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GENERAL INTRODUCTION



Chapter 1

This PhD thesis reports studies on the effects of supplemental far-red light on tomato
growth and development. The background information for the research questions
examined in the coming chapters will be provided in this introductory chapter. This
introduction provides an overview of the historical significance and cultivation practices
of the model plant, tomato. It subsequently draws a comparison between two model
tomato cultivars. The narrative then introduces the key phenotypes in the shade avoidance
response, shedding light on how these responses are regulated by photoreceptors. The
intricate interplay of hormones in shade avoidance is then explored. Lastly, the discussion
delves into the involvement of stem structure in the study of shade avoidance.

1.1 TOMATO
1.1.1 History of tomato cultivation

Tomato (Solanum lycopersicum) has a unique position in the botanical and culinary
realms, tracing its origins to western South America, Mexico, and Central America
(Naika et al., 2005). The journey of this versatile fruit, commonly recognized as a
vegetable in culinary usage, spans centuries and continents, leaving an indelible mark
on global agriculture.

With its botanical roots firmly embedded in the Andes region of South America, the
tomato found its way into human cultivation and culinary practices through the ingenious
efforts of indigenous people in Mexico (Naika et al., 2005). These early cultivators
recognized the potential of this fruit, and it became an integral part of their cuisine
long before the arrival of Spanish explorers. The transformative encounter between the
Spanish conquistadors and the Aztec Empire during the 16th century brought the tomato
to Europe as part of the monumental Columbian exchange. The culinary traditions of
Europe were forever altered by this novel addition, as tomatoes found their place in a
wide array of dishes, sauces, and culinary concoctions (Musselman, 2002; 2005).

Despite its fruit classification from a botanical standpoint, the tomato is predominantly
utilized as a vegetