression of SIMIXTA-like in Chapter 4) also showed
the lowest expression level for Woolly among all the ILs (Fig. 6.29B). These overlapping
expression patterns and related functions (both in trichome development and lateral root
development) suggest that there might be common regulatory elements governing their
expression and function. However, the fact that SIMIXTA-like is a negative regulator of trichome
initiation (see chapter 5) and Woolly is a positive regulator (Fig. 6.6A) of trichome development
raises questions about how their function can be related. The analysis of double mutants
generated by crossing the SIMIXTA-like KO line described in chapter 5 and the Woolly GE mutant

described in this chapter will help in understanding this mechanism.

Woolly interacts with the small cyclin SICycB2 (Yang et al., 2011a, Gao et al., 2017) and with the
C2H2 zinc-finger transcription factor HAIR (Chang et al., 2018). SICycB2 is a B type cyclin, proteins
which are responsible for determining the transition to the mitotic phase in the cell cycle
(Dewitte and Murray, 2003). This specific cyclin has a role in cell division in multicellular
trichomes in tomato, as shown by RNAi and overexpression of the gene in tomato (Gao et al.,
2017). Silencing of SICycB2 causes an increase in non-glandular trichome density with and a near
total absence of type | trichomes as well as the presence of aberrant multibranched trichomes.
| also observed this in my VIGS assays (see Chapter 4). Overexpression of the cyclin, however,
causes a reduction in density of all trichome types. Non-glandular trichomes were specifically
affected and were completely absent in these lines (Gao et al., 2017). These results seem to
indicate that spatiotemporal regulation of SICycB2 expression is essential for trichome
development, perhaps because all trichome of tomato are multicellular. Due to its interaction
with Woolly, and the role of Woolly in promoting type | trichome growth (and possibly trichome
initiation, as shown in Fig. 6.6A), the functionality of Woolly may be SICycB2-dependent.
However, this simple model has some contradictions because knock-out mutations of Woolly
cause a reduction in trichome density (Fig. 6.6A) while the silencing of SICycB2 causes an
increase in trichome density (Gao et al., 2017), indicating that the functions of these genes is
more complex than proposed hitherto. The development of SICycB2 GE lines and the resulting
lines from crossing these to Woolly GE mutants should help gain new insight in these processes.
However, the recent discovery of HAIR as the gene underlying the hairless phenotype in IL 10-2
(see Chapters 3 and 4) has shed new light on the process of development of type | trichomes
(Chang et al., 2018). HAIR is a C2H2 zinc finger transcription factor closely related to Arabidopsis
regulators of trichome initiation like GLABROUS INFLORESCENCE STEMS (GIS) or ZINC FINGER
PROTEIN genes (ZFP5, 6 and 8) (Zhou et al., 2012, Zhou et al., 2013, Kim et al., 2018b), especially
in the context of transition from juvenile to adult traits (Gan et al., 2006). Silencing of HAIR by

RNAi showed a phenotype very similar to that observed for the silencing (Chang et al., 2018) or
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knock-out of Woolly (Fig. 6.6), with a reduction in trichome density and complete absence of
type | trichomes. The fact that Arabidopsis genes related to HAIR are mostly functional in tissues
developed during the adult phase led me to question whether the function of Woolly in trichome
development is most relevant in mature tissues and whether the quantitative analyses
performed on the first true leaf (Fig. 6.6) were not fully representative of phenotype resulting
from knocking out Woolly. This is especially relevant as hypocotyls of IL 10-2 (which carry a
mutated version of HAIR) do not have a hairless phenotype and are indistinguishable from M82
seedlings (see Chapter 4). A more detailed analysis of mature tissues of Woolly GE lines is
currently ongoing and will provide us with new information about the role of Woolly and HAIR
in the transition to the adult phase and the impact of the knock-out of Woolly function on
different trichome types. In conclusion, HAIR, together with SICycB2 and Woolly seem to have a
role in regulation of type | trichomes. However, my data suggest that they might have a more

general role in trichome initiation and root hair development.

A different allele of Woolly, with an extra amino acid change in the C-terminus, was also
investigated by ectopic expression in Nicotiana tabacum (Yang et al., 2015). This version of
Woolly caused a massive increase in trichome density and the formation of aberrant
multicellular trichomes. RNAseq analysis of transgenic tobacco plants showed differential
expression of homologs of trichome-related genes (as the NtWoolly or NtCycB2 genes). This
might suggest that Woolly can regulate its own expression and adds to the evidence that
trichome regulatory pathways are shared between different Solanaceae species. Moreover,
both described Woolly alleles are, given the effect of the knock-out and RNAi silencing, gain-of-
function mutations in the sense that the function of the gene is enhanced. These mutations are
lethal for developing embryos when homozygous (Yang et al., 2011a), but homozygous Woolly
GE mutants showed no strong developmental deficiencies, suggesting that its function might
not be essential for embryo or plant development (Fig. 6.4) or its function can be compensated

by other HD-ZIP genes in tomato.

CUTIN DEFICIENT 2 (CD2) is another member of the class IV HD-ZIP gene family, and it has been
characterised as a regulator of cuticle synthesis and deposition, although its function seems to
concern mainly the cuticle of fruit, which has been suggested to be differentially regulated
compared to cuticle development in leaves (Nadakuduti et al., 2012). However, changes in the
alkanes and cutin monomers were observed in leaves of cd2 mutants, together with a semi-
dwarf phenotype and increased water loss (Nadakuduti et al., 2012). | observed a glossy
appearance to the leaves in my CD2 GE line (Fig. 6.27), suggesting that the mutation also affects
vegetative tissues. Interestingly, type IV trichome density was reduced greatly in cd2 mutants,

and stomatal density was also reduced. Total trichome density has not been reported for this
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mutant, and it would be useful to determine whether this gene governs trichome initiation in a
way similar to Woolly (Fig. 6.4 and 6.5) or whether this is a side effect of metabolic changes in
the epidermis. A preliminary observation of the TO line suggested that, although type VI
trichome density is reduced, total trichome density is increased (Fig. 6.28). The effect of
metabolic changes leading to changes in type VI trichome density has been reported previously,
for example in tomato plants where the MEP pathway enzyme SIDXS2 was silenced (Paetzold et
al.,, 2010) or in mutants of the phenylpropanoid pathway enzyme SICHI (Kang et al., 2014).
Moreover, my observations on water-stressed plants showed that water availability influences
the development and determination of final density of trichomes and stomata (see Chapter 7),
and these changes in trichome and stomatal density can be driven by the increase in cuticular
water loss caused by the CD2 mutation (Nadakuduti et al., 2012), which could explain a higher
total trichome density (Fig. 6.28) and lower stomatal density (Nadakuduti et al., 2012). Analysis
of T1 homozygous GE plants will assist in determining the true trichome phenotype. In any case,
a functional relationship between regulators of cuticle synthesis and deposition and trichome
development has been reported for several genes in tomato and other species. This is the case
for SIMIXTA-like, which is a positive regulator of cuticle deposition and conical cell formation
(Lashbrooke et al., 2015), and a negative regulator of trichome initiation (see chapter 5).
Moreover, SISHN3, an AP2 transcription factor which regulates fruit cuticle formation, seems to
act upstream of SIMIXTA-like, indicating that the regulation of both pathways is closely linked.
In Artemisia annua, AaMIXTA1 regulates both cuticle and trichome formation, and does this
through interactions with HD-ZIP factors (Pu et al., 2018, Yan et al., 2018). In fact, the CD2
homolog in A. annua, AaHDGS8 (Fig. 6.30), directly regulates cuticle formation and trichome
initiation by binding and activating AaMIXTAL. Perhaps the analogous interaction occurs in
tomato. This could be tested by combining the mutations of MIXTA/MIXTA-like genes and HD-
ZIP genes, by crossing the GE mutants | have generated (including the SIMIXTA-like KO mutant
generated for chapter 5). Similarly, interaction analysis of the two gene families in yeast or in
planta might provide information about the conservation level of these interaction-mediated
mechanisms in plants. The expression pattern of CD2 is reminiscent of Woolly (Fig. 6.31),
although there is a lack of detailed promoter analysis to determine spatiotemporal expression
of this gene. Moreover, the expression of CD2 in the ILs (Fig. 6.31) does not correlate with
observed changes in type VI trichome density (see Chapter 3), indicating that probably the

function of this gene is not altered in S. pennellii.

| analysed the phylogenetic relationship between tomato HD-ZIP IV genes and the ones
functionally characterised in other plant species (Fig. 6.30). The number of genes in this family

intomato is relatively large, and at least four gene duplications have been identified by sequence
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Figure 6.30.- Phylogenetic tree showing relationships between HD-ZIP class IV proteins in
tomato and other species. The amino acid sequence of HD-ZIP class IV transcription factors from
tomato (15 genes), Arabidopsis thaliana (16 genes), Artemisia annua (2 genes), cucumber (one
gene), melon (one gene) and cotton (one gene) were used to build the phylogenetic tree.
Sequences were aligned using ClustalW and the tree was built using the neighbour-joining
method, based on the evolutionary distance computed by the JTT matrix-based method. The

bootstrap values are shown for each branch (bootstrap replicates=1000).
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Figure 6.31.-Expression level of CD2 in different tissues and S. pennellii ILs. A) Absolute
expression level of CD2 in S. lycopersicum cv. M82 based on RNAseq data generated by (Koenig
et al., 2013). B) Relative expression level of CD2 in leaves of the S. pennellii ILs, from the RNAseq
data generated by (Chitwood et al., 2013). The images in A and B were generated using the eFP

expression browser (Winter et al., 2007).
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analysis (Gao et al., 2015). Different members of this gene family in Arabidopsis are redundant
in function, since most of the single mutants displayed no mutant phenotype (Ariel et al., 2007).
In fact, Woolly has a paralog in tomato on chromosome 10 (SIHDZIP-1V 7) generated by direct
duplication (Gao et al., 2015) which is likely to be functional, as it is expressed in most tissues in
a similar fashion to Woolly or CD2 (Fig. 6.32) and actually its expression is lower in IL 10-1 (Fig.
6.32), which is a line with consistently low trichome density (see chapter 3). Moreover, some of
these HD-ZIP genes encode proteins homologues to fully characterised proteins with functions
in trichome and cuticle development in other species, like SIHDZIP-IV 10 and AaHD1 (Yan et al.,
2018) or SIHDZIP-IV 4 and GL2 (Rerie et al., 1994). This evolutionary relationship (Fig. 6.30)
indicates that many of the genes are likely to work redundantly or at least in complementary
ways in controlling epidermal development and metabolism and should therefore be considered
new targets for research. The generation of CRISPR/Cas9 GE knock-out lines for these genes,
combined with crosses to generate lines with multiple mutations will be very helpful in

untangling the complex regulatory network controlled by this gene family.

In conclusion, my analysis of the newly generated GE mutants for Woolly and CD2 have helped
specify more precisely their roles in determination of trichome density (decrease of total
trichome density in Woolly GE leaves and apparent increase in trichome density CD2 GE leaves)
and trichome type (reduction of type VI glandular trichome in CD2 GE leaves that were
heterozygous for the KO allele). Moreover, | have characterised new effects of the mutations,
as the reduction in root hair density and root hair length in Woolly GE KO plants and the glossy
surface of CD2 GE heterozygous leaves. Finally, | have set out new goals for further
understanding of their functions and their interaction with other major regulators of epidermal

development.

6.5.2.-Genome editing of Hairless affects trichome morphology and causes sterility.

Hairless encodes a Specifically Racl-Associated protein (SRA1) which forms part of the WAVE
complex, a multiprotein structure responsible for actin filament formation and branching in
Eukaryotes (Chen et al., 2010). Specifically, SRA1 binds to different membrane receptors and
scaffold proteins which then stimulates actin nucleation via the Actin-related protein 2/3
complex (Arp2/3), which generates branched actin filaments (Chen et al., 2014). The phenotype
of the hairless mutant consists of the presence of bent swollen trichomes, although no effect on
trichome density or types of trichomes was observed (Reeves, 1977, Kang et al., 2016). This
trichome phenotype is similar to that observed in mutants affecting the SRA1 and Nap (another
member of the WAVE complex) proteins of Arabidopsis (Brembu et al., 2004). However, in the
case of Arabidopsis, the mutations were associated with additional developmental defects,

including leaf epinasty, reduction in chlorophyll levels, reduced seed set and deformed siliques
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Figure 6.32.-Expression level of SIHDZIP-1V 7 in different tissues and S. pennellii ILs. A) Absolute
expression level of SIHDZIP-IV 7 in S. lycopersicum cv. M82 based on RNAseq data generated by
(Koenig et al., 2013). B) Relative expression level of SIHDZIP-IV 7 in leaves of the S. pennellii ILs,
from the RNAseq data generated by (Chitwood et al., 2013). The images in A and B were

generated using the eFP expression browser (Winter et al., 2007).
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(Lietal., 2004). In comparison, the hairless mutant in tomato does not present the same growth
defects and shows only an increased stem fragility (Dempsey and Sherif, 1987, Kang et al., 2016).
This was due to the defects in the development of the secondary walls of vascular bundles,
indicating that actin dynamics might be essential to regulate the biosynthesis and deposition of
cell wall components (Stratmann and Bequette, 2016). Metabolic profiling of trichomes in the
hairless mutant of tomato showed an absence of sesquiterpenes and flavonoids typically
produced by type VI trichomes, while monoterpenes, also produced in type VI trichomes, were
still present (Kang et al., 2010a). The main difference between these metabolites is that both
sesquiterpenes and flavonoids are produced in the cytosol of type VI trichomes, while
monoterpenes are produced in plastids (Kang et al.,, 2016), which also points towards an
important role of actin dynamics in influencing metabolism in the cytosol, perhaps by limiting
the ability of the glandular cells of type VI trichomes to differentiate fully. This reduction in type
Vi-secreted molecules also had an effect on resistance to herbivory (Kang et al., 2010a), with a

lower tolerance in hairless mutants.

The reason underpinning the different phenotypes observed in Arabidopsis and tomato WAVE
complex mutants might be due to the nature of the specific mutations. In the case of tomato,
the hairless mutation is caused by a 3 kb deletion in the last exon of the SRA1 gene. The SRA1
gene is a long gene (approximately 46 kb) that spans two annotated genes in tomato
(Solyc11g013280 and Solyc11g013290, with the first one shown in Fig. 6.8) with a total of 30
exons. Therefore, it might be predicted that the mutation does not completely eliminate the
function of the SRA1 protein and maybe affects its binding affinity to specific ligands. Two
binding sites for SRA1 to interact with the Racl GTPase, activator of the WAVE complex, have
been identified (Chen et al., 2017), and both are still present in the predicted sequence of the
mutated protein in tomato. This could indicate that the activation of the Arp2/3 complex
downstream of the Racl/SRA1 interaction might still occur while other interactions with
membrane proteins are impaired, affecting the specificity of the actin dynamics in response to
external or internal stimuli. The amino acid residues identified in the interacting surface
between SRA1 and the WAVE complex interacting receptor surface (WIRS) motif (Chen et al.,
2014) are present in the mutant protein, but they lie close to the C-terminus and the early STOP
codon in the mutant (Kang et al., 2016), makes them more likely to be non-functional or at least
affected in their binding properties. In contrast, the analysed Arabidopsis mutants had T-DNA
insertions in the 5’ UTR region and the 6™ exon respectively which caused a loss-of-function

mutation (Brembu et al., 2004).

| targeted the second exon of the gene in my GE approach (Fig. 6.8) and manage to generate a

biallelic plant with two mutant alleles causing early STOP codons and a truncated protein (62 or
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63 aa long) lacking all the important interaction motifs discussed above (Fig. 6.8 and 6.9). This
line showed the hairless phenotype, with a clear visual aberrant surface (Fig. 6.10) and with
aberrant trichomes, folded and swollen like the ones observed in the hairless mutant (Fig. 6.11).
Apart from this, no other clear growth defect was observed in vegetative tissues or flowers.
However, the plant did fail to set fruit repeatedly, and showed aborted flowers in four
successively developing trusses. Thus, the mutation seems to affect either the development of
pollen and/or ovules, or they might have impaired ripening of ovaries in developing fruit. The
line is currently being propagated vegetatively and | plan to pollinate MoneyMaker flowers with
Hairless GE pollen to test whether there is a defect in pollen development or whether the
mutations can be maintained as heterozygotes for future studies of the T1 plants. Analysis of
the expression of SRA1 in tomato indicates that it is expressed throughout fruit development at
stable levels, probably indicating a constitutive function in fruits (Fernandez-Pozo et al., 2017).
However, its expression occurs in all tissues at similar levels and no aberrant phenotypes were
observed in stems or leaves (roots have not yet been analysed). The expression level of Hairless
in pollen or ovules is not reported in the main databases (SolGenomics Network, (Fernandez-
Pozo et al., 2015a)), but for Arabidopsis, the homologous gene (AtSRA1, AT2G35110) has a
relatively low expression in pollen grains both during microgametogenesis and pollen
germination but is highly expressed in the stigma and ovaries (Fig. 6.33). The stigma in
Arabidopsis is covered by papillae, which are outgrowths similar to trichomes and their
development may be impaired in the AtSRA1 mutants. In tomato, the stigma is also papillate
and it is wet in contrast to the dry stigma in Arabidopsis (Heslop-Harrison and Shivanna, 1977,
Kadej et al., 1985). The mutation in the Hairless GE line might be affecting the development of
these papillae or the production of the stigmatic secretion may be altered by the loss of Hairless
function (in an analogous way to the change in type VI trichome composition (Kang et al., 2010a),
which might prevent pollen recognition or germination. This would explain why seed set is
reduced in the Arabidopsis mutant without causing full sterility. In any case, anatomical analysis
of floral organs in the hairless KO mutant will be carried out when new flowers are available,
and reciprocal crosses between WT and GE plants will help identify the cause of the sterile

phenotype.

The absence of fruits and seeds of the Hairless GE line has so far prevented the analysis of T1
plants, which would have allowed the analysis of root phenotypes and quantitative epidermal
analyses. Despite this, | did manage to generate a full knock-out mutant for the SRA1 gene in
tomato which has allowed the study of the effects of the mutation on trichome development

and plant reproduction.
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6.5.3.-Genome editing of DWARF causes dwarfism, delay in growth and affects pavement
cell size.

DWARF encodes the enzyme responsible for the C-6 oxidation of 6-deoxocastasterone to
castasterone which is the immediate precursor of brassinolide (Bishop et al., 1999), the most
biologically active form of brassinosteroids (BR) (Vriet et al., 2013). Mutations in this gene have
been characterised for their effects on many developmental processes. A comprehensive
analysis of the physiological and developmental functions of DWARF and, therefore, BR was
reported by (Li et al., 2016b). Among other effects, BR deficiencies were associated with a
decrease in gibberellin accumulation and an increase in ethylene accumulation, a delay in
germination and growth, decrease photosynthesis rate and reduced fruit lycopene (Li et al.,
2016b). Moreover, DWARF is responsible for the semi dwarf phenotype in the widely-used
MicroTom cultivar (Marti et al., 2006), which carries a mutation that causes missplicing between
the last two exons of the gene (Fig. 6.12). Although there has been no clear study on the effect
of BR on trichome development in tomato, a mutant affecting different branch of the BR
biosynthetic pathway, dpy (Koka et al., 2000), in the MicroTom background showed elevated
trichome density (Campos et al., 2009). Other effects of BR on epidermal development in
Arabidopsis include regulation of pavement cell division and expansion (Zhiponova et al., 2013)
and regulation of stomatal development and aperture (Gudesblat et al., 2012, Ha et al., 2016),
although no clear effect of BR deficiencies has been reported on trichome development in
Arabidopsis. The fact that trichome density is affected by BR in tomato (Campos et al., 2009) and
DWARF is expressed in trichomes (Spyropoulou et al., 2014) led me to analyse the effect of
editing of DWARF on trichome development in a MoneyMaker background.

| targeted the second exon of the gene (Fig. 6.12) and obtained one plant carrying a KO allele,
causing a truncated protein as a result of an early STOP codon in the coding sequence (Fig. 6.12B
and C). The T1 homozygous plants showed clear dwarfism (Fig. 6.13) reminiscent of the
phenotype of the strong d* allele (Bishop et al., 1999), which likely produced a knock-out allele.
| observed some of the expected developmental effects of loss of DWARF function, such as delay
in germination and growth, reduced height, reduced number of leaflets per leaf and leaf curling
(Fig. 6.13) as described by (Li et al., 2016b). Interestingly, indeterminate growth was not affected
(Fig. 6.16) which indicates that only the Self-pruning mutation in MicroTom is responsible for its
determinate growth (Marti et al., 2006). Flower development was affected, with reduced size of
all floral whorls (Fig. 6.14), while fruits showed a delay in ripening but with MoneyMaker-like
size (Fig. 6.15). The delay in ripening might be a direct cause of a reduced accumulation of
ethylene (Li et al., 2016b), which drives ripening in tomato and other climacteric fruits
(Giovannoni et al., 1999). The lack of effect on fruit size (Fig. 6.15) is likely due to the presence

of a second cytochrome P-450 (CYP85A3) which is able to catalyse the same reaction in fruit that
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DWAREF carries out in vegetative tissues (Nomura et al., 2005). This indicates that the small fruit
size in MicroTom must be due to mutations of another gene than DWARF.

| analysed the leaf surface of DWARF GE lines to determine whether there were any differences
in trichome development. An overview of the adaxial side of the first leaf showed no apparent
difference between the GE line and MoneyMaker leaves in terms of trichome density (Fig. 6.17).
All trichome types were found in the DWARF GE line (Fig. 6.17), indicating that BR signalling does
not affect trichome identity. The extreme curling of the leaves complicated the quantitative
analysis and | could not quantify stomatal and trichome density as | had done for other GE
mutants. However, there was no clear effect of the mutation on trichome density (Fig. 6.17C
and D). That would mean that the increase in trichome density observed in the dpy mutant was
unlikely to be a direct consequence of the impairment of BR biosynthesis, but maybe an added
effect of the double mutation in DWARF and DPY. A second explanation could be that BR has an
effect on trichome density as a result of the reduction in pavement cell size and division, and
therefore in leaf area. | measured the size of pavement cells and | observed a significant
reduction in cell size in the DWARF GE line (Fig. 6.18), which would lead to a lower trichome
density when calculated on the basis of area. Many studies on trichomes have been done in
MicroTom due to its relatively short lifecycle and the lower resources needed to maintain
MicroTom plants (Li et al., 2004, Wada et al., 2014, Zhang et al., 2015, Vendemiatti et al., 2017).
My preliminary results indicate that no differences should be expected in trichome density or
trichome type determination between MicroTom and other non-dwarf cultivars. A more in-
depth study of the dpy mutant would be beneficial to determine the pathway through which
trichome development is regulated by this gene. However, the effect of BR signalling in stomatal
and pavement cell development, as well as the physiological and developmental effects of BR
deficiency in tomato (Li et al., 2016b) might probably affect trichome development under
different conditions (as observed under stress conditions described in chapters 7 and 8), and the
use of cultivars without hormonal deficiencies might give more accurate information about how

trichomes develop in Solanum species.

6.5.4.-Genome editing of SIMX1 affects trichome density by reducing non-glandular trichome
formation.

SIMX1 is a member of the MIXTA/MIXTA-like gene family. This gene is closely related to other
MIXTA genes in tomato (see chapter 5) and to AmMIXTA, the first gene of the family identified
in snapdragon (Noda et al., 1994). The function of SIMX1 in tomato has been characterised by
means of RNAi silencing and overexpression (Ewas et al., 2016, Ewas et al., 2017), which showed

it is a positive regulator of trichome initiation in the tomato epidermis and of carotenoid
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accumulation in tomato fruit. However, although effects on trichome density have been
reported for RNAI lines (Ewas et al., 2017), a full picture of the role of SIMX1 in this process is
not yet available. Trichome density is expressed as number of trichomes per unit area, without
taking into consideration effects on pavement cell number or size by (Ewas et al., 2017).
Moreover, although the presence of different trichome types was reported, no quantitative
analysis regarding type-specific effects of SIMX1 silencing were carried out. Finally, stomatal
density, tightly related to trichome density (see chapters 7 and 8) was not reported. Therefore,
I chose SIMX1 as one of the target genes for the production of CRISPR/Cas9 GE mutants. |
targeted the first exon of the SIMX1 gene with the aim of producing knock-out mutations in the
gene (Fig. 6.19A). | obtained two different mutant alleles in the TO, the first one with a 30 bp
deletion (the expected mutation delimited by the two sgRNAs) and a second one with a 4 bp
deletion in the coding sequence (Fig. 6.19B). The first allele (SIMX1 GE #1, simx1A10) resulted in
a protein lacking 10 amino acids in the N-terminal region of the transcription factor, where the
DNA-binding domain is located, while the second allele (SIMX1 GE #2, sImx1) led to a translation
frame shift and early STOP codon, generating a truncated protein only 34 aa long (Fig. 6.19C).
The SIMX1 GE #1 allele was found to be homozygous in the T1 generation and these plants were
used for the analysis carried out for this chapter. The SIMX1 GE #2 allele was found only in
heterozygotes in the T1 generation, and therefore SIMX1/sImx1 plants were used for analysis.
These results indicate that SIMX1 is essential for proper plant development, and at least one
functional copy must be present in the genome for viability. Moreover, this observation suggests
that SIMX1 GE #1 is a weak allele and that the protein which it encodes retains some
functionality. | did not observe a reduction in germination rate between the line carrying the
SIMX1 GE #2 allele and MoneyMaker, which seems to indicate that the homozygous knock-out
mutation is not affecting embryo development but rather plays a role in gametogenesis or seed
development. Reciprocal crosses with MoneyMaker and analysis of the offspring will help
identify the cause of the problem. Expression of SIMX1 does not take place in ovules or seeds
(Zzhang et al., 2016), suggesting that the most likely cause for the absence of homozygous plants
is male sterility and analysis of pollen morphology and germination might be of interest. The
generation of double haploids via in vitro culture of ovules might possibly be used as a technique

to overcome this problem (Zhao et al., 2014).

| observed a visual reduction in trichome density in stems and leaves of SIMX1/sImx1 plants (Fig.
6.20), similar to the phenotype reported for RNAi lines (Ewas et al., 2016). Moreover, | observed
a semi dwarf phenotype in the two GE lines, with reduced height, slight leaf curling, wider stems,
reduced number of leaves per leaflet and reduced leaf size (Fig. 6.20 and 6.21). This phenotype

suggests that SIMX1 might be either a direct or indirect regulator of BR signalling. This could be
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expected given the fact that the key enzyme in BR biosynthesis in tomato is expressed in
trichomes (Spyropoulou et al., 2014). Also, the effect on carotenoid content in fruit reported for
the RNAi line (Ewas et al., 2016) might be directly linked to the expected reduction of ethylene
in BR-deficient plants in combination with a more direct regulation of genes in the pathway
(Ewas et al., 2017). Assessment of the phenotype after application of exogenous BR might be of
interest in determining the causes for the mild dwarfism observed. It is interesting to note that
hypocotyls in the GE SIMX1/sImx1 heterozygous plants did not show a reduction in trichome
density similar to the one observed in vegetative stems (Fig. 6.21), suggesting that trichome
development is differentially regulated in embryonic tissue. This phenomenon was also
observed in Woolly GE KO lines (see section 6.4.1) and IL 10-2 (see chapter 4), which seems to
indicate that Hair, Woolly and SIMX1 do not regulate trichome initiation in hypocotyls. This
situation is analogous to the c¢pc mutant in Arabidopsis, which has a reduced number of root
hairs in mature roots, but which shows WT-like phenotype in the hypocotyl-root junction (Wada
et al., 2015). In addition to this, cell fate determination and stomatal development seem to be
regulated differentially in hypocotyls and cotyledons or leaves in Arabidopsis (Fuentes et al.,
2012) with GL2 and CPC playing roles in stomatal development in hypocotyls but not in leaves.
The development of mutants for other key players in trichome formation (Table 6.1) and
generation of lines harbouring multiple mutations in these genes will be essential to understand

the regulation of cell fate determination in different tissues.

A lower trichome density was also observed for both GE lines (simx1A10/simx1A10 and
SIMX1/sImx1) under the SEM (Fig. 6.22), where the number of trichomes was clearly reduced. |
observed an almost complete absence of non-glandular trichomes (Fig. 6.22B and D). | analysed
quantitatively the adaxial surface of MoneyMaker and SIMX1 GE #1 and #2. | observed a similar
reduction in trichome density and trichome-to-stomata ratio in both GE lines compared to
MoneyMaker (Fig 6.23 and 6.24). Stomatal density did not change significantly, but we observed
a trend to higher values in the GE lines. The phenotype of the homozygous GE #1 line and the
heterozygous GE #2 line were comparable, reinforcing the idea that the protein encoded by the
GE #1 allele retains some functionality. To determine whether the reduction in total trichome
density affected all trichome types or rather was the consequence of a type-specific effect, |
compared the number of each trichome type in a given area (Fig. 6.25). | found that only non-
glandular trichomes were affected, with a very low non-glandular trichome number in the two
GE lines. This phenotype resonates with my observations for silencing of SIMX2, another
member of the MIXTA/MIXTA-like family, which also reduced total trichome density by
reduction in the number of non-glandular trichomes (see chapter 4). In fact, both genes are very

closely related phylogenetically (see chapter 5), and it is likely that they perform equivalent
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functions and can act redundantly to some extent. However, it is also possible that the reduction
in the total trichome density affects mostly non-glandular trichomes given these are the most
common type in adult leaves (Fig. 6.25) (Vendemiatti et al., 2017). There might be also a post-
initiation mechanism regulating trichome identity which might be controlled directly or
indirectly by SIMX1. Different trichome types are, in any case, expected to be regulated by
different factors due to observation in tobacco mutants affecting only one trichome type
(Glover, 2000). Further analysis of the different stages of trichome development, coupled with
analysis of double mutants for SIMX1 and SIMX2 will contribute to the understanding of the

complex regulation of trichomes in tomato.

The expression of SIMX1 is relatively low in most tissues (Fig. 6.34A), and an absolute null
expression of the gene was reported for mature leaves (which might not be necessary after
trichome initiation) and in fruit (which would indicate that maybe changes in carotenoid level
are not a consequence of direct regulation but rather a side effect of changes in hormone
homeostasis) (Fig. 6.34A). Interestingly, SpMX1 was highly expressed in S. pennellii leaves, with
a 4-fold higher expression level than S. lycopersicum (Fig. 6.34B). This contrasts with the
situation for SIMX2, another member of the MIXTA/MIXTA-like family which has the ability to
regulate trichome initiation (see chapter 4) and which is not expressed in S. pennellii, and it is
unlikely that the S. pennellii allele encodes a functional protein due to a deletion of the gene.
This indicates that both SIMX1 and SIMX2 likely perform similar functions in tomato, both
showing relatively low levels of expression in the tissues where they are required, and with the
ability to complement each other’s activity. In S. pennellii, however, this activity is limited to
SpMX1 due to the loss of function of the SpMX2 allele. Also, the higher trichome density
observed in S. pennellii leaves (see chapter 3) could be explained by this increase in the
expression of SpMX1 in leaves (Fig 6.34B). In addition to this, the expression analysis of the ILs
indicates that SIMX1 expression is reduced in IL 8-1 (Fig. 6.34B), which was one of the lines |
characterised for its consistent lower trichome density (see chapter 3). The phenotype could
therefore be explained for this change in expression. The genomic region covered by IL 8-1 may
therefore be a good source for candidate upstream regulators or interaction partners for SIMX1,
that can regulate its activity to modulate trichome density in leaves. Further research on genes

in this interval will contribute to the current understanding of SIMX1 regulation.

As discussed above, SIMX1 encodes a protein belonging to a clade which includes the protein
products of other the 3 MIXTA/MIXTA-like genes which are closely related between them and
distinct from the SIMIXTA-like clade (see chapter 5). These proteins are SIMX2 and SIMX3A/B,
two genes on chromosome 5 (Solyc05g007690 and Solyc05g007710) which share 90% identity

between their amino acid sequences and are probably the result of a direct duplication. These
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Figure 6.34.-Expression level of SIMX1 in different tissues and S. pennellii ILs. A) Absolute

expression level of SIMX1 in S. lycopersicum cv. M82 based on RNAseq data generated by

(Koenig et al., 2013). B) Relative expression level of SIMX1 in leaves of the S. pennellii ILs, from

the RNAseq data generated by (Chitwood et al., 2013). The images in A and B were generated

using the eFP expression browser (Winter et al., 2007).
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genes very likely perform redundant or complementary functions in terms of initiating and

promoting trichome development.

Both SIMX3A and SIMX3B have a variable expression in the IL lines, but both of them have a
consistently lower expression in ILs 4-1 and 8-1, both of which have a low trichome density (Fig.
6.35 and chapter 3). SIMX3A is expressed at higher level in M82 than in S. pennellii (Fig. 6.35A)
while for SIMX3B, the expression level is similar in both species (Fig. 6.35B), which might suggest
different functions for these genes in both species. The regions contained in ILs 4-1 and 8-1 have
already being targeted as probably bearing regulatory loci affecting MIXTA/MIXTA-like gene
expression following the analysis described in this thesis. Further analysis of the function of
these two uncharacterised genes by silencing, GE and overexpression will be essential to achieve
a clear picture of the functional overlapping and compartmentalisation of functions in trichome

development in this gene family.

In conclusion, SIMX1 is a regulator of trichome initiation in tomato and affects mainly non-
glandular type V trichomes. It seems to be essential for seed development and does not affect
trichome development in hypocotyls. It may act redundantly with other members of the gene
family, and also with HD-ZIP IV transcription factors (see section 6.4.1). Crosses between the GE
lines generated and the generation of some of the remaining ones (Table 6.1) are still necessary

to determine the exact function of this gene and its relationship with others.

6.5.5.-An updated model for trichome development in tomato.

The data gathered from analysis of GE KO lines as well as other assays described in chapters 4
and 5 have provided new insights into how thrichome development is regulated in tomato,
leading to the generation of an updated model of regulation of trichome initiation and trichome

type determination (Fig. 6.36).

6.6.-Conclusion.

In this chapter, | generated new mutants for genes already characterised for playing role in
trichome development in tomato using CRISPR/Cas9 as a tool for gene editing. | managed to
obtain GE mutant alleles for Woolly, CD2, SIMX1, Hairless and DWARF, and | was able to revisit
the phenotypes caused by these mutations and characterise more precisely the functions of
these genes. | determined that Woolly plays a role in root hair formation and that it affects total
trichome density. | observed an increase in total trichome density in CD2 GE mutants, which was
accompanied by a reduction in the number of type VI trichomes. | determined that Hairless plays
a role not only in trichome development but also in fruit set and that DWARF does not seem to
affect trichome initiation directly, but it affects the size of pavement cells in leaves. Finally,
SIMX1 affects total trichome density through a dramatic reduction in the number of non-
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Figure 6.35.-Expression level of SIMX3A and SIMX3B in the S. pennellii ILs. A) Relative

expression level of SIMX3A in leaves of the S. pennellii ILs, from the RNAseq data generated by

(Chitwood et al., 2013). B) Relative expression level of SIMX3B in leaves of the S. pennellii ILs,

from the RNAseq data generated by (Chitwood et al.,, 2013). The images in A and B were

generated using the eFP expression browser (Winter et al., 2007).
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Figure 6.36.-Model for transcriptional regulation of trichome development in tomato.
Initiation is activated by SIMX1 or SIMX2 and the Woolly-HAIR-SICycB2 complex. This complex
can also regulate type | trichome morphogenesis. CD2 controls type VI trichome morphogenesis
and regulates the density of other trichome types. SITRY is a negative regulator of trichome
initiation and might act as the R3 MYB genes in Arabidopsis. SIMIXTA-like negatively regulates
trichome initiation and prevents the initiation of trichomes in adjacent cells. SIMX1 and SIMX2
positively regulate non-glandular type V trichomes. Positive interactions are indicated with an
arrow line and negative interactions with a T-shaped line. Question marks indicate possible
interactions that have not been proved experimentally. Fine-dashed arrow indicate cell-to-cell

movement.
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glandular type V trichomes. | believe that all these new observations will help to untangle the
complicated network governing trichome formation in tomato. My analyses have allowed the
addition of new information to the current model for trichome development in tomato.
Moreover, the newly created GE lines can be used for future research, especially by generating

lines bearing multiple mutations via crossing of the lines described in this chapter.
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Chapter 7 — Analysis of the role of trichomes and

stomata on the response to drought stress
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The content of this chapter is based on the peer-reviewed article “The ratio of trichomes to
stomata is associated with water use efficiency in tomato” published in The Plant Journal (DOI
10.1111/tpj.14055). | have obtained written authorisation from the copyright holder, Jon Wiley
and Sons, under the licence number 4407691181023 to reuse figures or text from the published
article. The work described in this chapter benefitted from the contribution of our collaborators
in the University of the Balearic Islands, Spain and particular contributions are indicated

throughout the text.

7.1.-Abstract.

In this chapter | described the analysis of the photosynthetic activity, gas exchange and water
use efficiency of selected Solanum pennellii x S. lycopersicum cv. M82 introgression lines,
coupled with extensive epidermal phenotyping of leaves, performed in the field under
Mediterranean conditions. The ILs were chosen based on the screen described in chapter 3,
including lines with low trichome density (ILs 4-1 and 10-2) and high trichome density (M82 and
IL 11-3). This work showed a strong link between high trichome density (and high trichome-to-
stomata ratio) and water use efficiency, indicating that the epidermal structures such as
trichomes and stomata can be targeted for the development of drought-tolerant tomato

cultivars.

7.2.-Introduction

7.2.1.-Drought stress and its effect on tomato production.

Food production needs to be increased to meet the demand of the World’s population,
estimated to near 10 billion people by 2050 (United Nations, 2015). This challenge is aggravated
by changes in climatic conditions, which are predicted to lead to intense drought periods in
already water-limited semi-arid tropical and subtropical regions (IPCC, 2007, Berger et al., 2016),
including the Mediterranean basin. Among the different biotic and abiotic stresses that reduce
crop productivity, drought stress has been identified as the most limiting factor (Valliyodan and
Nguyen, 2006, Mishra et al., 2012). The development of crop varieties with increased drought
tolerance and improved water use efficiency (WUE) is essential to meet the challenges that
agriculture will face in the near future. Understanding the mechanisms involved in responses to
water stress in different commercially important crops has become a priority (Monneveux et al.,
2013, Zhang et al., 2014, Todaka et al., 2015, Nakashima and Suenaga, 2017). However, drought
tolerance is a complex trait that involves different key processes operating at metabolic,
molecular, morphological and developmental levels. Tomato (Solanum lycopersicum) is one of

the most important commercial crops, grown in virtually all regions of the word and with a
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production of more than 150 million tonnes per year (FAO, 2014). Moreover, tomato is a high

water-demanding crop (Mekonnen and Hoekstra, 2011).

Our current understanding of the response to drought in tomato is very limited, although the
release of new transcriptomic datasets is contributing to generate a clearer picture of the factors
involved (lovieno et al., 2016). For example, the hormone abscisic acid (ABA) is known to drive
the drought response, controlling stomatal aperture (Pantin et al., 2013) and regulating cuticle
composition (Mackova et al.,, 2013) to prevent water loss from stomatal or cuticular
transpiration. Plants can also regulate their osmotic potential by accumulating organic or
inorganic solutes in their leaves (Albaladejo et al., 2017). Finally, plant growth is altered under
drought conditions, first limiting the growth of aerial organs as a consequence of the reduction
in photosynthetic rate associated with stomatal closure and to minimise the surface for
transpiration (Gargallo-Garriga et al., 2014), and promoting root growth and changes in root
architecture to maximise water uptake (Uga et al., 2013). There has been a number of attempts
to increase performance of tomato under water stress, by using traditional varieties (Galmes et
al., 2013, Patane et al., 2016, Fullana-Pericas et al., 2017), transgenic approaches (Hsieh et al.,
2002, Zhang et al., 2011, Munoz-Mayor et al., 2012, Rai et al., 2013) and wild tomato species
(Gujjar et al., 2014, Tapia et al., 2016) , with mixed results. Among the wild tomato relatives,
Solanum pennellii has been characterised for having a high degree of drought tolerance (Kahn
et al., 1993, Bolger et al., 2014). This tolerance has been associated to an ability of S. pennellii
leaves to control water loss by reducing stomatal density and aperture, and consequently, water
loss trough stomata (Egea et al., 2018), although other epidermal traits have not been analysed

in terms of drought response.

The combination of these, together with new approaches, will be necessary to reach the goal of

more water-use efficient tomato varieties.
7.2.2.-The role of the epidermis in response to drought stress.

In aerial organs of most terrestrial plants, including tomato (Solanum lycopersicum), the
epidermis is scattered with stomata and trichomes, which are specialised structures that fulfil a
number of physiological functions. Stomata are epidermal pores that regulate gas exchange and
contribute directly to maintenance of water status. Trichomes are epidermal outgrowths with
diverse roles in defence against biotic and abiotic stresses. For its function in limiting water
losses, the epidermis and its specialised structures have become promising targets to improve
the drought tolerance and water use efficiency (WUE) of major crops (Antunes et al., 2012,

Galmes et al., 2013, Franks et al., 2015).
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Stomata consist of two specialised guard cells which modulate their turgor via ABA-signalling
pathways to regulate the pore aperture in response to environmental stimuli, such as light
intensity or carbon dioxide concentration (Hetherington and Woodward, 2003). Uptake of
atmospheric CO; and water losses occur through stomatal pores, and therefore, stomatal size
and density directly determine photosynthesis activity and stomatal conductance to water,
affecting water use efficiency (WUE). The effect of differences in stomatal density and size, and
its relationship to drought tolerance, have been widely studied and reports are available for a
number of species (Masle et al., 2005, Lawson and Blatt, 2014). For instance, some studies
indicated a strong link between low stomatal density and improved performance under water
deficit conditions. For example, in Arabidopsis thaliana, the atdtm1 mutant had lower stomatal
density and high tolerance to severe water deficit (Zhao et al., 2017). Soybean overexpressing
the transcription factor GsWRKY20 displayed lower stomatal density and improved drought
tolerance (Ning et al., 2017). A similar effect in stomatal density and fithess under drought
conditions was observed in tomato lines overexpressing the enzyme CKX3 (Farber et al., 2016).
Regarding stomatal size, smaller stomata have been associated to a faster stomatal response
and improved ability to adapt to environmental stress (Drake et al., 2013). In addition, stomatal
density changes in plants subjected to water stress (Hamanishi et al., 2012). Reductions in
stomatal density in water-stressed plants have been reported in wheat (Li et al., 2017) and umbu
tree (Silva et al., 2009). For other species, on the contrary, stomatal density increases under
drought conditions, as in common bean (Gan et al., 2010) and Leymus chinensis (Xu and Zhou,
2008). Moreover, developmental negative associations between stomatal density and size have
been reported (Galmés et al., 2007, Franks and Beerling, 2009, Khazaei et al., 2010, Li et al.,
2017). However, for Mediterranean tomato varieties, a positive correlation between these
parameters has been observed under stress conditions (Galmes et al., 2013). All these
contradictory reports suggest that the effect of water deficit on stomatal density and size differ
in different species and cultivars, and the effect of these changes on WUE must be researched

further.

A role for trichomes in tolerance and adaptation to limitations in water availability has been
proposed and researched in a number of species. In Arabidopsis lyrata, trichome production has
been linked to improved performance under drought conditions (Sletvold and Agren, 2012). In
tomato, SIMX1-overexpressing plants with high trichome density showed tolerance to water
stress compared to unmodified plants (Ewas et al., 2016). In watermelon, wild, drought-tolerant
genotypes have increased trichome density compared to domesticated, drought sensitive
varieties (Mo et al., 2016). In addition, trichome formation is induced upon drought in several

species, such as barley (Liu and Liu, 2016), aubergine (Fu et al., 2013) and olive (Boughalleb and
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Hajlaoui, 2011). In addition to this, transcriptomic analysis of drought-stressed Arabidopsis
thaliana (Bechtold et al., 2016) showed upregulation of genes related to trichome development
as TT8 (Baudry et al., 2006) or KAK (Patra et al., 2013), indicating an important role for trichomes
in the response to drought. The specific function of trichomes in terms of drought tolerance is,
however, unclear. It has been suggested that trichomes limit H,0 losses by transpiration through
an increase of the leaf-air boundary layer resistance (Palliotti, 1994, Guerfel et al., 2009, Mo et
al., 2016b), although this could also affect CO;, uptake negatively, reducing the photosynthetic
rate and the water use efficiency. Trichomes also protect leaves from UV-related photoinhibition
(Savé et al., 2000, Galmés et al., 2007b) and prevent leaf overheating (Ehleringer and Mooney,
1978). In specialised plants, especially Bromeliads lacking roots, trichomes are used for direct
leaf water uptake from dew or fog (Ohrui et al., 2007, Pina et al., 2016). These findings suggest

an important role for trichomes in plant water relations.

Finally, the cuticle covers the epidermal surface, and its thickness as well as wax and cutin
composition are determinant factors in limiting water loss through extra-stomatal transpiration
(Riederer and Schreiber, 2001). Drought stress has been reported to increase cuticle thickness
and cause an increase in the content of alkanes in wheat (Bi et al., 2017). In tomato, ABA
regulates the cuticle thickness and cutin composition in leaves and fruits (Martin et al., 2017),
indicating an important role under drought conditions. It is interesting to note that genes
involved in cuticle formation are also linked to trichome and stomatal development, as AtMYB16
and AtMYB106, both playing roles in cuticle deposition and trichome initiation and branching
(Baumann et al., 2007, Gilding and Marks, 2010, Oshima and Mitsuda, 2013). In tomato, this is
the case of SIMYB16, a direct regulator of cuticle deposition (Lashbrooke et al., 2015) which
regulates trichome initiation and patterning, as well as stomatal development (see chapter 5) or
CD2, which regulates cutin biosynthesis and affects glandular trichome density (Nadakuduti et
al., 2012) and possibly non-glandular trichome density (see chapter 6). Whether these epidermal
traits are directly regulated by these transcription factors or the observed phenotypes are
collateral effects of the regulation of other pathways (ABA-signalling, for example) remains to

be determined, and further investigation will be required.

In this chapter, | describe the response to drought of selected lines from the S. pennellii x S.
lycopersicum cv. M82 introgression line (IL) population, based on their different trichome
phenotypes, and the potential of these to generate lines with improved water use efficiency. |
also describe the effect of drought stress on epidermal development, with an emphasis on

changes in trichome and stomatal densities.
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7.3.-Methods

7.3.1.-Plant material.

Three ILs from the S. pennellii IL population were selected based on the trichome phenotype, as
characterised in chapter 3: IL 4-1, IL 10-2 and IL 11-3. The phenotype of each lines in indicated
in Table 7.1. Plants for these ILs were grown alongside S. lycopersicum cv. M82, the cultivated
parent of the IL population, as a control line. The trichome density on the adaxial and abaxial
epidermis of the first fully-expanded true leaf was analysed to determine whether their values
were comparable (Fig. 7.1), and | observed no differences between trichome density on both
leaf surfaces and a strong correlation between trichome density values for both surfaces, which

led me to use adaxial values for the assays described in this chapter.

7.3.2.-Growth conditions in glasshouse and field experiments.

Seeds from the four lines were germinated and grown for four weeks in greenhouses at the
University of the Balearic Islands (UIB, Majorca) with natural light and average maximum
temperatures of 25 °C. Twelve plants per line were placed outdoors in the UIB experimental field
for acclimation for 2 weeks before being transferred to 50 L pots containing a mixture of bog
peat-based horticultural substrate (Prohumin-Potting Soil Klasmann-Deilmann, Projar S.A,,
Valencia, Spain) and perlite (granulometry A13, Projar S.A., Valencia, Spain) in a 4:1 proportion
(v/v). The environmental conditions were as follows: with average daily temperatures (°C) of
22.8+0.3,25.7+0.3,25.0+ 0.2 and 22.7 + 0.4; average daily minimum temperatures (°C ) during
the day of 16.5 + 0.5, 20.3 + 0.3, 19.5 £ 0.4 and 17.8 £ 0.4, and average daily maximum
temperatures (°C) of 31.1 £+ 0.4, 35.5 £ 0.4, 33.5 £+ 0.3 and 34.7 + 0.6 respectively for June, July,
August and September. Plants were watered to field capacity every other day and fertilized

weekly with 50% Hoagland’s solution for two months before beginning the drought treatment.

Plants were subjected to two different water regimes: well-watered (WW) and water deficit
(WD). Watering regimes and plant water consumption were monitored by weighing and
watering the potted plants every two days. For the WW treatment, four plants per line were
maintained at field capacity, with a pot water content ranging between 100 % field capacity just
after irrigation (corresponding to 9.3 L of water per pot) and 69.3 + 0.1 % field capacity (on
average throughout the treatment period) (Fig. 7.2). For the WD treatment, irrigation of four
plants was progressively reduced until halving the pot water content compared to WW plants.
Then, WD plants were maintained at a pot water content ranging between 30.3 + 0.1 % field
capacity before irrigation and 46.3 = 0.1 field capacity after irrigation (Fig. 7.2). The four
remaining plants per line were used for biomass-related measurements. The total water
supplied and dry biomass of each plant was recorded upon experiment completion (Table 7.2).
Three weeks were allowed from treatment application for the development of new leaves under
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Phenotype first generation Phenotype second

generation
m82 Standard for trichome density Standard for trichome density
4-1 | Low trichome density, no type VI trichomes Low trichome density
10-2 | Low trichome density, aberrant trichomes Average trichome density,

aberrant trichomes

11-3 Average trichome density High trichome density

Table 7.1.-Introgression lines (ILs) selected for drought tolerance assays. For each IL, the
phenotype observed in the screens of the two generations of the IL populations, as described in

chapter 3, is included.
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Figure 7.1.-Trichome densities on abaxial and adaxial sides of leaves of M82, I1L4-1, IL10-2 and
IL11-3 grown under greenhouse conditions. (A) Trichome density for the abaxial (light colours,
labelled AB) and adaxial (dark colours, labelled AD) sides of leaves are shown for M82 (purple),
IL4-1 (turquoise), IL10-2 (pink) and IL11-3 (green) plants grown under greenhouse conditions
(n=3). (B) The correlation between trichome density on the abaxial and adaxial sides is shown,

colour-coded as in A. The Pearson correlation index is shown in the graph.
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WWwW wD

Dry biomass Total water Dry biomass Total water

(8) supplied (kg) (8) supplied (kg)

M-82 75.1+6.5° 52.3+1.8% 80.5 + 4.4% 39.4+0.6"
4-1 78.0 £ 3.2° 56.4 +1.0° 65.4+1.1°" 40.7 +0.9*"
10-2 92.0+5.5° 54.7 +1.8% 90.1 +10.5° 40.7 +2.7*
11-3 79.3+3.32 49.6+1.2° 85.7 £2.0% 35.8 +1.0*"

Table 7.2.-Dry biomass and total water supplied to plants upon experiment completion for
lines M82, IL 4-1, IL 10-2 and IL 11-3. Dry biomass and total water supplied are expressed as
mean#SE of four plants per line and treatment. Analysis of variance (ANOVA) was used to test
for differences between lines. Different letters represent statistically significant differences
according to Tukey test (P<0.05) within each treatment. Stars indicate significant differences

between treatments for each line.
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®— max WW
—€— min WW
—8— max WD
—©— min WD

Pot water content (% field capacity)

22-6 29-6 6-7 13-7 207 277 3-8 10-8 17-8 248 318 79 14-9 21-9

Days

Figure 7.2.-Evolution of the pot water content during the experiment for the WW (blue) and
WD (red) plants. Empty dots correspond to the minimum value (i.e., just before irrigation) and
solid dots represent the maximum value (i.e., just after irrigation) after treatment
establishment. The arrow indicates when the treatment application started (11th July). All

values are averages * S.E. considering all the plants for each treatment.
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the new water regime before any measurement was performed. The distinct water regimes

were maintained by Pere Antoni Mulet.

7.3.3.-Epidermal characterisation.

| used the data generated in chapter 3 as glasshouse values of trichome density, stomatal density
and trichome to stomata ratio for comparison between the epidermal features of the selected
lines in the glasshouse and the field. For field characterisation of the epidermis on plants grown
under field condition before drought onset, | used terminal leaflets of fully-expanded leaves at
the same position from six plants per line. For characterisation after drought treatment, |
sampled three plants per line and treatment. Leaf sections of 0.5 x 0.5 cm were taken as samples.
The adaxial surface of these sections was imaged at room temperature, without coating inside
a Hitachi 3400N variable pressure SEM (Hitachi High-Tecnhology, Japan). We generated 8-10
micrographs of approximately 0.3 mm? per sample and trichomes, stomata and pavement cells
were counted manually. Trichome and stomatal density were expressed as percentage of total
epidermal cells and in terms of number per unit area. Trichome to stomata ratio was calculated
by dividing trichome density by stomatal density. Stomatal size was calculated as pore length,

using the Fiji software (Schindelin et al., 2012) for image analysis.

7.3.4.-Plant water status and growth measurements

Plant water status was measured as midday leaf water potential (Wes) (n=4 per line and
treatment) using a Scholander pressure chamber as described by (Turner, 1988).

For calculation of the whole-plant water use efficiency (WUE,), four plants per line were
harvested at the time of drought treatment application. Seventy-four days after treatment
application, four plants per line and per treatment (WW and WD) were harvested. Leaves,
shoots and roots were oven-dried at 60 °C and weighed (dry weight, DW). The biomass
production during the drought treatment was calculated as the difference between the dry
weight of the plants harvested at the end of the experiment (DW#ina) and the dry weight of the
plants harvested before treatment application (DWinitial). Water consumption was monitored
every other day by gravitational means and the total water consumption (TWC) of each plant

was estimated from these values. WUE, was calculated as follows:
DWfinal - DWinital

WUE, = TWC

Mateu Fullana-Pericas contributed to collect data for the described assays.

7.3.5.-Leaf morphological determinations.

Leaf thickness (LT) was measured using callipers at the terminal leaflet of a young fully-expanded

leaf with callipers. Leaf mass area (LMA) was calculated from the same terminal leaflets, as the
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dry mass to leaf area ratio. Dry mass was measured by weighing after oven-drying leaves at 60
°C for 48 h. The leaf area was digitally measured from pictures of the leaves using Fiji (Schindelin
et al., 2012). Both LT and LMA were measured for one leaf per plant (n=4 per line and

treatment).

Mateu Fullana-Pericas contributed to collect data for the described assays.

7.3.6.-Leaf gas exchange measurements.

Measurements were performed with an open infrared gas-exchange analyser equipped with a
leaf chamber fluorometer (Li-6400-40, Li-Cor Inc, Lincoln, USA) from 9:00 to 12:00 and 16:00 to
19:00. The conditions in the chamber consisted of leaf temperatures of 31-33 °C, vapour
pressure deficit of 2.0-3.0 kPa and an air flow of 500 umol (air) min™. For net CO, assimilation
rate-substomatal CO, concentration (An-Cj) curves, the ambient concentration of CO; in the
chamber (C,) was set at 400, 0, 50, 100, 200, 300, 600, 900, 1500, 2000 and 400 pmol CO, mol~
! air, at a saturating photosynthetic photon flux density (PPFD) of 1500 pumol m= s™* (with 10%
blue light) allowing 4 min between measurements for the chamber to reach a steady state.
Corrections for CO; leakage in and out of the leaf chamber of the Li-6400-40 were applied to all

gas-exchange data, as described by (Flexas et al., 2007).

Mesophyll conductance to CO; (gm) was estimated according to (Harley et al., 1992) as

_ Ay T*[ETR+8(Ay +R)]
Im = "7 TETR — 4(Ay + R,)

where ™ is the chloroplast CO, compensation point in the absence of day respiration, ETR is the

electron transport rate, and R, is the rate of non-photorespiratory CO; evolution in the light. ETR
and R; were calculated as described by (Galmes et al., 2011). M was retrieved from in vitro-
based measurements for S. lycopersicum by (Hermida-Carrera et al., 2016), and adjusted for the
leaf temperature during measurement.

Total leaf conductance (gw:) was calculated assuming the stomatal conductance (gs) and

mesophyll conductance (gm) were in series, such that:

1
Gtot =31
T, 1
Is Im

An-C; curves were transformed into An-chloroplastic CO, concentration (C.) curves using
estimated values of gm. From Ax-Cc curves, the maximum velocity of Rubisco carboxylation
(Vemax) Was calculated as described by (Bernacchi et al., 2002), but using specific values of
Rubisco kinetics for S. lycopersicum adjusted to the measured leaf temperature during
measurement (Hermida-Carrera et al., 2016). The intrinsic water use efficiency (WUE;) was

calculated as the ratio between the net photosynthetic rate (Ay) and the stomatal conductance

(gs), An/gs.
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We determined the daily carbon fixation rate (C 24h) by measuring the net CO; exchange rate
at 2 h intervals over 24 h. These measurements were performed after drought treatment (n=4
per line and per treatment) using an open infrared gas-exchange analyser equipped with a clear
chamber (Li-6400-40, Li-Cor Inc, Lincoln, USA). Three measurements were performed at ambient
CO; and light and averaged per plant and time point. The daily fixation rate was calculated as
the integral value for the curve generated by the point measurements.

Mateu Fullana-Pericas contributed to collect data for the described assays.

7.3.7.-Determination of leaf 6 13C isotope composition

The dried leaves used to calculate LMA were ground to fine dust for determination of carbon
isotopic composition. Samples were subjected to combustion in an elemental analyser (Thermo
Flash EA 1112 Series, Bremen, Germany) and CO, was injected into a continuous-flow isotope
ratio mass spectrometer (Thermo-Finnigan Delta XP, Bremen, Germany). Peach leaf standards
(NIST 1547) were run every six samples. The standard deviation of the analysis was <0.2%. These

measurements were made by Mateu Fullana-Pericas.

7.3.8.-Statistical analysis.

| used univariate analysis of variance (ANOVA) to assess the differences between lines and
treatments. | used a Tukey test as a post-hoc test to call significant differences between lines or
treatments, setting the p-value cut-off at 0.05. The relationship between variables in each
experiment was determined by correlation coefficient (R?). | used R software and the R package

agricolae (https://tarwi.lamolina.edu.pe/~fmendiburu/) for all statistical analysis.

7.4.-Results.

7.4.1.-Characterisation of epidermal features of selected lines under glasshouse and field
conditions before drought treatment.
| selected three ILs which had differences on their trichome phenotype according to my

observations, as described in chapter 3 and summarised in Table 7.1.

| characterised the epidermal features of the three selected ILs (4-1, 10-2 and 11-3) and the
parental line M82 in plants grown under full field capacity conditions in the field before the
onset of water deficit conditions and compared it to the data | generated for glasshouse-grown
plants (Fig. 7.3). Under glasshouse conditions, ILs 4-1 and 10-2 showed a low trichome density
phenotype while M82 and IL 11-3 showed a higher trichome density phenotype. Although field-
grown plants displayed substantially higher TD than greenhouse-grown plants, IL 4-1 had lower
trichome density than IL11-3 and M82, and IL 11-3 had higher trichome density than IL 10-2 and
4-1 (Fig. 7.3A). | also observed differences among lines in their stomatal densities. Under

greenhouse conditions, IL 4-1 had higher stomatal density than M82 and IL 10-2, and M82 had
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GH F GH F GH F GH F GH F GH F GH F GH F
M82 4-1 10-2 11-3 M82 41 10-2 11-3

Figure 7.3.-Initial morphological characterisation of lines M82, 4-1, 10-2 and 11-3 grown under
greenhouse (GH) and field conditions (F) before the onset of drought treatment. (A) Trichome
density (TD), (B) stomatal density (SD), (C) trichome-to-stomata ratio (T/S) and (D) stomatal size
(SS) are expressed as mean * SE of three to six replicates per line and treatment. TD and SD were
calculated as percentage of total epidermal cells. SS was calculated as pore length. Different
letters denote statistically significant differences by Tukey analysis (P<0.05) within greenhouse-
grown plants (lower case) and field-grown plants (upper case). For panels A, B, C and D purple
bars represent M82, turquoise represents IL4-1, red represents IL10-2 and green IL11-3, with
light and dark colours representing greenhouse (labelled GH) and field (labelled F) conditions,
respectively Representative scanning electron micrographs for each line are shown: (E) M82, (F)

4-1, (G) 10-2 and (H) 1
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a lower stomatal density than IL 11-3 and 4-1. In field-grown plants, no significant differences

were observed between lines for stomatal density (Fig. 7.3B).

| calculated the ratio of trichomes-to-stomata (T/S) as an integrative parameter for epidermal
anatomy. | observed a substantially higher T/S in M82 compared to the other lines under
greenhouse conditions, whereas in field plants, IL 4-1 showed lower T/S than M82 and IL 11-3
(Fig. 7.3C). Stomatal size showed no significant differences between lines under greenhouse
conditions. Under field conditions, however, IL 10-2 had a larger stomatal size than the other
lines under study. Unlike the higher values observed for trichome and stomatal density in field-
grown plants compared to greenhouse plants, SS values were within a similar range under both
growth conditions (Fig. 7.3D). In general, the analysis of epidermal features and the comparison
between greenhouse- and field-grown plants indicated stable genetic components in the

determining of trichome density.

7.4.2.-Characterisation of photosynthetic parameters of selected ILs under field conditions
before drought treatment.

| examined whether there were differences in parameters related to gas exchange, carbon
fixation and RubisCO kinetics between the lines under study. We observed no significant
differences in net photosynthetic rate (An), daily carbon fixation rate (C24h), stomatal
conductance (gs), leaf mesophyll conductance (gm), leaf total conductance (g::), maximum
RubisCO carboxylation rate (Vemax) Or intrinsic water use efficiency (WUE;) (Table 7.3), although

we observed a trend to a lower WUE; in IL 4-1 compared to M82 (p-value < 0.06).

7.4.3.-Characterisation of epidermal phenotype under different water regimes.
In samples collected from lines under water deficit conditions, IL 4-1 showed lower trichome
density than the other lines (Fig. 7.4A). Leaves that developed under water-deficit conditions
showed a higher trichome density in ILs 4-1 and 11-3 compared to leaves developed under well-
watered conditions. There were no significant differences for stomatal density between lines
under water-deficit conditions. The ratio of trichome to stomata (T/S) was significantly lower in
IL 4-1 compared to IL 11-3 (Fig. 7.4B). Although differences in T/S between well-watered and
water-deficit plants were not significant, there was a trend for higher T/S under water-deficit
conditions for IL 11-3 (p-value<0.1). In leaves developed under water-deficit conditions,
stomatal size showed no significant differences between lines, but IL 4-1 had lower stomatal size
in leaves developed under water-deficit conditions compared to well-water values. (Fig. 7.4C).
For the rest of the lines, no significant differences were observed when comparing the two water
regimes. | observed no relationship between trichome and stomatal density when all data points
were considered together but | observed an inverse association between these parameters in
water-deficit plants (R?=0.94 P-value=0.03, Fig. 7.4D).
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An C 24h gs 8m 8tot Vemax WUE;
Acc. umol CO2 m2st  mol CO2 m?2day? mol H20 m™%s’? mol CO2 m%s? mol CO2 m2s? umol COz m2s?t pumol CO2 mol™ H,0
M-82 17.1+1.16° 0.45+0.03° 0.29+0.046°% 0.10+0.015° 0.075+0.016° 262+4.26° 58.04+3.70°
4-1 19.7+1.35° 0.46 £0.07° 0.43+0.027% 0.13+0.004 ® 0.107 £0.013° 240+£2.76° 46.34 + 2.68°
10-2 194 +1.26° 0.42+0.04° 0.30+0.026* 0.13+0.015° 0.088 + 0.006° 313+5.29° 66.22 +7.09°
11-3 22.1+1.43° 0.49+0.04° 0.35+0.026% 0.14+0.017° 0.102 £ 0.004 363+6.92° 64.64 + 4.56°

Table 7.5.-Leaf morphological traits and photosyntetical characterization of the lines M82, 4-1, 10-2 and 11-3 under field conditions before the
onset of the drought treatment. Net CO assimilation rate (Ay), daily carbon fixation rate (C 24h) stomatal conductance (g;s), mesophyll conductance
(gm), total carbon conductance (gtt), maximum velocity of Rubisco carboxylation (Vemax) and intrinsic water use efficiency (WUE;) are expressed as
meanzSE of five measurements per line. Analysis of variance (ANOVA) was used to test for differences between lines. Different letters represent

statistically significant differences according to Tukey test (P<0.05).
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Figure 7.4.-Characterisation of epidermal features in lines M82, 4-1, 10-2 and 11-3 under water
deficit (WD) and well-watered (WW) conditions in the field. (A) Trichome density (TD) is
expressed as a percentage of the numbers of trichomes per epidermal cell. (B) Trichome-to-
stomata ratio (T/S) is expressed as the total number of trichomes divided by total number of
stomata in a given area. (C) Stomatal size (SS) is expressed as pore length. Different letters
denote statistically significant differences identified by Tukey analysis (P<0.05) within WW
plants (lower case) and WD plants (upper case). Asterisks represent significant differences for
each line between treatments according to the Tukey test (P<0.05). (D) A correlation between
TD and SD was observed only under WD conditions according to Pearson test (P<0.05) with the
correlation index shown in the graph. For panels A, B and C, purple bars represent M82,
turquoise represents IL 4-1, red represents IL 10-2 and green IL 11-3, with light and dark colours
representing WW and WD treatments, respectively. In panel D, squares represent WD values
and circles represent WW values, and are colour coded as in panels A, B and C. Dashed line
represents the regression line for all data point (P>0.05) and the solid line represents the

regression line for WD data points (P=0.03). Values are mean +* SE (n=3).



7.4.4.-Comparative analysis of morphological, photosynthetic and water status parameters
under different water regimes.

| evaluated the effects of differences in the densities of trichomes on water status of plants
under well-watered and water-deficit conditions in the field. We observed a lower midday leaf
water potential (W) in IL 10-2 compared to M82 and IL 11-3 under WW conditions (Table 7.4).
Under water-deficit conditions, IL 11-3 had higher Wiq than IL 10-2. All lines showed a lower
Wieqr under water-deficit conditions except for IL 11-3, where no difference was observed. The
leaf mass area (LMA) was lower in ILs 4-1 and 11-3 under water-deficit conditions compared to
the other lines, but | observed no differences among lines under well-watered conditions or
between water regimes (Table 7.4). Leaf thickness (LT) was higher in IL 11-3 compared to IL 4-1
under well-watered conditions, but under water-deficit conditions, LT in IL 11-3 was significantly
lower thanin IL10-2 (Table 7.4). Whole-plant water use efficiency (WUE,) showed no differences
between lines under well-watered conditions (Table 7.4). Under water-deficit conditions, WUE
was lower in IL 4-1 compared to IL 11-3. In M82 and IL 11-3, WUE, was higher in water-deficit

plants compared to well-watered plants.

An, C 24h, gs, gm, Grot, Vemax and WUE; showed no significant differences between lines under well-
watered conditions in the field (Table 7.5). In contrast, under WD conditions, IL 4-1 had a
significantly lower WUE; than the other lines. IL 11-3 had a significantly higher WUE; in water-
deficit compared to well-watered conditions (Table 7.5). The leaf carbon isotope composition
(6%%¢) showed no significant differences between lines within each treatment or between
treatments for any line. However, leaf 623 correlated with WUE; (R?=0.67, p-value=0.01) (Fig.
7.5A). We also observed a tight positive correlation (R?=0.66, p-value=0.01) between WUE; and
WUE, (Fig. 7.5B)

7.4.5.-Relationships between epidermal features and photosynthetic parameters.

| found an inverse correlation between trichome density and gs (R*=0.58, p-value=0.03) (Fig.
7.6A), and a positive correlation between stomatal density per area unit and gs (R*=0.56, p-
value=0.03) (Fig. 7.6B). Therefore, changes in the density of trichomes and stomata had opposite
effects on gas exchange. Importantly, trichome density was positively correlated with WUE;
(R?=0.88, p-value=0.00) (Fig. 7.6C), while stomatal density showed no correlation with WUE;. As
expected from the observed relationship between WUE; and WUE, (Fig. 7.5B), trichome density
was positively correlated with WUE, (R?=0.59, p-value=0.03, Fig. 7.7A). Interestingly, stomatal
density was negatively correlated with WUE, (R?=0.50, p-value<0.05, Fig. 7.7B). Finally, a strong
positive association was found between T/S and WUE; (R>=0.86 p-value=0.00) (Fig. 7.8A) and
WUE, (R?=0.72 p-value=0.01) (Fig. 7.8B).
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Ww WD
Weaf LMA LT WUEp Weaf LMA LT WUEp
Acc. MPa gm? mm g kgt H,0 MPa gm? Mm g kg H,0
M- -0.74£0.04@ 79.45+9.56 0.70+0.05 0.76 £0.12 -1.01 £ 0.07 96.01+3.41 0.76+0.042°> 1.14+0.09
82 a ab a ab* a ab*
4-1 -0.86 £ 0.06 58.12+4.33 0.63+0.03° 0.74+0.04 -1.18 £ 0.05 63.83+6.69 0.66+0.052® 0.79 +0.02°
ab a a ab* b
10-2 -0.99+0.04° 82.37+6.58 0.69+0.01 0.89+0.1° -1.21+0.07°* 98.65+5.72 0.81+0.02 1.12 +0.17°2b
a ab a ax
11-3 -0.74+0.07® 71.20+9.45 0.80+0.03® 0.85+0.05 -0.93+0.082 64.18+6.35 0.63+0.03 1.36 +0.06°"
a a b b*

Table 7.6.-Morphological and water status characterisation of lines M82, 4-1, 10-2 and 11-3 under well-watered (WW) and water deficit (WD)

conditions in the field. Midday leaf water potential (Wq), leaf mass per area (LMA), leaf thickness (LT) and plant-level water use efficiency (WUEy)

are shown. Values are means * SE of three to four replicates per line and treatment. Different letters denote statistically significant differences by

Tukey analysis (P<0.05) within each treatment between lines, and asteriks denote statistically significant differences (P<0.05) between treatments

for each line.
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WW

An C 24h gs gm Stot Vemax WUE;
Acc. umol CO2 m?2s?  mol m2 day? mol H20 m2s? mol CO2 m2s? mol CO2 m2s’? umol CO2 m2s?! umol CO2 mol?* H20
M-82 13.22+1.16% 0.34+0.03° 0.222 +0.0462 0.087 £0.015° 0.049 + 0.006 ® 304.05+57.19®  66.22+11.52°
4-1 15.31+1.352 0.34+0.08° 0.272 £0.0272 0.088 £ 0.004 @ 0.058 + 0.003 @ 349.38£+107.212 57.09 +4.68°
10-2 16.87£1.262 0.42+0.04° 0.229+0.026 0.123+0.015° 0.063 +0.004 ® 335.96+49.79@  75.88+7.33°
11-3 15.82+1.43°% 0.44+0.05° 0.243+0.0262 0.102 +£0.017° 0.061+0.010° 336.77+38.46% 65.60%2.11°

WD

An C24h gs Em Stot Vemax WUE;
Acc. pmol CO2 m2s?  mol m2 day? mol H20 m2s! mol CO, m2s? mol CO2 m2s! pmol CO2 m2s! pmol CO2 mol™ H,0
M-82 11.52+0.80* 0.31+0.04° 0.165+0.0212 0.084 £0.010° 0.046 + 0.005 ® 271.97 £22.892  71.44+4.26%
4-1 12.53+£0.80° 0.30+0.03° 0.233+£0.0092 0.083 £0.016° 0.052 +0.006 ° 217.25+26.34%  53.74+2.76"

Table 7.7.-Photosynthetic characterization of lines M82, 4-1, 10-2 and 11-3 under well-watered (WW) and water deficit (WD) conditions in the

field. Net photosynthetic rate (Ay), daily carbon fixation rate (C24H), stomatal conductance (gs), mesophyll conductance (gm), total leaf conductance

(gtot), maximum velocity of Rubisco carboxylation (Vemax) and intrinsic water use efficiency (WUE;) are shown. Values are means * standard error of

four replicates per line and treatment. Different letters denote statistically significant differences by Tukey analysis (P<0.05) within each treatment

between lines, and asteriks denote statistically significant differences (P<0.05) between treatments for each line.
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Figure 7.5.-Correlations between carbon isotope composition and intrinsic water use
efficiency and between intrinsic water use efficiency and plant-level water use efficiency in
lines M82, 4-1, 10-2 and 11-3. (A) The correlation between leaf §°¢ and intrinsic water use
efficiency (WUE;) (B) The correlation between the intrinsic WUE;and the plant-level water use
efficiency (WUE,). Correlation coefficients and p-values by Pearson tests are shown in each
graph. Purple markers represent M82, turquoise markers represent IL 4-1, red markers
represent IL 10-2 and green markers represent IL 11-3. Circles represent WW values and squares

represent WD values of field-grown plants. Values are means + SE (n=4).
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Figure 7.6.-Relationships between trichome and stomatal densities and photosynthetic
parameters in lines M82, 4-1, 10-2 and 11-3. (A) The inverse correlation between trichome
density and stomatal conductance (gs), (B) the positive association between stomatal density
and stomatal conductance (gs) and (C) the positive association between trichome density and
intrinsic water use efficiency (WUE;). Correlation coefficients and p-values calculated by Pearson
test are displayed in each graph. Purple markers represent M82, turquoise markers represent IL
4-1, red markers represent IL 10-2 and green markers represent IL 11-3. Circles represent values
under WW conditions in the field and squares represent values under WD conditions in the field.

Values are means * SE (n=3-4).
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Figure 7.7.-Relationship between epidermal features and plant-level water use efficiency
(WUE,) in plants under well-watered (WW) and water deficit (WD) conditions in the field. (A)
The correlation between trichome density and plant-level WUE,. (B) The correlation between
stomatal density and plant-level WUE,. Correlation coefficients and p-values from Pearson tests
are displayed in each graph. Purple markers represent M82, turquoise markers represent IL 4-1,
red markers represent IL 10-2 and green markers represent IL 11-3. Circles represent values from
WW conditions and squares represent values from WD conditions. Values are mean * SE (n=3-

a).
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Figure 7.8.-Relationship between trichome/stomata ratios and photosynthetic parameters in
lines M82, 1L4-1, IL10-2 and IL11-3. (A) The correlation between trichome/stomata ratio (T/S)
and intrinsic water use efficiency (WUE;) and (B) The correlation between trichome/stomata
ratio (T/S) and plant-level water use efficiency (WUEb). Correlation coefficients, calculated by
Pearson tests (P<0.001 for A, P<0.01 for B), are shown in each graph. Purple markers represent
M82, turquoise markers represent IL 4-1, red markers represent IL 10-2 and green markers
represent IL 11-3. Circles represent values from WW conditions in the field and squares

represent values from WD conditions in the field. Values are means * SE (n=3-4).
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7.5.-Discussion

7.5.1.-Water availability affects the development of the leaf epidermis.

| observed a 10-to-15-fold higher TD in leaves grown under field conditions compared to
glasshouse-grown plants (Fig. 7.3a). These differences were likely due to differences in the age
of the plant as well as changes in environmental conditions between the glasshouse and the
field. Trichome development is reported to change with the age of the plant, with the first leaves
showing a higher density of type IV glandular trichomes than leaves emerging later in the plant
development (Vendemiatti et al., 2017) and higher trichome density observed in late leaves of
tomato (Gurr and McGrath, 2001). Moreover, environmental factors, such as temperature,
photoperiod, light intensity or soil humidity, have direct effects on trichome development in
several species. For example, tomato plants grown under short day photoperiod conditions had
a lower trichome density than those grown under long day photoperiod conditions (Gianfagna
et al., 1992), although the content of sesquiterpenes produced by glandular trichomes was
affected in the opposite direction, maybe indicating that the trichome type distribution can be
also affected by photoperiod. Because the imaging method used to quantify trichome and
stomatal density was relatively destructive, | could not test the effect of different water regimes
on trichome types, as most of them were broken to a certain extent. Long day photoperiods
have also been linked to an induction in trichome formation in Arabidopsis (Chien and Sussex,
1996) and in mint, higher light intensity is associated with higher trichome density (Souza et al.,
2016). Despite the dramatic change between environmental conditions in the greenhouse and
the field, the relative differences in trichome density were conserved between lines (Fig. 7.3A),
indicating strong genetic control of trichome development in the selected ILs. We observed a
1.5-to-5-fold higher SD in field-grown plants (Fig. 7.3B). These differences could also be a
function of the age of the plant when leaves were sampled. In poplar, the leaf age and position
were the main factor affecting stomatal density in experiments on the effect of changes on CO,
concentration in leaf development (Ceulemans et al., 1995), indicating that this must be taken
in consideration when performing any comparative experiments. Environmental conditions
could also have an effect on stomatal density, as observed for trichome density. Some examples
of this type of environmental effects have been reported. For instance, in oak trees, leaves
developed under higher temperature showed a reduction in stomatal density (Beerling and
Chaloner, 1993). In grapevines, higher soil temperatures reduced stomatal density (Rogiers et
al., 2011). Unlike the observation for trichomes, relative differences in stomatal density between
lines were not conserved in different environments, pointing to differential regulation of both

features.
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| assessed the changes in leaf anatomy in water-deficit plants compared to well-watered plants.
We observed a higher trichome density in ILs 4-1 and 11-3 under WD conditions compared to
WW plants (Fig. 7.4A). Increases in trichome density upon herbivore and water stress have been
reported previously in several species. Induction of trichome formation by herbivory is discussed
extensively in chapter 8. Induction of trichome formation in leaves developed after drought
stress has been observed in aubergine (Fu et al., 2013) and Arabidopsis (Bjorkman et al., 2008)
as part of the adaptive stress response. In fact, transcriptomic studies in water-stressed A.
thaliana plants showed upregulation of genes related to trichome initiation and morphogenesis
(TT8, BRICK1, KAK) but not of genes involved in stomatal initiation (Bechtold et al., 2016). Not
all the lines in this study showed uniform responses, with IL 4-1 showing bigger changes upon
drought treatment (lower stomatal size, higher trichome density) (Fig. 7.4). This could be
explained by a greater inability of IL 4-1 to control water loss, as indicated by its lower WUE,and
WUE; (Tables 7.4 and 7.5) leading to more severe physiological stress in this line and,
subsequently, a stronger response to water deficit. In any case, these leaf adaptive changes did
not account for an increase in WUE (Tables 7.4 and 7.5) probably due to a lower overall trichome

density in IL 4-1.

| observed an inverse association between trichome density and stomatal density only under
water-deficit conditions (Fig. 7.4D), in agreement with previous reports in tobacco
overexpressing AmMMIXTA (Glover et al., 1998) and the Woolly mutant in tomato (Glover, 2000),
although quantitative data are not shown for this last report. Developmentally, trichomes and
stomata originate from protodermal cells (Morohashi and Grotewold, 2009, Pillitteri and Dong,
2013), and the inverse association observed suggests that regulation of their development might
be linked. Similar relationships have been found in Arabidopsis thaliana trichome mutants (Bean
et al., 2002), where altered trichome phenotypes affected stomatal patterning. In aubergine,
increases in trichome density have been associated with increases in stomatal (Fu et al., 2013),
in contrast to our observations, indicating that there may be different developmental
associations even between related Solanum species. The fact that the trichome and stomatal
densities were not correlated when both well-watered and water-deficit plants were considered
(Fig. 7.4D) might be a result of the lack of genetic differences in stomatal density, as only
trichome density was clearly different between the assessed lines (Fig. 7.3B). However, the
observed association suggests that the developmental response of the leaf to drought stress
involves changes in the determination of cell fate in the whole epidermal tissue, affecting
simultaneously trichome and stomatal densities, and this might occur through different
regulatory mechanisms under different water regimes. In conclusion, we observed an important

effect of water availability on leaf anatomy and determination of epidermal features.
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7.5.2.-Potential of the natural variability in the S. pennellii IL population to develop drought-
tolerant varieties.

M82, the cultivated parent of the IL population, is a highly inbred tomato cultivar that has
traditionally been used as a check variety in breeding programmes (Grandillo et al., 1999) and
as a reference cultivar for scientific research, used in relation to response to water stress as a
drought-sensitive cultivar (lovieno et al., 2016), in contrast to the drought-tolerant S. pennellii
(Egea et al., 2018). The natural variation within the IL population provides an excellent platform
to investigate the role of differences in epidermal features on performance under water stress.
The intrinsic water use efficiency (WUE) is an important target for crop improvement with
respect to drought tolerance, although it needs to be considered carefully as it might not be
directly related to improved fruit productivity (Blum, 2005, Blum, 2009), as it is measured in
vegetative organs, and it does not consider parameters as fruit set or fruit size. | observed a
lower WUE; for IL 4-1 under water-deficit conditions compared to the other lines under study
(Table 7.5), whereas WUE; in IL 11-3 was higher under water-deficit compared to well-watered
conditions (Table 7.5). This increase in WUE; has been reported in drought tolerant varieties in
several crops, including mulberry (Guha et al., 2010), sorghum (Fracasso et al., 2016) and wheat
(Liu et al., 2016a), although it might not always have a positive effect on fruit yield. Interestingly,
none of the ILs under study were considered before for WUE improvement as they showed no
differences in §°C compared to M82 in a 63C screen of the population (Xu et al., 2008), in
agreement with our results, so this epidermis-based analysis provides an alternative path for
increased WUE. Therefore, the genomic region introgressed from S. pennellii in IL 11-3 could be

selected to generate more water-use efficient tomato cultivars.

The accuracy of WUE;as a measure of drought tolerance has been questioned due to the lack of
correlation with whole-plant measurements of WUE (Medrano et al., 2015). In fact, in newer
tomato cultivars, a decrease in WUE;, driven by selection under high-light and well-watered
conditions, has been reported to be accompanied by increases in agronomic WUE (yield per
water used) (Barrios-Masias and Jackson, 2014). Therefore, biomass-based parameters,
specifically plant-level water use efficiency (WUEy), were also investigated in this study, although
specific differences in fruit production or harvest index between ILs, reported by (Caruso et al.,
2016), were not considered. WUE, under water deficit conditions was lower in IL 4-1 than in IL
11-3 (Table 7.4). Moreover, M82 and IL 11-3 plants grown under water-deficit conditions had
higher WUE, values compared to well-watered plants (Table 7.4). The observed correlation
WUE;-WUE, (Figure 5b) supports the use of WUE; as a measure of drought tolerance under the
described experimental conditions. In a similar way, leaf 63C has been used as a marker of the

plant’s WUE (Farquhar and Richards, 1984), and in tomato and S. pennellii it has been reported
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to correlate with WUE, (Martin and Thorstenson, 1988). In this work, | found a correlation
between leaf §°C and WUE; (Fig. 7.5A), suggesting that leaf 6C can be used as a tool for
selection of high WUE; lines in tomato. However, | did not observe a significant correlation

between leaf §23C and WUE,, which might hinder the applicability of my findings.

7.5.3.-The role of the epidermal structures during drought stress.

Water stress responses involve changes in leaf anatomy, including changes in the leaf thickness
affecting CO; diffusion (Niinemets et al., 2009, Galmes et al., 2013) and epidermal features,
where there has been a focus on stomata because of their direct role in gas exchange and
transpiration (Galmés et al., 2007a, Xu and Zhou, 2008). Although | observed differences in leaf
thicknessin ILs 4-1 and 11-3 when WW and WD plants were compared (Table 7.4), no correlation
was found between leaf thickness and any gas exchange parameter. Importantly, | observed a
significant, inverse correlation between gs and stomatal density per area (Fig. 7.6), but not
between gs and stomatal density as a percentage of epidermal cells. This result suggests that SD

per area should be used preferentially when assessing gas exchange parameters.

However, my findings also support a major role for trichomes in gas exchange and determination
of WUE. The correlation observed between trichome density and WUE; and WUE, (Fig. 7.6B and
7.7A) suggests that trichome density has a positive effect in terms of drought tolerance. The lack
of differences in trichome types in the lines under study (see chapter 3) indicates that the
observed effects are due to trichome density rather than other trichome parameters. Several
roles have been suggested for trichomes in plant drought tolerance, including protection against
photodamage (Galmés et al., 2007b) and effects on the resistance of the air-leaf boundary layer
(Boughalleb and Hajlaoui, 2011) On the basis that trichome density is negatively associated with
gs (Fig. 7.6A), my data suggest that trichomes in tomato might play a role in avoiding excessive
water loss through stomata by changing the resistance of the boundary layer, as proposed in
previous studies in olive tree and watermelon (Guerfel et al., 2009, Mo et al., 2016). Another
possible explanation for the correlation between trichome density and WUE involves the
mutually exclusive developmental association between trichomes and stomata. Increased
trichome initiation as part of the response to drought (a possibility supported by the expression
analysis in Arabidopsis (Bechtold et al., 2016)), could lead to lower stomatal density which could
lead to an improved WUE. Finally, genes involved in ABA signalling, known to play a role in
drought response, are expressed in trichomes (Ren et al., 2010, Daszkowska-Golec, 2016), and
have a direct role in the systemic regulation of the response to drought. For example, the tomato
homolog of the WRKY transcription factor AtABO3 (ABA OVERSENSITIVE3) (Ren et al, 2010) or
the bZIP transcription factor AtABF1 (ABRE BINDING FACTOR1) (Yoshida et al, 2015) are both

expressed in trichomes in tomato according to available RNAseq data (Spyropoulou et al., 2014).
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Changes in trichome density could lead to changes in the transcript abundance of these or other
ABA-related factors. In fact, the expression level of SIABO3 (Solyc09g015770) is slightly higher in
leaves in IL 11-3 compared to ILs 4-1 and 10-2 according to available RNAseq data (Chitwood et
al., 2013), although the overall expression levels are low and stable throughout the population,
suggesting that this might be a direct effect of a higher trichome density. SIABF1
(Solyc11g044560) is located in the genomic region introgressed from S. pennellii in IL 11-3,
indicating a possible role for trichome-expressed ABA-related genes in the observed drought

response.

Whole-plant water-use efficiency (WUE,) was also correlated with stomatal density (Fig. 7.7B),
although the impact of stomatal density on WUE was lower than that of trichome density,
because there was no correlation between WUE; and stomatal density at the leaf level, and when
correlation coefficients between trichome density-WUE, and stomatal density-WUE, were
compared, the effect of stomatal density on WUE, was lower than that of trichome density (Fig.
7.6 and 7.7). The fact that both stomata and trichomes were involved in drought response was
not surprising, given the developmental link we observed under water-deficit conditions (Fig.
7.4D) and the direct role of stomata in gas exchange (Fig. 7.6B). In fact, the ratio of trichomes-
to-stomata (T/S), which gives information about the relationship between both structures,
showed a strong correlation with both WUE;and WUE, (Fig. 7.8). In addition to this, T/S is unitless
and is not expressed either in terms of leaf area or percentage of epidermal cells, overcoming
the differences observed in correlations between developmental and photosynthetic traits. It is
interesting to note that T/S becomes a more prominent parameter under water-deficit
conditions, when both trichome density and stomatal density change together (Fig. 7.4D), while
under well-watered conditions, when there is no correlation between them (Fig. 7.4D) or
significant changes between lines, the genotype-specific trichome density is likely to be the main
player in the relation between epidermis and WUE. In conclusion, T/S plays an important role in
the efficiency by which water is used by tomato, and differences in T/S could be used to develop

more drought-tolerant tomato varieties.

7.6.-Conclussion

In this chapter, | analysed the effect of genetically determined epidermal traits on the response
to water deficit, using lines selected from the S. pennellii IL population that had a distinct
trichome phenotype. | observed that lines with a high trichome density and low stomatal density
performed better under drought conditions and proposed the use of the trichome to stomata
ratio as an integrative parameter of the epidermal architecture which can be used as a

measurement of drought tolerance.
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| also analysed the effect of drought conditions on the development of new leaves, in
comparison with leaves developed under well-watered conditions. | observe a trend towards
higher density values for most lines under study. | also observed a tight correlation between
trichome and stomatal density in leaves developed under water deficit, suggesting that their

development is linked under stress conditions.

My results suggest that the epidermis plays an important role in drought response and that the
natural variation present in wild tomato species, specifically S. pennellii, can be exploited to

develop varieties with increase water use efficiency.
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Chapter 8 — Analysis of the role of trichomes in the
response to whitefly infestation.



8.1.-Abstract

In this chapter | described the analysis of selected tomato lines, including Solanum pennellii x
Solanum lycopersicum cv.M82 introgression lines (ILs) as well as overexpression and
CRISPR/Cas9-generated knock-out mutants, in terms of resistance to the infestation by the
whitefly species Trialeurodes vaporariorum. The degree of tolerance was assessed in non-choice
assays and the number of empty pupae cases on the abaxial leaves of the tomato plants was
used as an indicator of the degree of infestation. | observed a strong negative association
between trichome density and whitefly reproductive success among the ILs. | also found a line,
IL 8-1, with a consistent high degree of tolerance to whitefly infestation. Finally, | observed a
reduced number of empty pupae cases in the DWARF knock-out mutant, probably due to the

smaller leaf area.

8.2.-Introduction

8.2.1.-Whitefly infestation as a threat to tomato production.

Whiteflies are small insects belonging to the family Aleyrodidae within the order Hemiptera
order (Byrne and Bellows, 1991). Whiteflies are sap-feeding and they pierce the leaf to gain
access to the phloem of the host plant, secreting excess sugars in form of honeydew (Inbar and
Gerlin, 2008). Whitefly feeding affects plant biomass production and crop yield (Lindquist et al.,
1972). The life cycle of the whitefly, which has been studied mostly in Bemisia tabaci and
Trileurodes vaporariorum, two species which pose a substantial threat to crops, involves several
developmental stages. The length of the life cylce is temperature-dependent, ranging from 2-3
weeks to several months (Inbar and Gerlin, 2008). Reproduction is arrhenotokous in most
whitefly species, with unfertilised eggs becoming male individuals and fertilised eggs becoming
female individuals (Byrne and Bellows, 1991). The whitefly life cycle (Fig. 8.1) starts with eggs
laid by the female individuals normally on the abaxial surface of the youngest leaves (Ohnesorge
et al., 1980). Once the eggs hatch, the immature whitefly goes through four distinct instar stages
(first to fourth), with the first instar being mobile (also referred to as crawler) and the second to
fourth instars being sessile. Some changes in appearance and metabolism take place in the
different instar stages, until finally the mature fly is released, leaving the empty case of the
fourth instar attached to the leaf. The fourth instar is opaque and it is also known as the pupa
(Byrne and Bellows, 1991). Whiteflies are normally ready to mate again within a few hours to

several days after pupal eclosion (Byrne and Bellows, 1991).

The most studied members of the family, B. tabaci and T. vaporariorum, are highly polyphagous
and reports of their presence exist worldwide for most crops as well as aromatic and ornamental
plants, including tomato, aubergine, potato, sunflower, common bean, roses, dahlias, mint and

thyme to name a few (Evans and Hamon, 2002). Apart from the direct effects on yield caused
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Figure 8.1.-Stages of whitefly life cycle. Six developmental stages are described in the life cycle
of whiteflies, starting from eggs to adult fly going through four nymph instar stages. The fourth

instar is often considered a pupa, and the empty cases left by mature adult flies are quantified

in this chapter as a measure of the reproduction rate. This image is reproduced from (Barbedo,

2014) with written permission from Elsevier, the copyright holder.
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by whitefly feeding on host plants, whiteflies act as vectors for serious viral diseases (Jones,
2003) including Tomato Yellow Leaf Curl Virus (Kil et al., 2016) and Tomato Chlorosis Virus (Louro
et al., 2000), which affect dramatically the yield in tomato and can infect other hosts (Jones,
2003). Bemisia tabaci is able to act as a vector of a large number of viruses (over 300 species
according to the latest reports (Navas-Castillo et al., 2011), while the number of viruses
transmitted by T. vaporariorum is limited and restricted to a few species of the genera Crinivirus

and Torradovirus (Jones, 2003, Navas-Castillo et al., 2011).

Whiteflies have a bigg impact in crops grown in the tropical and subtropical regions of the world,
where their reproduction is not hindered by low temperatures during the winter months (Liu et
al., 2016). However, whiteflies have posed a threat to glasshouse-grown crops for many years
in temperate regions, and they have become adapted to crops grown in open fields
(Wintermantel, 2004). Although pest control has been implemented with relative success, as
the use of whitefly parasitoids (Liu et al., 2015) and chemical pesticides (Naveen et al., 2017),
increasing crop resistance to whitefly infestation through breeding or biotechnology is the most
sustainable approach to the problem. In the case of tomato, wild relative species such as
Solanum pennellii and Solanum habrochaites show a high degree of resistance to whiteflies
(Heinz and Zalom, 1995), which indicates that the genetic variation within the Solanum genus

can be exploited to breed for whitefly resistance.

8.2.2.-The role of trichomes in resistance to insect attack.

The epidermis is the first barrier that protects the plant from detrimental environmental
conditions, including insect herbivory. All epidermal components play a role in mediating insect-
plant interactions. The lipid composition of the cuticle, when altered in glossy mutants with
impaired wax biosynthesis, affected resistance to insect herbivory in several species (Eigenbrode
and Espelie, 1995) and analysis of the three dimensional structure of cuticle waxes indicates that
plants might have evolved surfaces on their leaves that hinder insect attachment (Gorb and
Gorb, 2017). Oviposition in some insect species, including whiteflies, takes place in the
substomatal cavity or in slits in the epidermal cells (Buckner et al., 2002). Whiteflies and other
sap-feeding insects need to pierce the leaf surface to reach the phloem bundles. The mechanical
properties of the leaf, its surface and the structures present in it are determinants of insect

infestation (Peeters et al., 2007).

Trichomes are the most prominent epidermal structure and they can contribute to limiting
damage related from insect herbivory. Trichomes, which can be non-glandular or glandular, act
first as a physical barrier that can impede insect feeding, oviposition or larval development

(Levin, 1973, Riddick and Simmons, 2014). In tomato, trichomes are also believed to act as
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mechanoreceptors to elicit a systemic response in plants when trichomes are broken as a

consequence of herbivore contact (Peiffer et al., 2009).

However, the main focus of interest in insect-plant interactions has been on glandular trichomes
and their exudates. For example, in sunflower, secreted sesquiterpenes and diterpenes
associated with glandular trichomes have a positive effect on resistance to the sunflower moth
(Prasifka, 2015). In Datura wrightii, varieties with glandular trichomes producing sticky exudates
showed increased resistance to whitefly attack but, in turn, attracted the insect species
Tupiocoris notatus, indicating that glandular trichomes provide resistance only to a limited
number of small herbivores (van Dam and Hare, 1998). In potato, glandular trichomes from the
wild relative Solanum berthaultii provided resistance against the Colorado potato beetle
(Dimock and Tingey, 1988). Similar observations have been reported for alfalfa and the potato
leafhopper (Casteel et al., 2006) or petunia and Spodoptera littoralis (Sasse et al., 2016),

indicating a widespread role for glandular trichomes in protection against insect herbivory.

Tomato trichomes have been studied extensively in cultivated and wild species, and the
morphological and metabolic differences conferred by trichomes have been tested in relation
to insect resistance (Simmons and Gurr, 2005). S. pennellii, for example, has a high degree of
resistance against whitefly (Heinz and Zalom, 1995), thrips (Smeda et al., 2016) and other insect
species (Juvik et al., 1982), associated with the high density of type IV glandular trichomes which
secrete acyl sugars (Fobes et al., 1985). The composition of the acyl chain and sugar rings of acyl
sugars are different between the wild species and cultivated tomato, with glucose rings and
four-carbon acyl chains showing stronger activity as insecticides (Leckie et al., 2016). The insect-
resistant wild tomato Solanum habrochaites also shows a higher type IV trichome density and a
different acyl sugar composition (Ghosh et al., 2014). Type VI glandular trichomes produce
terpenes and methyl ketones which are also associated with improved insect resistance (Bergau
et al., 2015). For example, the hairless mutation in tomato causes a reduction in the biosynthesis
of sesquiterpenes and polyphenolic compounds in type VI trichomes, and this results in
increased susceptibility to Manduca sexta (Kang et al., 2010a). In S. habrochaites, the
sesquiterpene zingiberene, produced in type VI trichomes, increases resistance to whitefly
(Freitas et al., 2002). Finally, type VII trichomes are also glandular, but their abundance is very
low, and they are not present in resistant species such as S. pennellii (Simmons and Gurr, 2005),
so their role in insect resistance is relatively understudied. In a study of the interaction between
tomato and the aphid Myzus persicae, the density of type VII trichomes was associated with a
degree of arthropod repellence (Simmons et al., 2003), but further analysis of the metabolic

activity of these trichomes is required.
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In this chapter, | describe the analysis of selected S. lycopersicum x S. pennellii introgression lines
(ILs), as well as overexpression and genome-edited lines, with different trichome phenotypes of
the resistance to the glasshouse whitefly species Trialeurodes vaporariorum, and the effect of

whitefly infestation on epidermal development.

8.3.-Methods

8.3.1.-Plant material and insects.

Eight introgression lines from the S. pennellii x S. lycopersicum cv. M82 where selected based on
their trichome phenotypes in the analyses performed in chapter 3. The number and description
of these lines can be found in Table 8.1. These lines were grown along with M82 plants, which
were used as controls for all experiments involving the ILs. Three SIMIXTA-like overexpression
lines (OE #1, #2 and #3) and three genome-edited lines (SIMIXTA-like KO, Woolly GE #1 and
DWARF GE #1) were selected based on their leaf phenotype. The source and description of each
line can be found in Table 8.2. MoneyMaker plants were used as controls for these lines and

grown together with them.

Whiteflies (Trialeurodes vaporariorum) were reared in 52-cm x 52-cm x 50-cm cages on Chinese
aster (Callistephus chinensis) under controlled-environment conditions with a 14-h-day (90 umol

m~2s71 at 20°C) and a 10-h-night (18°C) photoperiod.

8.3.2.-Non-choice whitefly assays.

Three to four five-week-old plants were bagged in fine-mesh plastic bags to allow gas exchange
while keeping whiteflies in close proximity to the plant and avoiding infestation by other insect
species. 20 whitefly individuals were deposited on each bagged plant and plants were grown for
5 weeks, adjusting the bag to allow plant growth and monitoring whitefly behaviour to ensure a
full life cycle (Fig. 1) was completed. After 5 weeks, four leaves per plant (position 3 to position
6) were excised and the number of empty pupa cases on the abaxial side was counted manually.

For DWARF GE plants, six leaves per plant were analysed, given the difference in growth rate.

For the length of the assay, tomato plants were grown under controlled conditions with 14-h-
day (90 pmol m™ st at 20°C) and a 10-h-night (18°C) photoperiod and maintaining adequate

water supply.

8.3.3.-Analysis of epidermis of the ILs before and after insect attack.

Leaf samples were collected from fully expanded leaves before subjecting the plants to insect
attack (leaf in position 3) and after the non-choice assay was complete (leaf in position 8 to 10).
Leaf samples consisted of square sections of approximately 0.5 x 0.5 cm which were fixed

chemically in a glutaraldehyde 2.5%-cacodylate solution and dehydrated through an ethanol
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IL

Phenotype first generation

Phenotype second generation

m82 Standard for trichome density Standard for trichome density
1-4 Average trichome density Average trichome density
2-2 Low trichome density Low trichome density
2-6-5 Low trichome density Average trichome density
4-1 Low trichome density, no type VI Low trichome density
trichomes
8-1 Low trichome density Low trichome density
8-2-1 Low trichome density Low trichome density
10-2 Low trichome density, aberrant Average trichome density, aberrant
trichomes trichomes
113 Average trichome density High trichome density

Table 8.1.- Introgression lines (ILs) selected for insect tolerance assays. For each IL, the

phenotype observed in the screens of the two generations of the IL populations, as described in

chapter 3, is included.
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Line Described phenotype Source

MoneyMaker Standard for trichome density Commercially available
SIMIXTA-like Low trichome density Chapter 5
OE #1
SIMIXTA-like Low trichome density Chapter 5
OE #2
SIMIXTA-like Low trichome density Chapter 5
OE #3
SIMIXTA-like High trichome density, trichome Chapter 5
KO clustering
DWARF GE #1 Dwarfism, leaf curling, BR-deficient Chapter 6
Woolly GE #1 Low trichome density, no type | Chapter 6
trichomes

Table 8.2.-Overexpression and gene-edited lines selected for insect tolerance assays. For each

line, the phenotype observed, and the source of the lines is indicated.
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series before imaging by SEM under room temperature (see chapter 2 for details). Three to four
samples per line were analysed and 8-10 micrographs of approximately 0.3 mm? were analysed
to determine trichome and stomatal densities. Trichomes, stomata and pavement cells were
counted manually, and trichome and stomatal density were calculated as percentage of total
epidermal cells. The trichome to stomata ratio was calculated by dividing the trichome density
by the stomatal density. Trichomes were assigned to the different trichome type groups
according to established classification (Luckwill, 1943, Simmons and Gurr, 2005). | classified type
| and IV together in the same group and all non-glandular trichomes as type V. Broken and

aberrant trichomes were also recorded.

8.3.4.-Statistical analysis.

Differences between the number of pupa cases on the leaves of different lines were called by
performing a t-test between each selected line and the M82 control value for IL experiments or
MoneyMaker control value for experiments with the other lines. The p-value cut-off was set at
0.05. Differences in trichome density, stomatal density and trichome-to-stomata ratio were
assessed by univariate analysis of variance (ANOVA) between lines and time points and
significance was determined by a post-hoc Duncan test (p-value<0.05). The relationship
between variables was determined by correlation analysis (R?). All the analyses were performed

using the R software and the package agricolae (https://tarwi.lamolina.edu.pe/~fmendiburu/).

8.4.-Results

8.4.1.-Whitefly reproductive behaviour on leaves of selected S. pennellii ILs.

| selected 8 ILs to test for tolerance to whitefly infestation based on the trichome phenotypes |
recorded in chapter 3 (Table 8.1). This subset of ILs included lines with consistent low trichome
density in the two generations which | screened (ILs 2-2, 4-1, 8-1 and 8-2-1), with different
phenotypes in both generations (ILs 2-6-5, 10-2 and 11-3) and with consistent trichome density
comparable to the control line M82 (IL 1-4). Some of the selected lines had other differences,
such as the low to null presence of type VI trichomes in IL 4-1, the presence of aberrant
trichomes in IL 10-2. The line M82 was used as a standard for the other lines. Finally, IL 8-1 and
IL 11-3 show differences in the composition of acyl sugars in their trichome secretions

(Schilmiller et al., 2010).

After a whitefly life cycle in a non-choice experiment, | quantified the number of empty pupa
cases on the abaxial side of the infested leaves. For most ILs, whiteflies showed similar
reproductive behaviour and offspring numbers (Fig. 8.2). However, | observed a significantly

lower number of pupa cases in leaves of ILs 8-1 and 11-3 compared with M82 leaves (Fig. 8.2).
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Figure 8.210.-Number of pupae cases per leaf in tomato plants five weeks after infestation.
Pupae cases after mature fly release were quantified on the abaxial surface of the first eight
leaves of each plant (n=3 per line, except for IL 10-2 where n=2). Values are expressed as
meantSEM. The grey bar indicates values for M82. Blue bars indicate ILs showing values not
significantly different from M82, and green bars indicate ILs showing a significant reduction in

the number of pupae cases per leaf (p-value<0.05).
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8.4.2.-Effect of whitefly infestation on epidermal development.

| analysed the epidermal surface of leaves harvested before and after insect attack from M82
plants and the selected ILs. Before insect attack, IL 11-3 showed the highest average trichome
density, being significantly higher than the values recorded for ILs 1-4, 4-1 and 10-2. The rest of
the lines under study showed intermediate trichome density (Fig. 8.3A). After insect attack, IL
10-2 showed the highest average trichome density, with a significant higher trichome density
than M82 and ILs 1-4, 2-2, 4-1 and 8-1. Interestingly, IL 4-1 had the lowest trichome density, and
it was significantly lower compared to all the other lines under study after insect attack (Fig.
8.3A). For most of the lines analysed, trichome density increased dramatically after insect attack,

except for M82 and ILs 4-1 and 8-1 (Fig. 8.3A).

Stomatal density showed fewer differences between lines in this assay. Before insect attack, all
lines showed a comparable stomatal density with no significant differences observed between
lines (Fig. 8.3B). After insect attack, ILs 2-6-5 and 10-2 had a lower stomatal density compared
to IL 8-1, while all other lines had an intermediate phenotype (Fig. 8.3B). When values of
stomatal density where compared before and after insect attack, most lines showed a trend to
lower stomatal density, with ILs 8-2-1 and 10-2 showing a significantly lower stomatal density

after insect attack (Fig. 8.3B).

| calculated the trichome to stomata ratio as an integrative parameter of the epidermal
structures. Before insect attack, most lines showed a similar trichome to stomata ratio, with only
IL 4-1 having a lower value compared to IL 2-2 (Fig. 8.3C). After insect attack, the trichome to
stomata ratio was similar for all lines (Fig. 8.3C). Finally, the trichome to stomata ratio tended to

be higher for all lines when values before and after insect attack

were considered, and actually for ILs 1-4, 2-6-5, 8-2-1 and 10-2 it was significantly higher (Fig.
8.3C).

| observed a negative correlation between trichome and stomatal density, but only for values

after insect attack (R?=0.63, p-value=0.01) (Fig. 8.4).

| classified the trichomes observed in the leaves of the assessed lines into the different type
groups described by (Simmons and Gurr, 2005). For the trichomes developed before insect
attack, the most abundant trichome type was type V (non-glandular), with glandular type VI
trichomes being absent in the assessed tissue in ILs 1-4, 2-2, 2-6-5, 4-1, 8-2-1 and 11-3 (Fig. 8.5A).
After insect attack, the percentage of type V trichomes increased for most lines in detriment of
type | and type VII, and type VI became present in all lines and more abundant in most of them
compared to the percentages before insect attack, although in IL 10-2 the abundance of type VI

trichomes decreased (Fig. 8.5B). Interestingly, the percentage of each trichome type did not
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Figure 8.311.-Quantitative analysis of the epidermis of ILs under study before and after insect
attack. A) Trichome density, expressed as percentage of total epidermal cells, of the adaxial
surface of leaves from each IL. B) Stomatal density, expressed as percentage of total epidermal
cells, of the adaxial surface of leaves from each IL. C) Trichome to stomata ratio of the adaxial
surface of leaves from each IL. Values are expressed as mean+SEM (n=3 per line and time point,
except for 10-2 before insect attack, where n=2). Purple bars represent M82 values; blue bars,
IL 1-4; orange, IL 2-2; pale green, IL 2-6-5; turquoise, IL 4-1; yellow, IL 8-1; grey, IL 8-2-1; pink, IL
10-2 and green, IL 11-3. Light colours represent values before insect attack (labelled B) and dark
colours represent values after insect attack (labelled A). Different letters indicate significant
differences between lines for each time point (lower case for “before” values and upper case for
“after” values), according to Duncan test (p-value<0.05). Stars indicate significant differences

between time points for each line, according to a t-test (p-value<0.05).
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Figure 8.4.-Correlation between trichome and stomatal density for leaves assessed before
insect attack (BIA) and after insect attack (AlA). A negative correlation was found between
trichome and stomatal density only in plants assessed after insect attack according to Pearson’s
test (p-value=0.01, dashed line) while this was not observed for values before insect attack (p-
value=0.11, solid line). Correlation indexes are shown in the graph. Each data point is expressed
as mean + SEM (n=3, except for IL 10-2 BIA, where n=2). Purple markers represent M82 values;
blue, IL 4-1; orange, IL 2-2; pale green, IL 2-6-5; turquoise, IL 4-1; yellow, IL 8-1; grey, IL 8-2-1;
pink, IL 10-2 and green, IL 11-3. Circle represent values before insect attack and squares

represent values after insect attack.

273



A Before insect attack

100

Trichome type distribution (%)
3

Line

B After insect attack

100

75

[ Aberrant

50

Trichome type distribution (%)

25

Line

Figure 8.5.- Percentage of each trichome type in leaves of ILs before and after insect attack. A)
Trichome type distribution in ILs before insect. B) Trichome type distribution in ILs after insect
attack. Percentage is calculated considering the total trichome number for three leaves per line
and time point. The blue bar represents type |; the green bar, type V; the red bar, type VI; the
grey bar, type VII; the orange bar, broken trichomes and the purple bar, aberrant trichomes. A
schematic view of each trichome type is shown in the figure. For this thesis, type | and IV are

considered the same type and included under “type I” in the classification.
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change substantially in M82 (Fig. 8.5B) It is important to note that the percentage of broken
trichomes was high in all samples and might have masked the actual trichome type distribution

(Fig. 8.5).

8.4.3.-Effect of trichome density on whitefly reproductive behaviour.

| observed a strong negative correlation between the number of pupa cases per leaf and the
trichome density for each line (R?=0.72, p-value<0.01) (Fig. 8.6), but only when the value for IL
8-1 was not considered, as it laid a long way off the regression line. For all other lines, the
relationship between both the trichome density and the number of pupa cases was statistically

significant.

8.4.4.-Whitefly reproductive behaviour on leaves of selected overexpression and gene-
edited lines.

| selected some of the lines generated in this thesis on the basis of their differences in trichome
phenotype (Table 8.2). This set of lines included SIMIXTA-like overexpression lines (OE #1-#3,
described in chapter 5) which had lower trichome density than the untransformed MoneyMaker
line, an SIMIXTA-like knock-out line (described in chapter 5), which showed trichome clustering
and an increase in trichome density compared with MoneyMaker, a DWARF gene-edited line
(DWARF GE #1, described in chapter 6) which showed an acute dwarfism due to its inability to
synthesis brassinolide, and a Woolly gene-edited line (Woolly GE #1, described in chapter 6)

which had low trichome density and absence of long, type-I trichomes.

| quantified the number of pupa cases on leaves of MoneyMaker and SIMIXTA-like OE lines in
two successive assays (Fig. 8.7). In both cases, | did not observe any significant difference
between the OE lines and MoneyMaker (Fig. 8.7). No significant differences were observed
either between number of whitefly pupa cases in Woolly GE #1 or SIMIXTA-like GE #1 lines (Fig.
8.8A and B). The number of empty pupa cases was substantially lower in DWARF GE #1 leaves,

and significantly different from the values for MoneyMaker (Fig. 8.8C).

8.5.-Discussion

8.5.1.-Natural variation in the trichome phenotype of S. pennellii ILs as a source of increased
tolerance to whitefly infestation.

Wild relatives of the cultivated tomato have been reported to have an increased resistance to
insect attack, including improved tolerance to infestation by whitefly species (Channarayappa
et al., 1992, Heinz and Zalom, 1995, Nombela et al., 2000, Simmons and Gurr, 2005, Vosman et
al., 2018). Solanum pennellii has repeatedly showed a high degree of resistance to whitefly
attack (Liedl et al., 1995, van den Oever-van den Elsen et al., 2016, Vosman et al., 2018), and
this trait has been associated to the composition and amount of secreted acyl sugars by type IV
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Figure 8.612.- Correlation between trichome density before insect attack (BIA) and whitefly
pupa cases per leaf. A negative correlation was found between trichome density and pupa cases
per leaf only when IL 8-1 values (highly resistant line) were excluded, according to Pearson’s test
(p-value<0.01, dashed line). Correlation index is shown in the graph. Each data point is expressed
as meanSEM (n=3, except for IL 10-2 BIA, where n=2). Purple markers represent M82 values;
blue, IL 4-1; orange, IL 2-2; pale green, IL 2-6-5; turquoise, IL 4-1; yellow, IL 8-1; grey, IL 8-2-1;
pink, IL 10-2 and green, IL 11-3.
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weeks after infestation. SIMIXTA-like OE lines #1, #2 and #3 were tested for their tolerance to
insect attack in two successive assays (A and B). Pupae cases after mature fly release were
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expressed as meantSEM. The grey bar indicates values for MoneyMaker control plants. No

significant differences were found between lines.
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trichomes (Leckie et al., 2016). For this chapter, | selected a subset of ILs previously analysed in
terms of trichome density (see chapter 3) to test their tolerance to whitefly (Trialeurodes
vaporariorum) attack and try to establish any links between trichome density and whitefly

performance.

Two of the ILs, 8-1 and 11-3, included in this assay showed an increased resistance to whitefly
infestation, as the number of pupa cases per leaf in a non-choice test was significantly lower
(Fig. 8.2). IL 8-1 had a significantly lower trichome density in the phenotyping screen | carried
out, as described in chapter 3, and was also one of the lines showing lower trichome density
values in the assessment performed in this chapter, especially after insect attack (Fig. 8.3A). The
source of resistance in this line cannot be, therefore, associated to a high trichome density, as
described for glandular trichome density in tomato (Silva et al., 2014) and other species such as
cotton (Zhu et al., 2018b) or pelargonium (Avery et al., 2015). Apart from its low leaf trichome
density, IL 8-1 did not show a large number of type I/IV trichomes (Fig. 8.5), sites of acyl sugar
biosynthesis (Fobes et al., 1985, Schilmiller et al., 2012), suggesting that the observed resistance

cannot be explained by an increase in the density or composition of trichome types in this

IL. Metabolomic analysis of IL 8-1 showed that the composition of the acyl sugars secreted by
type I/IV trichomes in this line differ from those observed in M82, with a major presence of
isobutyl (i-C4) acyl chains compared to the more abundant C5 acyl chains in M82 (Schilmiller et
al., 2010). In IL 8-1, there is a reduction in total content of sucrose with 3 isopentyl (i-C5)
substitutions and an increase in content of sucrose with one to three isobutyl (i-C4) substitutions
(Fig. 8.9). Studies using purified acyl sugars from S. pennellii (with 75% of their components
bearing isobutyl (i-C4) moieties) and S. lycopersicum (with 75% of the acyl sugars molecules
containing isopentyl (i-C5) moieties) showed that the i-C4 acyl sugars were more effective in
reducing whitefly and thrips oviposition (Leckie et al., 2016). The gene responsible for this shift
in acyl sugar composition has been identified as a trichome-specific isopropylmalate synthase
(Ning et al., 2015), which in S. pennellii is mutated and lacks the C-terminal region. These reports
suggest strongly that the observed increase in resistance to whitefly is explained by the
composition of changes in trichome exudates. In the future, | aim to test whether the level of
resistance of IL 8-1 is comparable to that of S. pennellii. | will also generate knock-out lines for
the isopropylmalate (Ning et al., 2015) using CRISPR/Cas9 to test whether this gene is actually

responsible for the observed resistance to whitefly infestation.

In the case of IL 11-3, where fewer empty pupa cases were found on the leaves of whitefly-
infested plants (Fig. 8.2), the trichome density was higher than that of M82 in the second
generation of the IL population (see chapter 3), although it did not show a significantly higher

trichome density compared with M82 in the first IL generation, but its average trichome density
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Figure 8.9.-Chemical structure of the most common acyl sugar produced in S. lycopersicum cv.
M82 and the modified version found in IL 8-1. A sucrose molecule with three isopentyl
substitutions (i-C5) — marked in blue- and an acetyl substitution is the most common acyl sugar
form in M82. In IL 8-1, this form is less abundant and the isopentyl moieties are often replaced
by isobutyl (i-C4) -marked in red- moieties. The i-C4 substitutions provide greater insecticide

properties to the molecule.
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was the highest of the whole population. This situation is similar to that observed for ILs before
insect attack (Fig. 8.3A), where the value for trichome density in IL 11-3 was the highest among
all the studied lines. Moreover, analysis of the acyl sugar content and composition in this line
(Schilmiller et al., 2010) and other breeding lines derived from crosses with S. pennellii (Leckie
et al., 2013) has shown that IL 11-3 has a significantly lower acyl sugar content compared to the
rest of the IL population. Moreover, the composition of acyl sugars was slightly different in IL
11-3, with no acylation in the furanose ring of the acyl sucrose, the most common acyl sugar
molecule in S. lycopersicum, due to a defective version of an acyl transferase in S. pennellii
(Schilmiller et al., 2015). However, this specific acyl sugar has not been associated with insect
resistance, suggesting that the acyl sugar content and composition do not play a role in the
observed tolerance to whitefly shown in IL 11-3, especially since its low acyl sugar content would
be predicted to have a negative effect on herbivore resistance. | also found a higher tolerance
to drought stress in IL 11-3 (see chapter 7) which was linked to the high trichome to stomata
ratio in this line. The high trichome density in IL 11-3 could explain the observed improved
resistance to whitefly attack, in agreement with previous studies on total trichome density and
whitefly oviposition in different tomato cultivars (Sanchez-Pena et al., 2006). In contrast, there
are some reports in tomato where choice assays done with B. tabaci and tomato showed an
oviposition preference for lines with high non-glandular trichome density (Heinz and Zalom,
1995, Oriani and Vendramim, 2010). The absence of large differences in the composition of the
different trichome types in the assessed lines (Fig. 8.5), the non-choice nature of my
experiments or differences in measuring oviposition or mature pupa cases might explain the
differences between my observations and those of (Heinz and Zalom, 1995, Oriani and

Vendramim, 2010).

Interestingly, | did not observe any of the selected ILs with a lower whitefly resistance than M82,
even when most of the ILs were selected for having low trichome density (Table 8.1), with some
consistently showing low trichome density under the conditions of the assay (IL 4-1, for example
in Fig. 8.3). This suggests that the contribution of total trichome density to herbivory resistance
may be limited to a certain extent and other factors, such as chemical composition of trichomes
exudates (although the amounts of trichome exudates may be influenced by trichome density),

may play more prominent roles as the first defence against pests.

In conclusion, the natural variation in trichome phenotypes (both at the developmental and
metabolic levels) found in the S. pennellii IL population could be exploited to increase the
tolerance of tomato plants to whitefly attack, as observed for ILs 8-1 and 11-3, with the latter
contributing a traditionally overlooked source of resistance based on total trichome density

rather than type I/IV density or acyl sugar composition.
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8.5.2.-Epidermal dynamics upon insect infestation in tomato.

Plants are often subjected to herbivory and have developed different ways of responding to
insect-related stress, including a first barrier to prevent insect feeding and reproduction
(trichomes, cuticle, leaf thickness and constitutively produced defence metabolites) and a
second barrier that involves transcriptome reprogramming, normally driven by the defence
hormone jasmonate (JA) (Koo and Howe, 2009), either to alter development to minimise insect
damage or increase the resources devoted to the production of defence structures and
metabolites (Gatehouse, 2002, Kerchev et al., 2012). The leaf epidermis is the first barrier
encountered by herbivores, and its morphology and mechanical properties play a major role in
reducing the effect of insect damage (Flirstenberg-Hagg et al., 2013). Trichomes are one of the
most specialised structures of the leaf epidermis and their role in defence against insects,
especially glandular trichomes, has been reported frequently (Levin, 1973, Valverde et al., 2001,

Tian et al., 2012).

| observed that changes in the epidermis of the selected ILs (Table 8.1) of leaves developed after
insect attack. Trichome density increased substantially in leaves assessed after insect attack for
most lines (Fig. 8.3A), suggesting that whitefly infestation elicits the subsequent development
of leaves with higher trichome density. Increases in trichome density as part of the JA-mediated
induced response to herbivory and wounding have been reported in several species, including
willow (Bjorkman et al., 2008), tomato (Li et al., 2004, Escobar-Bravo et al., 2017) and A. thaliana
(Qi et al., 2011). Transcriptomic analysis of cotton cultivars with different degrees of resistance
to whitefly (Bemisia tabaci) showed differential expression of genes involved in trichome
development such as a close homolog of AtGL3, GhDEL61 (Shangguan et al.,, 2016) or a-
expansins (Li et al.,, 2016a), indicating that the response to whitefly attack likely involves
upregulation of regulators of trichome formation. Moreover, | observed that trichome density
and the number of pupa cases on leaves were negatively correlated in the lines under study,
once IL 8-1 was excluded from the analysis (Fig. 8.6). These results suggest that trichome density
is tightly linked to the reproductive success of whiteflies, but that other factors, such as the
composition of the acyl sugar secretion (which can more effectively reduce whitefly oviposition
(Leckie et al., 2016)) play a more prominent role, likely masking any effects associated to

trichome density in IL 8-1.

Stomatal density did not change clearly following insect attack, although for many lines there
was a trend towards lower stomatal density after attack (Fig. 8.3B). There was no clear
connection between this reduction in stomatal density and increased resistance to whitefly
attack. Some whitefly species insert their eggs into the stomatal cavity, but in the case of T.

vaporariorum, used in this study, eggs are laid in slits made by the ovipositor on the leaf surface
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(Buckner et al., 2002). A reduction in stomatal density might be a broad-spectrum response
against insect herbivory, particularly for species that insert their eggs in the stomatal cavity,
contributing to a reduction in the number of oviposition foci available on the leaf. Insect feeding
and reproduction also affect the water status of the leaf as water losses occur through insect-
mediated wounds (Aldea et al., 2005), and a decrease in stomatal density could contribute to
maintaining favourable water status. Herbivory is known to affect primary metabolism, and this
generally involves a decrease in the photosynthetic rate as part of the plant’s response to stress,
in this case biotic challenge. (Schwachtje and Baldwin, 2008, Bolton, 2009). The adaptive
consequences of reducing photosynthesis in response to stress is unclear, but limitation of
carbon fixation may increase the amount of reactive oxygen species (ROS) produced by the
electron transport chain in the chloroplast, which might have a defensive role (Kerchev et al.,
2012). A reduction in stomatal density could affect positively infested plants, both by
maintaining its water status and by producing ROS as a defence mechanism. However, | did not
observe any correlations between stomatal density and whitefly reproductive behaviour,

suggesting that changes in stomatal density are unlikely to have a direct impact on whiteflies.

As expected from the opposite directions of changes in trichome and stomatal densities, the
trichome-to-stomata ratio, an integrative parameter of the leaf epidermis which has been
associated with drought tolerance (see chapter 7), increased after insect attack in most lines.
However, | found no correlation between the trichome to stomata ratio and whitefly
reproductive behaviour, suggesting that in the case of herbivory response, this parameter is
unlikely to be as useful for selection of tolerant lines as it proved to be for water stress tolerance
(Galdon-Armero et al., 2018). The lack of a clear role for changes in stomatal density, the
absence of correlation between stomatal density (or trichome to stomata ratio) and whitefly
pupa cases on leaves and the fact that trichome and stomatal density are strongly correlated in
leaves developed after insect attack (Fig. 8.4) support the idea that the changes in stomatal
density are a side effect of the increases in trichome density, perhaps affecting negatively the
number of protodermal cells available to undergo differentiation into stomata, after a larger
proportion of this pool commit to trichome development. This mutually exclusive relationship
between trichome and stomatal development has been discussed in chapter 7 as an explanation
correlation observed between trichome and stomatal density. This supports my observations in
tomato cultivars M82 and MoneyMaker (see chapters 3 and 4). Similar observations have been

made in tobacco ectopically expressing AmMIXTA (Glover et al., 1998).

Whitefly attack had an effect on the type of trichomes present in leaves developed after
infestation (Fig. 8.5). Although changes were relatively small in M82 controls, the most evident

changes involved an increase in the percentage of type VI glandular trichomes and an increase
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in the percentage of non-glandular type V trichomes in detriment of type I/IV trichomes in the
ILs(Fig. 8.5). The trend to a higher number of type VI trichomes had been reported previously as
a consequence of herbivory and jasmonate application (Oney and Bingham, 2014). The ketones
and sesquiterpenes produced by type VI trichomes have insecticide effects on Lepidotera
species (Lin et al., 1987) and an early mapping of QTLs affecting type VI trichome density and
whitefly oviposition suggested a possible link between these two traits (Maliepaard et al., 1995).
Therefore, an increase in type VI trichome density after insect attack might be a beneficial part
of the response to herbivory in tomato. It is interesting to note that IL 4-1, which consistently
showed a low to null presence of type VI trichomes (Fig. 8.5A and chapter 3) showed a large
percentage of this trichome type after insect attack (Fig. 8.5B), suggesting that the absence of
type VI trichomes in the assessed tissue was a consequence of the low total trichome density in
this IL — and probably the consequence of the defective allele of SIMX2 in this line (see chapter
4)- rather than a type-specific effect or an impairment of trichome type determination. The
increase in the percentage of type V trichomes following insect attack and the concomitant
reduction in type IV/I trichomes is most likely a consequence of the difference in leaf age. The
presence of type IV/I trichomes is high in juvenile leaves and progressively reduced in newly
developed leaves until they are almost absent in mature leaves, while non-glandular type V
trichomes show exactly the opposite trend, with a progressive increase associated with plant
age (Vendemiatti et al., 2017). Therefore, the observations before and after insect attack
affecting these trichome types reflects the normal development of the plant. The presence of
glandular type 1IV/I trichomes could be more beneficial given the proven insecticidal effects of
their acyl sugar secretions (Leckie et al.,, 2016). However, a high density of non-glandular
trichomes has been associated with improved resistance against some insect species such as the
Colorado potato beetle (Tian et al., 2012), so a potential beneficial effect of increased non-
glandular trichome density cannot be excluded. In all my observations, the number of broken
trichomes in the assessed samples was relatively large and many of these observations could be

skewed as a consequence.

8.5.3.-Whitefly reproductive behaviour on selected overexpression and genome-edited lines.
| selected some of the lines developed in chapters 5 and 6 that showed differences in trichome
density or other clear phenotypes, such as the dwarfism of the DWARF GE line (Table 8.2). The
three SIMIXTA-like OE lines that had been analysed in detail in chapter 5 showed a clear
reduction of trichome density and an increase in stomatal density. However, when | quantified
the number of empty pupa cases on the leaves of these lines, | did not observe any significant
differences in comparison to the MoneyMaker control plants (Fig. 8.7). Although | found an

association between trichome density and whitefly resistance in my analysis of the ILs (Fig. 8.6),
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| did not observe an increase in the number of empty pupa cases in any of the lines with low
trichome density (IL 4-1, for example). This suggests that the whitefly reproductive behaviour is
not governed by trichome density in those lines and either the maximal reproductive
performance is reached in the control MoneyMaker plants or that other factors that limit insect
growth and reproduction (ROS formation, for example) might play more important roles,
masking any effects of the reduction of trichome density. | also tested a SIMIXTA-like KO line for
whitefly resistance (Fig. 8.8A). This line showed an increase in trichome density, which in this
case was accompanied by an increase in stomatal density (see chapter 5). This line did not show
any difference to MoneyMaker in terms of whitefly resistance, although the highest values for
pupa cases were recorded in SIMIXTA-like KO lines (Fig. 8.8A). As discussed for OE lines, the gene
might be involved in regulating other pathways related to defence. In fact, a conserved MYC2
binding motif is found in the SIMIXTA-like promoter, and MYC2 is a regulator of the jasmonate
signalling pathway (Dombrecht et al., 2007), and therefore part of the systemic response to
herbivory. Also, the high stomatal density in this line might be detrimental for the plant, as plants
tended to reduce their stomatal density after insect attack (Fig. 8.3) and might also limit any
potential advantage of a high trichome density. Finally, SIMIXTA-like regulates cutin biosynthesis
and deposition (Lashbrooke et al., 2015), and it might affect insect attachment to the leaf (Gorb
and Gorb, 2017) or its ability to pierce the surface to feed or lay eggs. The possible role of
SIMIXTA-like in plant-insect interactions need to be studied further, including metabolic analysis
of trichome secretions and effects of the overexpression and knock-out of the jasmonate

pathway.

The Woolly GE lines showed a reduction in trichome density, and long type | trichomes were
practically absent (see chapter 6). These lines behaved similarly to the MoneyMaker control in
terms of whitefly resistance (Fig. 8.8B), suggesting once more that trichome density can only
contribute within limits to defence against insect attack. The Woolly mutant, which shows a
hyperproduction of non-glandular trichomes (Yang et al., 2011a), also showed a reduced
production of monoterpenes and sesquiterpenes with insecticidal action and a reduction in the
expression of PIN2 (Tian et al., 2012), a protease inhibitor which has been associated to
herbivore resistance (Ryan, 1990). This indicates that other defence pathways might be
controlled directly or indirectly by Woolly and therefore the effect of trichome density might be

masked or relatively small.

In the case of the DWARF GE line, the plants showed an extreme dwarfism, with curled leaves,
reduced number of leaflets and limited height (see chapter 6). However, no evident effect on
trichome density was observed, and the suggested increase in pubescence reported for the BR-

deficient pdy mutant in tomato (Campos et al., 2009) is probably due to the reduction in leaf
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area and cell size (see chapter 6). The number of pupa cases on the leaves of the DWARF GE line
was reduced dramatically compared to the MoneyMaker control (Fig. 8.8A). Brassinosteroids
are phytohormones involved in a broad range of physiological processes. A role for
brassinosteroids in regulating the response to herbivory in tomato has been reported in an
antagonistic way to the jasmonate signalling pathway (Campos et al., 2009). The BR-deficient
dpy mutant showed an increase in herbivore-related beneficial traits (increase in pubescence,
production of the insecticide compound zingiberene and expression of protease inhibitors)
while the JA-deficient jail-1 showed the opposite phenotype. Through study of the double
mutant, it was concluded that BR acts upstream of JA, and therefore BR directly regulates JA-
related responses and, ultimately, the degree of the response to herbivory (Campos et al., 2009).
Moreover, Nicotiana attenuata plants where BAK1, a BR coreceptor essential for BR signalling
in plants (Li et al., 2002), was silenced showed a reduction in JA content and alterations of the
JA-mediated response to herbivory (Yang et al., 2011b). Therefore, the deficiency in BR
biosynthesis in the DWARF GE line may be affecting the JA response and explain the observed
effect on whitefly reproduction. Another possible explanation might be related to the area of
the leaf available for oviposition. The leaf area in the DWARF GE line is greatly reduced compared
to MoneyMaker leaves (see chapter 6), and some insect species adjust oviposition to the
available leaf surface, as in the case of the leaf-miner (De Sibio and Rossi, 2012) or the European
corn borer (Spangler and Calvin, 2000). BR-deficiency might be linked to improved tolerance to
whitefly attack and the molecular and physiological basis of this phenomenon need to be

explored further.

8.6.-Conclusion

In this chapter | analysed the effect of differences in trichome density, due both to natural
variation present in the IL population and due to overexpression or knock-out of trichome
regulators, on the reproductive behaviour of the glasshouse whitefly Trialeurodes vaporariorum.
| also investigated the developmental effect of whitefly infestation on the trichome phenotype
of newly developed leaves. | conclude that trichomes play an important role in controlling
whitefly reproductive behaviour in two different ways. First, some trichome-secreted
metabolites have a more effective insecticidal effect, as observed for IL 8-1. Second, trichome
density is highly correlated to the number of whitefly offspring and the high-trichome density of
IL 11-3 led to an increased resistance to whitefly reproduction. | also showed that insect attack
elicits a developmental response which involves rearrangements in epidermal cell development,
with anincrease in trichome density and a concomitant decrease in stomatal density, which may

offer tolerance to whitefly.
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| also investigated the role of BR in herbivore response using the DWARF GE line developed for
this thesis. BR-deficiency led to a very resistant phenotype, although whether this is due to a
more intense JA-mediated response or to anatomical differences between lines remains to be

determined.

The work presented in this chapter supports the use of trichomes as a tool for improved insect

tolerance and as a target for breeding programs in tomato.
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Chapter 9 — General discussion and future prospects



9.1.-General discussion.

The work described in this thesis aimed to deepen the current understanding of the
development of multicellular trichomes in Solanum lycopersicum (tomato) by exploiting the
natural genetic variation in the wild relative Solanum pennellii and the power of the CRISPR/Cas9
system to generate precise knock-out mutants of genes of interest. In addition to this, | explored
the implications of changes in trichome features (with a focus on trichome density) on the fitness
of the plant under drought and herbivory stresses. The data generated in this study have helped
identify new regulators of trichome development and have contributed to a clearer model for

trichome initiation and morphogenesis in tomato and related species.

9.1.1.-Natural genetic variation in S. pennellii led to the identification of new regulators of
trichome development.

In chapter 3, | described the screen of the epidermal structures on leaves of the S. pennellii x S.
lycopersicum cv. M82 ILs, which led to the identification of ILs with consistent differences to the
wild type M82 over two generations in terms of trichome density (Fig. 3.3 and 3.4) and trichome
patterning (Fig. 3.8). With the aid of the precise mapping of the introgressed genomic regions of
S. pennellii in each IL (Chitwood et al., 2013), the availability of well annotated genomes of S.
lycopersicum and S. pennellii (The Tomato Genome, 2012, Bolger et al., 2014) and the
transcriptomic information available for trichome-specific genes (Spyropoulou et al., 2014) and
leaves of the ILs (Chitwood et al., 2013), | selected a number of candidate genes that were likely
to be involved in either trichome initiation or trichome morphogenesis, depending on the
phenotype with which they were associated. The function of these genes (Tables 4.1-4.4) was
tested by virus-induced gene silencing (VIGS), as described in chapter 4. These assays led to the
identification of three genes with a likely role in trichome development: SIMIXTA-like

(Solyc02g088190), SIMX2 (Solyc04g005600) and SICycB2 (Solyc10g083140).

SIMIXTA-like was selected as a candidate gene involved in the aberrant trichome patterning
phenotype observed in ILs 2-5/2-6, which had clusters of two to three trichomes on the leaf
surface (Fig. 3.8). When SIMIXTA-like was silenced by VIGS, | observed similar trichome clusters
on leaves (Fig. 4.4). SIMIXTA-like had been characterised before for its role in conical cell
development in fruit and in cutin synthesis and deposition (Lashbrooke et al., 2015), and a
closely related gene in petunia (PhMYB1), a likely homolog based on its phylogenetic
relationship with SIMIXTA-like (Fig. 4.24), which had been characterised for its role in conical cell
development in petals (Baumann et al., 2007). However, no evidence of a role for SIMIXTA-like
in trichome development were reported. | characterised SIMIXTA-like functionally by a
combination of approaches as described in chapter 5. Lines overexpressing SIMIXTA-like showed

a decrease in trichome density in their leaves (Fig. 5.3 and 5.4), while SIMIXTA-like knock-out
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plants showed an increase of trichome density as well as clustered trichomes on their leaves
(Fig. 5.9 and 5.11). | also confirmed the role of SIMIXTA-like in controlling conical cell
development in petals (Fig. 5.19) and fruits (Fig. 5.20). My data indicate that SIMIXTA-like is a
negative regulator of trichome initiation and a key factor regulating the developmental pattern

of trichomes of the epidermis of tomato leaves.

SIMX2 is a MIXTA gene, closely related structurally to known regulators of trichome
development such as MIXTA in Antirrhinum majus (Noda et al., 1994) and SIMX1 in tomato (Ewas
et al., 2016). SIMX2 was selected as a candidate gene responsible for the low trichome density
observed in IL 4-1 (Fig. 3.3 and 3.4). When SIMX2 was silenced by VIGS, | observed a significant
reduction of trichome density, which affected primarily non-glandular type V trichomes (Fig 4.9).
My data suggest that this gene is responsible for the development of type V trichomes, which
would explain the total absence of non-glandular trichomes in S. pennellii, where SpMX2 is not
expressed (Fig. 4.25) and lacks the sequence encoding the DNA-binding domain (Fig. 4.8).
Moreover, the close relationship between SIMX2 and other MIXTA proteins in tomato (SIMX1
and SIMX3A and B) (Fig. 4.24) indicates likely functional redundancy.

SICycB2 is a well-characterised type-B cyclin which regulates trichome development in tomato
via interaction with the HD-ZIP class IV transcription factor Woolly (Yang et al., 2011a). This gene
was selected as a candidate for the trichome phenotype of IL 10-2, which had aberrant branched
trichomes as well as a hairless-like phenotype (Fig. 4.12 and 4.13). When SICycB2 was silenced,
| observed aberrant branched trichomes on the surface of leaves and stems (Fig. 4.17) in
agreement with previous analyses of overexpression and RNAi lines (Gao et al., 2017). However,
the gene responsible for the hairless-like phenotype was not any of my candidate genes (Table
4.3). A C2H2 zinc finger transcription factor, HAIR, was recently identified as encoded by the
gene responsible for this trichome phenotype. HAIR regulates long type | trichome development
via interaction with Woolly (Chang et al., 2018). However, this gene showed no expression in
the RNAseq data from leaves for all the ILs as well as the parental line M82 (Chitwood et al.,
2013), and therefore was never considered as a candidate gene contributing to the phenotype

of IL 10-2.

In conclusion, the work described in chapters 3, 4 and 5 helped identify new regulators of
trichome development in tomato by analysing the phenotypic variation in the S. pennellii x S.
lycopersicum cv. M82 IL population, and contributed to creating a clearer model for the

regulation of trichome development in tomato(Fig. 6.36).

290



9.1.2.-CRISPR/Cas9-mediated gene editing of regulators of trichome development reveal their
precise functions.

In chapter 6, | aimed to generate knock-out (KO) lines for structural and regulatory genes with a
reported role in trichome development in tomato (Table 6.1) using the CRISPR/Cas9 gene editing
system. | managed to produce mutant lines for Woolly, CD2, SIMX1, DWARF and Hairless. The
analysis of the epidermis of the leaves in these lines provided insights about the precise function

of these proteins in trichome development.

Woolly and CD2 are HD-ZIP class IV transcription factors. This gene family includes known
regulators of trichome development in other species, such as GL2 in Arabidopsis thaliana, which
regulates trichome morphogenesis (Rerie et al., 1994) and AaHD1 and AaHD8 in Artemisia annua
(Yanetal., 2017, Yan et al., 2018). Woolly controls type | trichome development in tomato, with
RNAi lines showing an almost complete absence of this trichome type (Yang et al., 2011a).
However, whether Woolly regulates trichome initiation or only type | trichome morphogenesis
was not clear from the analyses performed previously (Yang et al., 2011a, Yang et al., 2015). My
Woolly gene-edited (GE) KO lines showed a drastic reduction of trichome density (Fig. 6.5 and
6.6), therefore suggesting its function is essential for trichome initiation. CD2 is a known
regulator of cuticle biosynthesis and cd2 mutants showed a reduction in type VI trichomes
(Nadakuduti et al., 2012), which indicates that CD2 might play a role specifically in
morphogenesis of this trichome type. My analysis of a heterozygous CD2 GE KO line confirmed
this, with a reduction in density of type VI trichomes (Fig. 6.28), but this was accompanied by a
substantial increase in total trichome density (Fig. 6.28), suggesting that CD2 also plays a role in

trichome initiation as well as differentiation of type VI trichomes.

SIMX1 is a MIXTA transcription factor controlling trichome initiation in tomato (Ewas et al.,
2016). However, whether SIMX1 controls the initiation of specific trichome types or not was not
clear from the published reports (Ewas et al., 2016, Ewas et al., 2017). | could not obtain a
homozygous SIMX1 GE KO line probably due to male sterility of the KO pollen (see chapter 6),
but | analysed a heterozygous line (SIMX1/sImx1) and a homozygous line with a 10-amino acid
deletion in the DNA-binding domain (s/mx1A10/simx1A10) (Fig. 6.19). Both SIMX1 GE lines
showed reductions in trichome density (Fig. 6.23 and 6.24), and more interestingly, this
reduction primarily affected non-glandular type V trichomes (Fig. 6.25), indicating that SIMX1
regulates the initiation of non-glandular trichomes. This phenotype is similar to the one
observed for VIGS of SIMX2 (Fig. 4.9), suggesting functional overlap between closely related

MIXTA transcription factors in tomato.

| generated a dwarf line by gene-editing of DWARF, a key enzyme in the synthesis of brassinolide.

Although brassinosteroids had been reported to play a role in regulation of trichome density in
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tomato (Campos et al., 2009), | did not observe a clear difference in DWARF GE lines compared
to control lines in terms of trichome phenotypes (Fig. 6.17). Given the smaller size of pavement
cells in the DWARF GE line (Fig. 6.18), an apparent higher trichome density could be the result

of a reduction in the total leaf area, rather than an effect on the total trichome number.

Finally, Hairless encodes the SRA1 component of the WAVE complex in tomato, which is involved
in the organisation of the actin cytoskeleton required for polar growth in trichomes (Kang et al.,
2016). The hairless mutant shows distorted swollen trichomes that do not stand erect (Kang et
al., 2010a), and this phenotype was also observed in the Hairless GE KO line | generated (Fig.

6.11) and the distortion affected all trichome types.

The data | gathered from the GE lines, together with the results from chapters 4 and 5,
contributed to establish a better model for trichome initiation and morphogenesis in tomato

(Fig. 6.36).

9.1.3.-The role of trichomes in tolerance to biotic and abiotic stresses.

| selected ILs with different trichome phenotypes from my screen of the population in chapter 3
to test whether traits related to trichome formation were involved in determining the fitness of
tomato plants under stress conditions, specifically drought (chapter 7) and herbivory (chapter

8).

Trichomes have been reported to provide resistance to drought conditions (Sletvold and Agren,
2012). | selected a line with low trichome density, IL 4-1, a line with aberrant trichomes, IL 10-2,
and a line with relatively high trichome density, IL 11-3 (Table 7.1) for drought resistance
experiments. Comparative analysis of the intrinsic water use efficiency of these lines, together
with the parental line of the ILs, M82, under well-watered and water-deficit conditions revealed
that IL 11-3 had an increased tolerance to water scarcity (Table 7.5). Moreover, a strong
correlation was observed between trichome density and water use efficiency (Fig. 7.6) and also
between trichome-to-stomata ratio and water use efficiency (Fig. 7.8) under droughted
conditions. My results suggest that trichomes can provide increased tolerance to drought
conditions, in agreement with previous reports (Ewas et al., 2016), although the precise

mechanism by which trichomes affect the water status of the plant remains elusive.

Trichomes are considered the first defence barrier against small herbivores (Levin, 1973), and
glandular trichomes in tomato are known to produce metabolites with insecticidal or repellent
properties (Liedl et al., 1995, Bleeker et al., 2012). | tested the level of resistance of selected ILs
to glasshouse whitefly (Trialeurodes vaporariorum) infestation. | selected a set of ILs (Table 8.1)
which showed different trichome phenotypes in chapter 3, and some of them showed

differences in the composition of their trichome exudates. Specifically, IL 8-1 showed a shift in
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the composition of the acyl substitutions in acyl sugars and IL 11-3 showed a reduction of the
total content of acyl sugars (Schilmiller et al., 2010). | observed increased resistance to whitefly
in these two lines, IL 8-1 and IL 11-3 (Fig. 8.2). However, IL 8-1 showed a low trichome density,
while IL 11-3 showed a high trichome density (Fig. 3.3 and 3.4). This indicates that the chemical
resistance provided by the modified acyl sugars in IL 8-1 (Leckie et al., 2016) likely plays a more
important role than the resistance associated with elevated trichome density. However, overall,
the reproductive behaviour of the whiteflies was tightly associated to trichome density (Fig. 8.6),
suggesting that this trait might also be important in tolerance to whitefly in the absence of an

effective chemical barrier.

In conclusion, my results highlight the important physiological roles that trichomes plays in S.
lycopersicum and provide a new source of variation for agronomical improvement of tomato

cultivars.

9.2.-Future prospects.

The data | collected and analysed for this thesis have contributed to answering some questions
regarding the regulation of multicellular trichomes in tomato as well as their role in stress
responses. However, it has also led to new biological questions that remain unanswered. In this

section, | discuss briefly some prospects for this project.

9.2.1.-Can we find more regulators of trichome development using the IL population?

The pipeline designed to screen the ILs by SEM coupled with transcriptomic analysis and
transient silencing by VIGS of candidate genes has proven to be quite effective to identify key
regulators of trichome development. However, due to time constraints, some genomic regions
with potential have remained unexplored in this thesis. For example, IL 11-3, which reproducibly
showed high trichome density (Fig. 3.4, 7.3 and 8.3) as well as an increased resistance to drought
(Table 7.5) and herbivory (Fig. 8.2) is especially interesting, and the analysis of this introgressed
region from S. pennellij will probably lead to the identification of new genes involved in trichome

development.

9.2.2.-Are other MIXTA and HD-ZIP class IV transcription factors involved in trichome
development?
Most of the regulators of trichome development identified in this thesis or in previous studies

belong to the MIXTA or the HD-ZIP class IV families. It would be interesting to determine whether
other genes, which remain uncharacterised, play similar or complementary roles in this
developmental process. For example, SIMX1 and SIMX2 have been shown to play very similar
roles in trichome initiation in tomato (Fig. 4.9 and 6.23), and they are closely related structurally

to SIMX3A and SIMX3B (Fig. 4.24). Woolly and CD2, two HD-ZIP class IV proteins, play different
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roles in trichome development in tomato (Fig. 6.5 and 6.28). It would be interesting to study the
role of other genes of this family, such as SIHDZIP-IV 7, a direct duplication of Woolly, or SIHDZIP-
IV 4, the closest member of the family to GL2 in A. thaliana (Fig. 6.30). Testing the function of
these genes by gene-editing or overexpression would contribute to gaining a better

understanding of the different roles of MIXTA and HD-ZIP transcription factors in tomato

9.2.3.-Does the development of root hairs and trichomes share common regulators?
In Arabidopsis thaliana, many of the regulators involved in trichome development are also

important in determining root hair development, although they often act in opposite ways
(Ishida et al., 2008). For example, GL2 promotes trichome development but inhibits root hair
formation in Arabidopsis (Rerie et al., 1994, Masucci et al., 1996). | have observed a link between
the regulation of trichomes and root hairs in Woolly GE KO plants, where the suppression of the
gene led to a massive reduction of trichomes on the leaf epidermis (Fig. 6.6) as well as a
reduction in the number of root hairs (Fig. 6.7). | plan to analyse the root epidermis of other GE
lines (including the ones generated in chapter 6 as well as others still under production) by
optical and scanning electron microscopy to determine the extent of the shared regulation

between developmental of both types of cell outgrowths.

9.2.4.-How do trichomes increase the tolerance to drought?
My results in chapter 7 clearly indicate that trichome density (as well as stomatal density) plays

a major role in determining the water use efficiency of a specific tomato cultivar, and therefore
its ultimate tolerance to drought. However, whether this effect is due to a more efficient
dissipation of the excess energy from UV radiation, to an increase of the resistance of the leaf-
air boundary layer, to changes in ABA content or to the concomitant changes in stomatal density
remains unclear. The measurement of water use efficiency in leaves where trichomes have been

removed mechanically would provide some insights in the mechanism behind our observations.

9.2.5.-Can we generate whitefly-resistant plants using CRISPR/Cas9 gene editing?
The most resistant line to whitefly infestation among those that | studied in chapter 8 was IL 8-

1, which had a different acylation pattern in the acyl sugar secretions of type | and type IV
trichomes. This shift in the acyl sugar composition has been attributed to a defective
isopropylmalate synthase, which in S. pennellii lacks the C-terminus and is not functional (Ning
et al.,, 2015). In the near future, | aim to test whether editing of the gene encoding this enzyme
in commercial cultivars can increase the resistance to whitefly infestation. If this trait can be
generated easily by CRISPR/Cas9-mediated gene editing, whitefly resistance could be introduced

into any tomato cultivar in a straight-forward way.
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Appendix 1 - List of primers



Appendix 1.- List of primers. The name, sequence and use of the primer is shown for each entry.
For gPCR primers, the primer efficiency estimate is shown in the “Use” column, calculated as

described in chapter 2.

Primer Sequence Use
SIMIXTA-like- GGGGACAAGTTTGTACAAAAAAGCAGGCTTATTAGCTTATA | VIGS cloning
VIGS F TCGAAGAA
SIMIXTA-like- GGGGACCACTTTGTACAAGAAAGCTGGGTAGGTCACTGGG | VIGS cloning
VIGS R TCGATCCC
SIEXP15-VIGS F | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTCTT | VIGS cloning
TTAGCTATCCTT
SIEXP15-VIGS R | GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAATTGGTG | VIGS cloning
GCTGTTAC
SIMX2-VIGS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTACTTTATCGTC | VIGS cloning
GTCCTCAT
SIMX2-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTACTGGAAAAAG | VIGS cloning
CTCATCTAA
sMYB102-VIGS F | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCATGCG | VIGS cloning
GAGGTCACG
sMYB102-VIGS R | GGGGACCACTTTGTACAAGAAAGCTGGGTATTATGTTTCTT | VIGS cloning
TCTCGTCTGCTTT
bZIP17-VIGSF | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAGCGAT | VIGS cloning
ATTTCTGGT
bzIP17-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTAATAATTCAGC | VIGS cloning
CCTCCGCAATTG
SIABI8-VIGS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGGGT | VIGS cloning
CTTTTCGCT
SIABI8-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTAATCCCTGAAA VIGS cloning
TACGGGAA
SICycB2-VIGS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCCCCG VIGS cloning
ACGAATTCA
SICycB2-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTATTATTTTTTCT | VIGS cloning
CATAGATAA
MYB102-VIGS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAGGTCTTTC VIGS cloning
TAACAGTGG
MYB102-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTATGCTGCTGTG VIGS cloning
ATTGCCTA
SILHW-VIGS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGGTAT | VIGS cloning
TTGCTGAAA
SILHW-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTAGATTTGACTTT | VIGS cloning
CCATCATCATT
SIEIF1-VIGS F GGGGACAAGTTTGTACAAAAAAGCAGGCTTACGATATGAA | VIGS cloning
AAAACTTGAAGAAG
SIEIF1-VIGS R GGGGACCACTTTGTACAAGAAAGCTGGGTAGCAAAACAGA | VIGS cloning
TGGCATAA
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SIMIXTA-like GTCGGCCATAGCCACTCATT gPCR
qPCR F 108%
SIMIXTA-like CACTGGGTCGATCCCCATTT qPCR
gPCRR 108%
SIMX2 qPCR F GGTTTGAAGAAAGGGCCATGG gPCR
104%
SIMX2 qPCR R ACAACTCCTTCCACATCTCTGA gPCR
104%
SlActin gPCR F GGGGGCTATGAATGCACGGT gPCR
102%
SlActin gPCR R GGCAATGCATCAGGCACCTC gPCR
102%
SIGAPDH gPCR F GGCTGCAATCAAGGAGGAA gPCR
91%
SIGAPDH gPCR R ATGCTTGACCTGCTGTCACC gPCR
91%
SIMIXTA-like F | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGTCGA | CDS cloning
TCTCCGTGT
SIMIXTA-like R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGAACATA CDS cloning
GATGAATC
SpMIXTA-like F | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGGTCGA | CDS cloning
TCTCCGTGT
SpMIXTA-like R GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGAACATA CDS cloning
GATGAATC
SIMIXTA-like ATTGAAGAAGAGCAAGATGAGAT CRISPR
sgRNA1F cloning
SIMIXTA-like AAACATCTCATCTTGCTCTTCTT CRISPR
sgRNA 1R cloning
SIMIXTA-like GTGATTGTAATTTGCAGTTTCTGTCCCGTT CRISPR
sgRNA 2 F cloning
SIMIXTA-like CTAAAACGGGACAGAAACTGCAAATTACAA CRISPR
sgRNA 2 R cloning
proMIXTA-like F | GGGGACCACTTTGTACAAGAAAGCTGGGTACGACGAAATG Promoter
GCGACTAT cloning
proMIXTA-like R | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATAGAGTCG Promoter
AAAAAACGT c|oning
35S F CTATCCTTCGCAAGACCCTTC Genotyping
SIMIXTA-like R2 CACTGGGTCGATCCCCATTT Genotyping
proMIXTA-like F2 TCCAAAGCAGTTACCGGAGT Genotyping
GFPR TCAGCTTGCCGTAGGTGGCATC Genotyping
SIMIXTA-like KO TTGAAGCACCATCAATTTTCTTT Genotyping
F
SIMIXTA-like KO TGAATCGCATACCAGCTTTG Genotyping
R
SIMIXTA-like GTCGGCCATAGCCACTCATT gPCR
gqPCR F 108%
SIMIXTA-like CACTGGGTCGATCCCCATTT gPCR
gPCRR 108%

332



Woolly sgRNA 1 F ATTGTATGTTGGTAAATCAGCCCT CRISPR
cloning
Woolly sgRNA 1 R AAACAGGGCTGATTTACCAACATA CRISPR
cloning
Woolly sgRNA 2 F GTGATTGTTCCTCAGCCCGAAGCTCCTGTT CRISPR
cloning
Woolly sgRNA 2 R CTAAAACAGGAGCTTCGGGCTGAGGAACAA CRISPR
cloning
Hairless sgRNA 1 ATTGCTAAAATCAATTGACGGTG CRISPR
F cloning
Hairless sgRNA 1 AAACCACCGTCAATTGATTTTAG CRISPR
R cloning
Hairless sgRNA 2 GTGATTGCAGATGGACTGCACGAGTTGTT CRISPR
F cloning
Hairless sgRNA 2 CTAAAACAACTCGTGCAGTCCATCTGCAA CRISPR
R cloning
DWARF sgRNA 1 ATTGATCATAGACTGTGGGTATCC CRISPR
F cloning
DWARF sgRNA 1 AAACGGATACCCACAGTCTATGAT CRISPR
R cloning
DWARF sgRNA 2 GTGATTGTTGGTCTCTGATCATTGTAGTT CRISPR
F cloning
DWARF sgRNA 2 CTAAAACTACAATGATCAGAGACCAACAA CRISPR
R cloning
CD2sgRNA1F ATTGCCATGAGAATTCGATACTA CRISPR
cloning
CD2 sgRNA 1R AAACTAGTATCGAATTCTCATGG CRISPR
cloning
CD2 sgRNA 2 F GTGATTGCCAATTTGTACTAATTGTGGGTT CRISPR
cloning
CD2 sgRNA 2R CTAAAACCCACAATTAGTACAAATTGGCAA CRISPR
cloning
SIMX1 sgRNA 1 F ATTGAAAAAAATGGATGTGGTAGT CRISPR
cloning
SIMX1sgRNA 1R AAACACTACCACATCCATTTITTT CRISPR
cloning
SIMX1 sgRNA 2 F GTGATTGTCAGTATATATTAACGTACGTT CRISPR
cloning
SIMX1 sgRNA 2 R CTAAAACGTACGTTAATATATACTGACAA CRISPR
cloning
Woolly F TCACATGAAATGGCATTCAAA Genotyping
Woolly R CAGCAGCGTACATTTCTCCA Genotyping
Hairless F CTCGACTTCCTTTGCAGCTT Genotyping
Hairless R AGGCATGTCATGTGACTCCA Genotyping
DWARF F GAAAAACCAAAGAGCCAGGT Genotyping
DWARFR AAATCCGCGATGATAGTTGG Genotyping
CD2F TGTGGGTTTCTGCTTCTGAA Genotyping
CD2R TCAGCCTAGCATTTTCAATCCT Genotyping
SIMX1 F GGACCATGGACTCCTGAAGA Genotyping
SIMX1 R GGGCTGATTAAAACCTGAAAA Genotyping
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pDONR207/TOPO GTAAAACGACGGCCAG Sequencing
F

pDONR207/TOPO CAGGAAACAGCTATGAC Sequencing
R

PTRV2 F CTCAAGGAAGCACGATGAG Sequencing

RBR CCCGCCAATATATCCTGTC Sequencing
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Plasmid

Description

Resistance

Source

pDONR207 Entry vector for Gateway cloning Gentamycin Invitrogen,
Chloramphenicol UK
pDONR207- Entry vector for Gateway cloning bearing SIMIXTA-LIKE VIGS Gentamycin This thesis
SIMIXTA-like VIGS fragment.
pDONR207-EXP15 Entry vector for Gateway cloning bearing SIEXP15 VIGS fragment. Gentamycin This thesis
VIGS
pDONR207-SIMX2 Entry vector for Gateway cloning bearing SIMX2 VIGS fragment. Gentamycin This thesis
VIGS
pDONR207- Entry vector for Gateway cloning bearing sSMYB10-2 VIGS fragment. Gentamycin This thesis
sMYB10-2 VIGS
pDONR207- Entry vector for Gateway cloning bearing SIbZIP17 VIGS fragment. Gentamycin This thesis
SIbzIP17 VIGS
pDONR207-SIABIS Entry vector for Gateway cloning bearing SIABI8 VIGS fragment. Gentamycin This thesis
VIGS
pDONR207- Entry vector for Gateway cloning bearing SICycB2 VIGS fragment. Gentamycin This thesis
SICycB2 VIGS
pDONR207- Entry vector for Gateway cloning bearing MYB10-2 VIGS fragment. Gentamycin This thesis
MYB10-2 VIGS
pDONR207-SILHW Entry vector for Gateway cloning bearing SILHW VIGS fragment. Gentamycin This thesis
VIGS
pDONR207-SIELF1 Entry vector for Gateway cloning bearing SIEIF1 VIGS fragment. Gentamycin This thesis
VIGS
pTRV2-D/R-GW Binary vector for VIGS with Gateway™ cassette and Del/Ros1 Kanamycin Orzaez et
silencing fragment Chloramphenicol al., 2009
pTRV1 Binary vector for VIGS (required for silencing together with pTRV2) Kanamycin
pTRV2-D/R- Binary vector for VIGS bearing SIMIXTA-like VIGS fragment. Kanamycin This thesis
SIMIXTA-like
pTRV2-D/R- Binary vector for VIGS bearing SIEXP15 VIGS fragment Kanamycin This thesis
SIEXP15
pTRV2-D/R-SIMX2 Binary vector for VIGS bearing SIMX2 VIGS fragment. Kanamycin This thesis
pTRV2-D/R- Binary vector for VIGS bearing sMYB10-2 VIGS fragment. Kanamycin This thesis

sMYB10-2
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Plasmid

Description

Resistance

Source

pTRV2-D/R- Binary vector for VIGS bearing SIbZIP17 VIGS fragment. Kanamycin This thesis
SIbzIiP17
pTRV2-D/R-SIABI8 Binary vector for VIGS bearing SIABI8 VIGS fragment. Kanamycin This thesis
pTRV2-D/R- Binary vector for VIGS bearing SICycB2 VIGS fragment. Kanamycin This thesis
SICycB2
pTRV2-D/R- Binary vector for VIGS bearing MYB10-2 VIGS fragment. Kanamycin This thesis
MYB10-2
pTRV2-D/R-SILHW Binary vector for VIGS bearing SILHW VIGS fragment. Kanamycin This thesis
pTRV2-D/R-SIEIF1 Binary vector for VIGS bearing SIEIF1 VIGS fragment. Kanamycin This thesis
pDONR207- Entry vector for Gateway cloning bearing SIMIXTA-LIKE CDS. Gentamycin This thesis
SIMIXTA-like
pDONR207- Entry vector for Gateway cloning bearing SpMIXTA-LIKE CDS. Gentamycin This thesis
SpMIXTA-like
pDONR207- Entry vector for Gateway cloning bearing SIMIXTA-LIKE promoter. Gentamycin This thesis
proMIXTA-LIKE
pBIN19-355-GW Binary vector for overexpression in plants with Gateway casette. Kanamycin Martin
Chloramphenicol group
pBIN19-35S- Binary vector for overexpression of SIMIXTA-LIKE in tomato. Kanamycin This thesis
SIMIXTA-LIKE
pBIN19-35S- Binary vector for overexpression of SpMIXTA-LIKE in tomato. Kanamycin This thesis
SpMIXTA-LIKE
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 Kanamycin TSL SynBio
(Mark
Youles)
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis
SIMIXTA-like SIMIXTA-LIKE sgRNA 1 and 2
pKGWEFS7 Binary vector for promoter activity analysis with a Gateway cassette Kanamycin Karimi et
followed by a GFP:GUS fusion. al., 2002
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 Kanamycin TSL SynBio
(Mark
Youles)
plCSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis

SIMIXTA-like

SIMIXTA-LIKE sgRNA 1 and 2
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Plasmid Description Resistance Source
pKGWFS7 Binary vector bearing a proMIXTA-LIKE:GFP:GUS cassette. Kanamycin This thesis
proMIXTA-LIKE
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis
Woolly Woolly sgRNA 1 and 2
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis
Hairless Hairless sgRNA 1 and 2
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis
DWARF DWARF sgRNA 1 and 2
pICSL0O02218A CD2 | Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis
CD2 sgRNA 1 and 2
pICSL002218A Level 2 Golden Gate completely functional for CRISPR/Cas9 bearing Kanamycin This thesis
SIMX1 SIMX1 sgRNA 1 and 2
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Appendix 3.-Media recipes and stock solutions.

Media recipes
LB (Luria-Bertani)

Tryptone

Yeast extract
Sodium chloride
Formedium agar

SOC (Super Optimal broth with Catabolite repression)

Tryptone

Yeast extract
Sodium chloride
Potassium chloride
Magnesium chloride
Magnesium sulphate
Glucose

10 g/L

5g/L

10 g/L

11 g/L (for solid plates)

20g/L
5g/L
0.58 g/L
0.186 g/L
2.03g/L
2.46 g/L
3.6g/L

TY (Tryptone-Yeast extract)

Tryptone
Yeast extract

5g/L
3g/L

Calcium chloride hexahydrate 1.32g/L

Formedium agar

10 g/L (for solid plates)

MS (Murashige-Skoog) + 3% sucrose

MS media with vitamins 4.41¢g/L
Ammonium nitrate 1650.00 mg/L
Calcium chloride 332.20 mg/L

Magnesium sulph
Potassium nitrate

ate 180.69 mg/L
1900.00 mg/L

Potassium phosphate 170.00 mg/L

Boric acid 6.20 mg/L

Cobalt chloride 0.025 mg/L
Copper sulphate 0.025 mg/L
EDTA disodium salt 37.30 mg/L
Ferrous sulphate 27.80 mg/L

Manganese sulphate 16.90 mg/L

Molybdic acid
Glycine
Myo-inositol
Nicotinic acid
Pyridoxine HCI
Thiamine HCI

0.213 mg/L
2.00 mg/L
100.00 mg/L
0.50 mg/L
0.50 mg/L
0.10 mg/L
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Sucrose

Germination media

MS media with vitamins
Agarose
pH 5.8 (KOH)

Cell suspension media

MS media with vitamins
Sucrose

Agarose

2,4-D

pH 5.7 (KOH)

Regeneration media

MS media with Nitch’s vitamins
Biotin
Folic acid

Sucrose

Agargel

Zeatin riboside

Kanamycin

Cefotaxime

pH 6.0 (KOH)

Rooting media

MS media with vitamins
Sucrose

Gelrite

IBA

Kanamycin

Cefotaxime

pH 6.0 (KOH)

30 g/L

4.4g/L
6g/L

4.4g/L
10 g/L

6 g/L
0.5 mg/L

4.4g/L
0.05 mg/L
0.5 mg/L
20g/L
4g/L

2 mg/L
100 mg/L
250 mg/L

2.2g/L
5g/L
2.25g/L
2 mg/L
100 mg/L
250 mg/L

Stock antibiotic, hormone and other solutions

Antibiotic
Gentamycin
Kanamycin
Chloramphenicol
X-gal
IPTG

Concentration
100 mg/mL
100 mg/mL

37 mg/mL
20 mg/mL
0.1 mM

Working dilution

1:5000
1:1000
1:1000
1:1000
1:1000

Solvent
Water
Water

Ethanol
DMSO
Water
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Ampicillin
Spectomycin
Rifampicin
Cefotaxime
2,4-D
Zeatin riboside
IBA

100 mg/mL
100 mg/mL
50 mg/mL
250 mg/mL
0.5 mg/mL
2 mg/mL
4 mg/mL

1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:2000

Water
Water
Methanol
Water
Ethanol
Water
Water
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SUMMARY

Trichomes are specialised structures that originate from the aerial epidermis of plants, and play key roles in
the interaction between the plant and the environment. In this study we investigated the trichome pheno-
types of four lines selected from the Solanum lycopersicum x Solanum pennellii introgression line (IL) pop-
ulation for differences in trichome density, and their impact on plant performance under water-deficit
conditions. We performed comparative analyses at morphological and photosynthetic levels of plants
grown under well-watered (WW) and also under water-deficit (WD) conditions in the field. Under WD condi-
tions, we observed higher trichome density in ILs 11-3 and 4-1, and lower stomatal size in IL 4-1 compared
with plants grown under WW conditions. The intrinsic water use efficiency (WUE;) was higher under WD
conditions in IL 11-3, and the plant-level water use efficiency (WUE,) was also higher in IL 11-3 and in M82
for WD plants. The ratio of trichomes to stomata (7/S) was positively correlated with WUE; and WUE,,, indi-
cating an important role for both trichomes and stomata in drought tolerance in tomato, and offering a

promising way to select for improved water use efficiency of major crops.

Keywords: trichomes, stomata, water use efficiency, tomato, introgression lines, drought tolerance.

INTRODUCTION

The epidermis is the outermost tissue of all plant organs
and acts as a first contact point with their surroundings. It
plays a key role in all plant-environment interactions, and
is essential for the maintenance of physiologically favour-
able conditions (Glover et al., 2016). In the aerial organs of
most terrestrial plants, including Solanum lycopersicum
(tomato), the epidermis is patterned with trichomes, which
are epidermal outgrowths with diverse roles in the defence
against biotic and abiotic stresses. The epidermis also con-
tains stomata, which are epidermal pores that regulate gas
exchange and contribute directly to the control of water
status. The cuticle that covers the surface of the epidermis
is a hydrophobic layer, consisting of cutin and waxes, that
prevents uncontrolled water loss (Riederer and Schreiber,
2001). As a result of their function in limiting water losses,
specialised structures in the epidermis are promising tar-
gets to improve the drought tolerance and water use effi-
ciency (WUE) of major crops (Antunes et al., 2012; Galmes
et al., 2013; Franks et al., 2015).

Trichomes in Solanum are multicellular and have been
classified into eight different types according to the

© 2018 The Authors.

presence or absence of glandular cells, and the shape and
number of cells (Luckwill, 1943; McDowell et al., 2011).
Research on trichomes has traditionally focused on under-
standing the specialised metabolic pathways operating in
glandular trichomes (Schilmiller et al., 2008; Kang et al.,
2014; Spyropoulou et al., 2014); however, trichomes also
play a series of important physiological roles, including tol-
erance to biotic and abiotic stresses, especially in terms of
tolerance to insect attack (Bleeker et al., 2012; Tian et al.,
2012) and drought (Hauser, 2014).

A role for trichomes in tolerance and adaptation to water
stress has been reported for several species. In Arabidop-
sis lyrata, trichome production has been linked to
improved performance under drought conditions (Sletvold
and Agren, 2012). In tomato, SIMX1-overexpressing plants
with high trichome density showed a higher tolerance to
water stress compared with unmodified plants (Ewas et al.,
2016). In Citrullus lanatus (watermelon), wild, drought-tol-
erant genotypes have increased trichome density com-
pared with domesticated, drought-sensitive varieties (Mo
et al., 2016). In addition, trichome formation is increased in
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plants grown under water stress, such as Hordeum vulgare
(barley; Liu and Liu, 2016), Solanum melongena (auber-
gine; Fu et al., 2013) and Olea europaea (olive; Boughalleb
and Hajlaoui, 2011). Trichomes may limit water loss by
transpiration through an increase of the leaf-air boundary
layer resistance (Palliotti et al., 1994; Guerfel et al., 2009;
Mo et al., 2016). Trichomes also protect leaves from UV-
related photoinhibition (Savé et al., 2000; Galmés et al.,
2007a), either by reflection of UV radiation or absorption
by pigmented molecules (Holmes and Keiller, 2002), and
prevent leaf overheating (Ehleringer and Mooney, 1978).
These findings indicate an important role for trichomes in
plant-water relations.

Stomata consist of two specialised guard cells, which
modulate their turgor to regulate the pore aperture in
response to environmental stimuli, such as light intensity
or CO, concentration (Hetherington and Woodward, 2003).
The effect of stomatal density and size on drought toler-
ance has been widely studied for many species (Masle
et al., 2005; Wentworth et al, 2006; Lawson and Blatt,
2014). Recent studies have shown a link between low
stomatal density and improved performance under water-
deficit conditions (Farber et al., 2016; Zhao et al., 2017). In
addition, evidence exists that plants adjust their stomatal
density under water-stress conditions (Galmés et al.,
2007b; Hamanishi et al., 2012). Reductions in stomatal den-
sity in water-stressed plants have been reported in Triti-
cum aestivum (wheat; Li etal, 2017) and Spondias
tuberosa (the umbu tree; Silva et al., 2009). In contrast, for
other species, stomatal density increases under drought
conditions, as in Phaseolus vulgaris (the common bean;
Gan et al., 2010) and Leymus chinensis (Xu and Zhou,
2008). These contradictory observations suggest that
the effect of water deficit on stomatal density differs
between species, and it should be investigated on a
case-by-case basis.

Solanum pennellii is a drought-tolerant wild tomato spe-
cies that originates from the Peruvian deserts (Rick, 1973;
Kahn et al., 1993; Peralta et al., 2008), with important dif-
ferences at the physiological, morphological and molecular
levels to the cultivated tomato, S. lycopersicum, including
increased trichome density (Simmons and Gurr, 2005;
Moyle, 2008). The S. lycopersicum x S. pennellii introgres-
sion line (IL) population (Eshed and Zamir, 1995; Zamir,
2001) consists of near-isogenic lines with relatively small
fragments of the S. pennellii genome in the genetic back-
ground of the cultivated tomato, M82. This population has
been used successfully before to characterise various
aspects of the response of tomato to water stress (Barrios-
Masias et al., 2014; Rigano et al., 2016). Therefore, the
S. lycopersicum x S. pennellii IL population provides an
excellent platform to investigate the role of differences in
epidermal features on performance under water stress.

In this study, we have investigated the effect of differ-
ences in trichome density on the response to water stress
using several lines from the IL population. We hypothe-
sised that changes in trichome density, introgressed from
drought-tolerant S. pennellii, would lead to changes in
WUE, adding to the current understanding of the relation-
ship between water stress and epidermal features, and
building a foundation for improvement of tomato under
drought stress. We determined that higher trichome densi-
ties result in improved WUE, especially under water-deficit
conditions. We also determined the impact of water stress
on the phenotype of newly developed tissues to character-
ise the epidermal responses to drought stress in tomato.

RESULTS

Phenotypic characterisation of tomato lines under
glasshouse and field conditions before drought treatment

After a preliminary visual inspection of the 76 lines of the
IL population, we chose three ILs (IL 4-1, 10-2 and 11-3)
and the parental line M82, for their distinct trichome phe-
notypes, for further analysis.

We characterised the epidermal features of the three
selected ILs (4-1, 10-2 and 11-3) and the parental line M82
in plants grown under full field capacity conditions both in
the glasshouse and in the field before the onset of water-
deficit conditions (Figure 1). Under glasshouse conditions,
ILs 4-1 and 10-2 showed a low trichome density (TD) phe-
notype, whereas M82 and IL 11-3 showed a high-TD
phenotype. Although field-grown plants displayed sub-
stantially higher TD than glasshouse-grown plants, IL 4-1
had a lower TD than IL 11-3 and M82, and IL 11-3 had a
higher TD than ILs 10-2 and 4-1 (Figure 1a). We also
observed differences among lines in their stomatal densi-
ties (SD). Under glasshouse conditions, IL 4-1 had a higher
SD than M82 and IL 10-2, and M82 had a lower SD than ILs
11-3 and 4-1. In field-grown plants, no significant differ-
ences were observed between lines for SD (Figure 1b).
Similar to the observations for TD, SD values were gener-
ally higher under field conditions. When TD and SD were
calculated in terms of area units, we observed identical dif-
ferences between lines for glasshouse-grown plants, and
similar relative values for field-grown plants (Figure S1).
We calculated the ratio of trichomes to stomata (7/S) as an
integrative parameter for epidermal anatomy. We observed
a substantially higher T/S in M82 compared with the other
lines under glasshouse conditions, whereas in field plants,
IL 4-1 showed a lower T/S than M82 and IL 11-3 (Figure 1c).
Stomatal size (SS) showed no significant differences
between lines under glasshouse conditions. Under field
conditions, however, IL 10-2 had a higher SS than the
other lines under study. Unlike the higher values observed
for TD and SD in field-grown plants compared with
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glasshouse plants, the SS values were within a similar
range under both growth conditions (Figure 1d).

We categorised trichomes into different types according
to the established classification (Luckwill, 1943; McDowell
et al., 2011) and measured the length of type-I trichomes in
glasshouse-grown plants to determine whether there were
differences in other trichome parameters between the ILs
(Figure S2). We observed no significant differences in the
percentage of different trichome types or trichome length.
In general, the analysis of epidermal features and the com-
parison between glasshouse- and field-grown plants indi-
cated stable genetic components in the determination of
trichome density.

Characterisation of photosynthetic parameters under field
conditions before drought treatment

We examined whether there were differences in parame-
ters related to gas exchange, carbon fixation and RubisCO
kinetics between the lines under study. We observed no
significant differences in the net photosynthetic rate (Ay),
daily carbon fixation rate (C,4), sStomatal conductance (gs),
leaf mesophyll conductance (g.,), leaf total conductance
(o), maximum RubisCO carboxylation rate (Vimax) oOr
intrinsic water use efficiency (WUE;) (Table S1), although
we observed a trend to lower WUE; values in IL 4-1 com-
pared with M82 (P < 0.06).

Comparative characterization of epidermal features under
well-watered (WW) and water-deficit (WD) conditions in
the field

In samples collected from lines under WD conditions, IL 4-
1 showed a lower TD than the other lines (Figure 2a).
Leaves that developed under WD conditions showed a
higher TD in ILs 4-1 and 11-3, compared with leaves devel-
oped under WW conditions. There were no significant dif-
ferences for SD between lines under WD conditions
(Figure S3). When TD and SD were measured in terms of
area unit, we observed a consistently low TD in IL 4-1 com-
pared with ILs 10-2 and 11-3, and there were no differences
for SD between lines or treatments (Figure S4). The T/S
ratio was significantly lower in IL 4-1 compared with IL 11-
3 (Figure 2b). Although differences in T/S between WW
and WD plants were not significant, there was a trend for
higher T/S under WD for IL 11-3 (P < 0.1). In leaves devel-
oped under WD conditions, SS showed no significant dif-
ferences between lines, but IL 4-1 had lower SS in leaves
developed under WD conditions compared with leaves
developed under WW conditions (Figure 2c). For the rest
of the lines, no significant differences were observed when
comparing WW and WD conditions. We observed no rela-
tionship between TD and SD when all data points were
considered together, but we observed an inverse associa-
tion between TD and SD in WD plants (R? = 0.94; P=0.03;
Figure 2d).

© 2018 The Authors.
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Comparative analysis of morphological parameters and
water status under WW and WD conditions in the field

We evaluated the effects of differences in the densities of
trichomes on water status of plants under WW and WD
conditions in the field. We observed a lower midday leaf
water potential (¥)eaf) in IL 10-2 compared with M82 and IL
11-3 under WW conditions (Table 1). Under WD conditions,
IL 11-3 had higher ¥.s than IL 10-2. All lines showed a
lower ¥\, under WD conditions except for IL 11-3, where
no difference was observed.

The leaf mass area (LMA) was lower in ILs 4-1 and 11-3
under WD conditions compared with the other lines, but
no differences amongst lines under WW conditions or
between WW and WD treatments were observed (Table 1).
Leaf thickness (LT) was higher in IL 11-3 compared with IL
4-1 under WW conditions, but under WD conditions LT in
IL 11-3 was significantly lower than in IL 10-2 (Table 1).

Whole-plant water use efficiency (WUE,) showed no dif-
ferences between lines under WW conditions (Table 1).
Under WD conditions, WUE,, was lower in IL 4-1 compared
with IL 11-3. In M82 and IL 11-3, WUE, was higher in WD
plants compared with WW plants.

Comparative analysis of photosynthetic parameters under
WW and WD conditions in the field

The parameters An, Cosns 9si Ime Giotr Vemax and WUE;
showed no significant differences between lines under
WW conditions in the field (Table 2). In contrast, under WD
conditions, IL 4-1 had a significantly lower WUE; than the
other lines. IL 11-3 had a significantly higher WUE; in WD
compared with WW conditions (Table 2).

The leaf carbon isotope composition (3'*C) showed no
significant differences between lines within each treatment
or between treatments for any line; however, leaf §'3C was
correlated with WUE; (R? = 0.67, P = 0.01; Figure S5a). We
also observed a tight positive correlation (R? = 0.66,
P =0.01) between WUE; and WUE,, (Figure S5b).

Relationships between epidermal features and
photosynthetic parameters

We found an inverse correlation between TD and g
(R*=0.58, P=0.03; Figure 3a), and we also observed a
positive correlation between SD per unit area and gs
(R? = 0.56, P=0.03; Figure 3b). Therefore, changes in the
density of trichomes and stomata had opposite effects at
the gas-exchange level. Importantly, TD was positively cor-
related with WUE; (R?=0.88, P=0.00; Figure 3c). SD
showed no correlation with WUE;. As expected from the
observed relationship between WUE; and WUE, (Fig-
ure Sbb), TD was positively correlated with WUE,
(R? = 0.59, P = 0.03; Figure S6a). Interestingly, SD was neg-
atively correlated with WUE, (R? = 0.50, P < 0.05; Fig-
ure S6b). The correlation between TD and WUE; and WUE,
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Figure 1. Initial morphological characterization of lines M82, 4-1, 10-2 and 11-3 grown under glasshouse (GH) and field (F) conditions before the onset of drought
treatment. (a) Trichome density (TD), (b) stomatal density (SD), (c) trichome-to-stomata ratio (7/S) and (d) stomatal size (SS) are expressed as mean + SE of
between three and six replicates per line and treatment. TD and SD were calculated as a percentage of the total number of epidermal cells. SS was calculated as
pore length. Different letters denote statistically significant differences by Tukey’s analysis (P < 0.05) within glasshouse-grown plants (lower case) and field-grown
plants (upper case). For panels (a)-(d), purple bars represent M82, turquoise represents 4-1, red represents 10-2 and green represents 11-3, with lighter and darker
shades representing GH and F conditions, respectively. Representative scanning electron micrographs for each line: (e) M82, (f) 4-1, (g) 10-2 and (h) 11-3.
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Figure 2. Characterization of epidermal features in lines M82, 4-1, 10-2 and 11-3 under water-deficit (WD) and well-watered (WW) conditions in the field. (a) Tri-
chome density (TD) is expressed as a percentage of the number of trichomes per epidermal cell. (b) Trichome-to-stomata ratio (7/S) is expressed as the total
number of trichomes divided by the total number of stomata in a given area. (c) Stomatal size (SS) is expressed as pore length. Different letters denote statisti-
cally significant differences identified by Tukey’s analysis (P < 0.05) within WW plants (lower case) and WD plants (upper case). Asterisks represent significant
differences for each line between treatments according to the Tukey's test (P < 0.05). (d) A correlation between TD and SD was observed only under WD condi-
tions, according to Pearson's test (P < 0.05), with the correlation index shown in the graph. For panels (a)-(c), purple bars represent M82, turquoise represents
4-1, red represents 10-2 and green represents 11-3, with light and dark colours representing WW and WD treatments, respectively. In panel (d), squares repre-
sent WD values and circles represent WW values, and are colour coded as in panels (a)-(c). The dashed line represents the regression line for all data points
(P> 0.05) and the solid line represents the regression line for WD data points (P = 0.03). Values are means + SEs (n = 3).

was maintained when TD was expressed per unit area (Fig-
ure S7), but this was not the case for the correlation
between SD and WUE,, which was only observed when
SD was expressed as a percentage of epidermal cells.
Finally, a strong positive association was found between T/
S and WUE; (R?=0.86, P=0.00; Figure 4a) and WUE,
(R?* = 0.72, P = 0.01; Figure 4b).

DISCUSSION

The development of leaf trichomes is influenced by water
availability

We observed a 10- to 15-fold higher TD in leaves grown
under field conditions compared with glasshouse-grown
plants (Figures 1a and S1). These differences were likely to
have resulted from differences in the age of the plant as
well as changes in environmental conditions between the
glasshouse and the field. Trichome development is
reported to change with the age of the plant (Telfer et al.,
1997; Vendemiatti et al., 2017), with higher TD observed in
the late leaves of tomato (Gurr and McGrath, 2001).

© 2018 The Authors.

Moreover, environmental factors, such as temperature,
photoperiod, light intensity or soil humidity have direct
effects on trichome development in several species, includ-
ing tomato (Wellso and Hoxie, 1982; Gianfagna et al., 1992;
Chien and Sussex, 1996; Souza et al., 2016). Despite the
dramatic change between environmental conditions in the
glasshouse and the field, the relative differences in TD
were conserved between lines (Figure 1a), indicating
strong genetic control of trichome development in the
selected ILs. We observed a 1.5- to 5.0-fold higher SD in
field-grown plants (Figure 1b). These differences could
also be a function of the age of the plant when leaves were
sampled (Ceulemans et al., 1995) as well as the environ-
mental conditions (Beerling and Chaloner, 1993; Rogiers
et al., 2011). Unlike the observation for TD, relative differ-
ences in SD between lines were not conserved in different
environments, pointing to the differential regulation of TD
and SD.

We assessed the changes in leaf anatomy in WD plants
compared with WW plants. We observed a higher TD in ILs
4-1 and 11-3 under WD conditions compared with WW
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Figure 3. Relationships between trichome and stomatal densities and pho-
tosynthetic parameters in lines M82, 4-1, 10-2 and 11-3: (a) inverse correla-
tion between trichome density and stomatal conductance (gs); (b) positive
association between stomatal density and stomatal conductance (gs); and
(c) positive association between trichome density and intrinsic water use
efficiency (WUE;). Correlation coefficients and P values calculated by Pear-
son'’s test are displayed in each graph. Purple markers represent M82, tur-
quoise markers represent 4-1, red markers represent 10-2 and green
markers represent 11-3. Circles represent values under well-watered (WW)
conditions in the field and squares represent values under water-deficit
(WD) conditions in the field. Values are means + SEs (n = 3-4).

conditions (Figure 2a). Increases in TD with herbivore and
water stress have been reported previously in several spe-
cies (Traw and Bergelson, 2003; Bjorkman et al., 2008; Fu
et al., 2013), as part of the adaptive stress response. In fact,
transcriptomic studies in water-stressed Arabidopsis thali-
ana plants showed an upregulation of genes related to tri-
chome initiation and morphogenesis (TT8, BRICK1, KAK),
but not of genes involved in stomatal initiation (Bechtold

© 2018 The Authors.
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Figure 4. Relationship between trichome/stomata ratios and photosynthetic
parameters in lines M82, 4-1, 10-2, and 11-3: (a) correlation between tri-
chome/stomata ratio (7/S) and intrinsic water use efficiency (WUE;); and (b)
correlation between T/S and plant-level water use efficiency (WUE,). Corre-
lation coefficients, calculated by Pearson’s test (P < 0.001 for a; P < 0.01 for
b), are shown in each graph. Purple markers represent M82, turquoise mark-
ers represent 4-1, red markers represent 10-2 and green markers represent
11-3. Circles represent values from well-watered (WW) conditions in the
field and squares represent values from water-deficit (WD) conditions in the
field. Values are means + SEs (n = 3-4).

et al., 2016). Not all the lines in this study showed uniform
responses, with IL 4-1 showing bigger changes upon WD
treatment (lower SS, higher TD) (Figure 2). This could be
explained by a greater inability of IL 4-1 to control water
loss, as indicated by its lower WUE, and WUE; (Tables 1
and 2), leading to more severe physiological stress in this
line and, subsequently, a stronger response to WD. In any
case, these leaf adaptive changes did not account for an
increase in WUE (Tables 1 and 2), probably because of a
lower overall TD in IL 4-1.

We observed an inverse association between trichome
density (TD) and stomatal density (SD) only under WD con-
ditions (Figure 2d), in agreement with previous reports in
Nicotiana tabacum (tobacco) and tomato (Glover et al.,
1998; Glover, 2000). Developmentally, trichomes and stom-
ata originate from protodermal cells (Morohashi and
Grotewold, 2009; Pillitteri and Dong, 2013), and the inverse
association observed suggests that the regulation of their
development might be linked. Similar relationships have
been found in trichome mutants of A. thaliana (Bean et al.,
2002), where altered trichome phenotypes affected
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stomatal patterning. In aubergine, increases in TD have
been associated with increases in SD (Fu et al., 2013), in
contrast to our observations, indicating that there may be
different developmental associations even between related
Solanum species. The correlation was not observed when
TD and SD per area were used, suggesting that TD and SD
as percentage of epidermal cells might give a better repre-
sentation of the developmental changes in the epidermis.
The fact that TD and SD were not correlated when both
WW and WD plants were considered (Figure 2d) might be
a result of the lack of genetic differences in SD, as only TD
was clearly different between the assessed lines (Fig-
ures 1b and S1b). However, the observed TD-SD associa-
tion suggests that the developmental response of the leaf
to drought stress involves changes in the determination of
cell fate in the whole epidermal tissue, simultaneously
affecting TD and SD, and this might occur through differ-
ent regulatory mechanisms under different water regimes.
In conclusion, we observed an important effect of water
availability on leaf anatomy and the determination of epi-
dermal features.

Variation amongst the ILs and the potential for developing
drought-tolerant varieties

The highly inbred tomato cultivar M82 has traditionally
been used as a check variety in breeding programmes
(Grandillo et al., 1999) and as a reference cultivar for sci-
entific research, used in relation to the response to water
stress as a drought-sensitive cultivar (lovieno et al.,
2016), in contrast with the drought-tolerant S. pennellii
(Egea et al., 2018). The IL population has been used
extensively for functional and physiological studies
(Steinhauser et al., 2011; Chitwood et al, 2013; de Oli-
veira Silva et al., 2018), and the natural variation within
the IL population provides an excellent platform to inves-
tigate the role of differences in epidermal features on
performance under water stress.

The intrinsic water use efficiency (WUE;) is an important
target for crop improvement with respect to drought toler-
ance, although it needs to be considered carefully as it
might not be directly related to improved fruit productivity
(Blum, 2005, 2009). We observed a lower WUE; for IL 4-1
under WD conditions compared with the other lines under
study (Table 2), whereas WUE; in IL 11-3 was higher under
WD compared with WW conditions (Table 2). This increase
in WUE; has been reported in drought-tolerant varieties in
several crops (Guha et al., 2010; Fracasso et al., 2016; Liu
et al., 2016), although it might not always have a positive
effect on fruit yield. Interestingly, none of the ILs under
study were considered before for WUE improvement as
they showed no differences in 3'°C compared with M82
(Xu et al., 2008), in agreement with our results, so this epi-
dermis-based analysis provides an alternative path for
increased WUE. Therefore, the genomic region

introgressed from S. pennellii in IL 11-3 could be selected
to generate more water use efficient tomato cultivars.

The accuracy of WUE; as a measure of drought tolerance
has been questioned because of the lack of correlation
with whole-plant measurements of WUE (Medrano et al.,
2015). In fact, in newer tomato cultivars, a decrease in
WUE;, driven by selection under high light levels and well-
watered conditions, has been reported to be accompanied
by increases in agronomic WUE (yield per water used; Bar-
rios-Masias and Jackson, 2014). Therefore, biomass-based
parameters, specifically plant-level water use efficiency
(WUEy,), were also investigated in this study, although
specific differences in fruit production or harvest index
between ILs were not considered (Caruso et al., 2016).
WUE, under WD was lower in IL 4-1 than in IL 11-3
(Table 1). Moreover, M82 and IL 11-3 plants grown under
WD conditions had higher WUE, values compared with
WW plants (Table 1). The observed WUE;-WUE,, correla-
tion (Figure S5b) supports the use of WUE; as a measure
of drought tolerance under our experimental conditions. In
a similar way, leaf 8"°C has been used as a marker of the
WUE of a plant (Farquhar and Richards, 1984), and in
tomato and S. pennellii it has been reported to correlate
with WUE, (Martin and Thorstenson, 1988). In this work,
we found a correlation between leaf 8"*C and WUE; (Fig-
ure Sba), suggesting that leaf 8'°C can be used as a tool
for selection of high-WUE; lines in tomato. We did not
observe a significant correlation between leaf §'°C and
WUE,, however, which might hinder the applicability of
our findings.

The role of epidermal features during WD

Water-stress responses involve changes in leaf anatomy,
including changes in the leaf thickness affecting CO, diffu-
sion (Niinemets et al., 2009; Galmes et al., 2013) and epi-
dermal features, where there has been a focus on the
stomata because of their direct role in gas exchange and
transpiration (Galmés et al., 2007a; Xu and Zhou, 2008).
Although we observed differences in LT in ILs 4-1 and 11-3
when WW and WD plants were compared (Table 1), no
correlation was found between LT and any gas exchange
parameter. Importantly, we observed a significant, inverse
correlation between gs and SD per area (Figure 3), but not
between g; and SD as a percentage of epidermal cells. This
result suggests that SD per area should be used preferen-
tially when assessing gas exchange parameters.

Our findings also support a major role for trichomes in
gas exchange and the determination of WUE, however. The
correlation observed between TD and WUE; and WUE,, (Fig-
ures 3b, S6a and S7) suggests that TD has a positive effect
in terms of drought tolerance. The lack of differences in tri-
chome types or trichome length in the lines under study
(Figure S2) indicates that the observed effects are linked to
TD rather than to other trichome parameters. Several roles
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have been suggested for trichomes in plant drought toler-
ance (Galmés et al., 2007a; Boughalleb and Hajlaoui, 2011).
On the basis that TD is negatively associated with g (Fig-
ure 3a), our data suggest that trichomes in tomato might
play a role in avoiding excessive water loss by changing the
resistance of the boundary layer, as proposed in previous
studies (Guerfel et al., 2009; Mo et al., 2016). Another possi-
ble explanation for the correlation between TD and WUE
involves the mutually exclusive developmental association
between trichomes and stomata. Increased trichome initia-
tion as part of the response to drought (a possibility sup-
ported by expression analysis in Arabidopsis; Bechtold
et al., 2016), could lead to lower SD that could lead to an
improved WUE. Genes involved in ABA signalling, known
to play a role in the drought response, are expressed in tri-
chomes (Ren et al., 2010; Daszkowska-Golec, 2016). For
example, the tomato homologue of the WRKY transcription
factor ABA OVERSENSITIVE 3 (AtABO3) (Ren et al., 2010)
or the bZIP transcription factor ABRE BINDING FACTOR 1
(AtABF1) (Yoshida et al., 2015) are both expressed in tri-
chomes in tomato according to the available RNAseq data
(Spyropoulou et al., 2014). Changes in TD could lead to
changes in the transcript abundance of these or other ABA-
related factors. In fact, the expression level of SIABO3 is
slightly higher in leaves of IL 11-3 compared with leaves of
ILs 4-1 and 10-2 according to the available RNAseq data
(Chitwood et al., 2013), and SIABF1 is located in the geno-
mic region introgressed from S. pennellii in IL 11-3, indicat-
ing a possible role for trichome-expressed ABA-related
genes in the observed drought response.

Whole-plant water use efficiency (WUE,) was also corre-
lated with SD (Figure S6b), although the impact of SD on
WUE was lower than that of TD, because there was no cor-
relation between WUE; and SD at the leaf level, and when
correlation coefficients for TD-WUE, and SD-WUE,, were
compared, the effect of SD on WUE,, was lower than that
of TD (Figures 3 and S6). The fact that both stomata and
trichomes were involved in the drought response was not
surprising, given the developmental link that we observed
under WD conditions (Figure 2d) and the direct role of
stomata in gas exchange (Figure 3b). In fact, the ratio of tri-
chomes to stomata (7/S), which gives information about
the relationship between both structures, showed a strong
correlation with both WUE; and WUE,, (Figure 4). In addi-
tion to this, T/S is unitless and is not expressed either in
terms of leaf area or percentage of epidermal cells, thereby
overcoming the differences observed in correlations
between developmental and photosynthetic traits. It is
interesting to note that T/S becomes a more prominent
parameter under WD conditions, when both TD and SD
change together (Figure 2d), whereas under WW condi-
tions, when there is no correlation between them (Fig-
ure 2d) or significant changes between lines (Figure S4),
the genotype-specific TD is likely to be the main player in
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the relation between epidermis and WUE. In conclusion, T/
S plays an important role in the efficiency by which water
is used by tomato, and differences in T/S could be used to
develop more drought-tolerant tomato varieties.

EXPERIMENTAL PROCEDURES
Preliminary characterization of epidermal cells

From a visual inspection of 76 S. lycopersicum cv. M82 x S. pen-
nellii ac. LA716 ILs (Eshed and Zamir, 1995), grown under glass-
house conditions, we selected four lines (ILs 4-1, 10-2 and 11-3,
and M82) displaying a clear visual trichome phenotype. IL 4-1
(LA4048) had an apparent lower trichome density (TD) than the
parental line M82, IL 10-2 (LA4089) had a hairless-like phenotype,
and IL 11-3 (LA4092) had an apparently higher TD compared with
the parental line M82 (LA3475). We characterised the trichome
densities of the adaxial and abaxial sides of leaves from the four
lines under study. This analysis indicated similar values for TD on
both sides of the leaf in all four lines and a strong correlation
(R? =0.92, P=0.04) between the values on both sides of the leaf
(Figure S8), which allowed us to work with values on the adaxial
surface in all future investigations.

The epidermal features of these four lines were characterised
further using scanning electron microscopy (SEM) of plants grown
both under glasshouse and field conditions. For glasshouse
assays, three or four plants per line were grown under water field
capacity at the John Innes Centre (https://www.jic.ac.uk), using
natural light with an average temperature of between 20 and 22°C.
The terminal leaflet of the first leaf of 4-week-old plants was
excised, and inter-vein sections of approximately 0.5 x 0.5 cm
were taken as samples. These sections were vacuum-fixed in a
glutaraldehyde 2.5% cacodylate solution and dehydrated through
an ethanol series. Samples were dried in a Leica CPD300 critical-
point dryer (Leica Microsystems, http://www.leica.com), to avoid
the collapse of trichomes, and were gold-coated before imaging in
a Zeiss Supra 55 VP SEM (Zeiss, https://www.zeiss.com) at 20°C
and under high-vacuum conditions, generating between eight and
15 micrographs of approximately 0.3 mm? per sample of the adax-
ial surface.

Characterisation under field conditions was carried out in the
experimental plot at the University of the Balearic Islands (UIB,
http://www.uib.eu). The environmental conditions during plant
growth are detailed in the next section. Six plants were sampled
for each line under study. Terminal leaflets of fully expanded
leaves at the same position were excised and sections of
0.5 x 0.5 cm were taken as samples. The adaxial surface of these
sections was imaged at 20°C, without coating, inside a Hitachi
3400N variable pressure SEM (Hitachi High-Tecnhology, https://
www.hitachi-hightech.com). We generated between eight and 10
micrographs of approximately 0.3 mm? per sample, and tri-
chomes, stomata and pavement cells were counted manually. In
both analyses, trichome and stomatal densities were expressed
both as a percentage of epidermal cells and as density per area.
Trichomes were classified in types and had their length measured.
For trichome density, all types of trichome were considered
together. The ratio of trichomes to stomata was calculated as tri-
chome density divided by stomatal density.

Field growth conditions and drought treatment

Seeds from the four lines were germinated and grown for 4 weeks
in glasshouses at the University of the Balearic Islands (UIB) with
natural light and average maximum temperatures of 25°C in
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March-April 2016. Twelve plants per line were placed outdoors in
the UIB experimental field for acclimation for 2 weeks before being
transferred to 50-L pots containing a mixture of bog peat-based
horticultural substrate (Prohumin-Potting Soil Klasmann-Deil-
mann; Projar, https://www.projar.es) and perlite (granulometry
A13; Projar) in a 4 : 1 proportion (v/v). The environmental condi-
tions from June to September 2016 were those typical for a
Mediterranean summer: with average daily temperatures of
22.8 + 0.3, 25.7 £ 0.3, 25.0 £ 0.2 and 22.7 + 0.4°C; average daily
minimum temperatures of 16.5 + 0.5, 20.3 + 0.3, 19.5 + 0.4 and
17.8 + 0.4°C; and average daily maximum temperatures of
31.1 £ 0.4, 35,5 + 0.4, 33.5 £ 0.3 and 34.7 £ 0.6°C, respectively,
for June, July, August and September. Plants were watered to field
capacity every other day and fertilised weekly with 50% Hoagland's
solution for 2 months before beginning the drought treatment.

From 11 July, plants were subjected to two different water
regimes: WW and WD. Watering regimes and plant water con-
sumption were monitored by weighing and watering the potted
plants every 2 days. For the WW treatment, four plants per line
were maintained at field capacity, with a pot water content rang-
ing between 100% field capacity just after irrigation (correspond-
ing to 9.3 L of water per pot) and 69.3 + 0.1% field capacity (on
average throughout the treatment period) (Figure S9). For the WD
treatment, the irrigation of four plants was progressively reduced
until halving the pot water content compared with the WW plants.
Then, WD plants were maintained at a pot water content ranging
between 30.3 + 0.1% field capacity before irrigation and
46.3 + 0.1% field capacity after irrigation (Figure S9). The four
remaining plants per line were used for biomass-related measure-
ments. The total water supplied and dry biomass of each plant
was recorded upon experiment completion (Table S2). Three
weeks were allowed from treatment application for the develop-
ment of new leaves under the new water regime before any mea-
surement was performed.

All leaf-based measurements and samples were taken from the
terminal leaflets of the youngest fully expanded leaves generated
after application of the treatment. Epidermal features (trichome
and stomatal densities, stomatal size and ratio of trichomes to
stomata) were evaluated as described for glasshouse-grown
plants in the ‘Preliminary characterization of plant material’ sec-
tion.

Plant water status and growth-related measurements

Plant water status was measured as midday leaf water potential
(Piear) (n = 4 per line and treatment) using a Scholander pressure
chamber (Soilmoisture Equipment Corp., https:/www.soilmois
ture.com), as described by Turner (1988).

For the calculation of WUE,, four plants per line were harvested
at the time of drought treatment. Seventy-four days after treatment
application, four plants per line and per treatment (WW and WD)
were harvested. Leaves, shoots and roots were oven-dried sepa-
rately at 60°C and weighed (dry weight, DW). Biomass production
during the drought treatment was calculated as the difference
between the DW of the plants harvested at the end of the experi-
ment (DWs,4) and the DW of the plants harvested before the treat-
ment (DWiniial). Water consumption was monitored every other day
by weighing the pots containing the plants, and the total water con-
sumption (TWC) of each plant was estimated from these values.
WUE,, was calculated as follows: WUEy, = (DWinai — DWinitial/TWC.

Leaf morphological determinations

Leaf thickness (LT) was determined for the middle part of the ter-
minal leaflet of a young fully-expanded leaf with callipers,

avoiding regions of the leaf with major veins. Leaf mass area
(LMA) was calculated from the same terminal leaflets, as the dry
mass to leaf area ratio. Dry mass was measured by weighing after
oven-drying leaves at 60°C for 48 h. The leaf area was digitally
measured from pictures of the leaves using ivaGeJ 1.49 (National
Institutes of Health, https://imagej.nih.gov/ij/) before drying. Both
LT and LMA were measured for one leaf per plant (n = 4 per line
and treatment).

Leaf gas exchange and chlorophyll a fluorescence

Measurements were performed with an open infrared gas-
exchange analyser equipped with a leaf chamber fluorometer (Li-
6400-40; LI-COR, https://www.licor.com) from 09:00 to 12:00 h and
from 16:00 to 19:00 h in the first 2 weeks of August 2016. Prelimi-
nary tests confirmed non-significant differences between morning
and afternoon measurements. The conditions in the chamber con-
sisted of leaf temperatures of 31-33°C, a vapour pressure deficit of
2.0-3.0 kPa and an air flow of 500 pmol (air) min~". For net CO,
assimilation rate-substomatal CO, concentration (Ay—C;) curves,
the ambient concentration of CO, in the chamber (C,) was set at
400, 0, 50, 100, 200, 300, 600, 900, 1500, 2000 and 400 pmol
CO, mol ™" air, at a saturating photosynthetic photon flux density
(PPFD) of 1500 umol m~2 sec™ (with 10% blue light), allowing
4 min between measurements for the chamber to reach a steady
state. Corrections for CO, leakage in and out of the leaf chamber
of the Li-6400-40 were applied to all gas-exchange data, as
described by Flexas et al. (2007).

Mesophyll conductance to CO, (g,,) was estimated according to
(Harley et al., 1992) as:

gm = An/Ci — (I"[ETR + 8(An + R0)]/[ETR — 4(Ay + RL))),

where I'* is the chloroplast CO, compensation point in the
absence of day respiration, ETR is the electron transport rate and
R is the rate of non-photorespiratory CO, evolution under light.
ETR and R, were calculated as described by Galmes et al. (2011).
I'* was retrieved from in vitro-based measurements for S. lycop-
ersicum by Hermida-Carrera et al. (2016), but adjusted for the leaf
temperature during the measurement.

Total leaf conductance (gyo) was calculated assuming the stom-
atal conductance (gs) and mesophyll conductance (g.) were in
series, such that: gyt = 1/(1/9s + 1/gm)-

An-C; curves were transformed into An-chloroplastic CO, con-
centration (C,) curves using estimated values of g,,. From Ay—Cc
curves, the maximum velocity of Rubisco carboxylation (Vi max)
was calculated as described by (Bernacchi et al., 2002), but using
specific values of Rubisco kinetics for S. lycopersicum adjusted to
the leaf temperature during the measurement (Hermida-Carrera
et al., 2016). The intrinsic water use efficiency (WUE;) was calcu-
lated as the ratio between the net photosynthetic rate (Ay) and the
stomatal conductance (gs), An/gs.

We determined the daily carbon fixation rate (C,4n) by measur-
ing the net CO, exchange rate at 2-h intervals over 24 h. These
measurements were performed after drought treatment (n = 4 per
line and per treatment) using an open infrared gas-exchange anal-
yser equipped with a clear chamber (Li-6400-40; LI-COR). Three
measurements were performed under ambient CO, and light
levels, averaged per plant and per time point. The daily fixation
rate was calculated as the integral value for the curve generated
by the point measurements.

Leaf 5"3C isotope composition

The dried leaves used to calculate LMA were ground to fine dust
for the determination of carbon isotopic composition. Samples
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were subjected to combustion in an elemental analyser (Thermo
Flash EA 1112 Series; ThermoFisher Scientific, http://www.thermof
isher.com) and CO, was injected into a continuous-flow isotope
ratio mass spectrometer (Thermo-Finnigan Delta XP; Thermo-
Fisher Scientific). Peach leaf standards (NIST 1547) were run every
six samples. The standard deviation of the analysis was <0.2%.

Statistical analysis

The differences between lines, treatments and interactions were
assessed by univariate analysis of variance (anova). Significant dif-
ferences between means were determined by a post-hoc Tukey’s
test (P < 0.05). The relationship between variables in each experi-
ment was determined by correlation coefficient (R?). The analyses
were performed using r 3.2.2 (R Core Team, https://www.r-project.
org).
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Figure S1. Initial morphological characterization of lines M82, 4-1,
10-2 and 11-3 grown under glasshouse (GH) and field conditions
(F) before the onset of drought treatment.

Figure S2. Percentage of trichome types and trichome length in
plants grown under glasshouse conditions.

Figure S3. Stomatal density in lines M82, 4-1, 10-2 and 11-3 under
water-deficit (WD) and well-watered (WW) conditions in the field.
Figure S4. Trichome and stomatal densities in lines M82, 4-1, 10-2
and 11-3 under water-deficit (WD) and well-watered (WW) condi-
tions in the field, expressed in terms of area.

Figure S5. Correlations between carbon isotope composition and
intrinsic water use efficiency, and between intrinsic water use effi-
ciency and plant-level water use efficiency, in lines M82, 4-1, 10-2
and 11-3.

Figure S6. Relationship between epidermal features and plant-
level water use efficiency (WUEy) in plants under well-watered
(WW) and water-deficit (WD) conditions in the field.

Figure S7. Correlations between trichome density expressed per
unit area and water use in lines M82, 4-1, 10-2 and 11-3 under WW
and WD conditions.

Figure S8. Trichome densities on abaxial and adaxial sides of
leaves of lines M82, 4-1, 10-2 and 11-3 grown under glasshouse
conditions.

Figure S$9. Evolution of the pot water content during the
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experiment for the well-watered (WW, blue) and water-deficit
(WD, red) plants.

Table S1. Leaf morphological traits and photosynthetic characteri-
zation of the lines M82, 4-1, 10-2 and 11-3 under field conditions
before the onset of the drought treatment.

Table S2. Dry biomass and total water supplied to plants upon
completion of the experiment for lines M82, 4-1, 10-2 and 11-3.
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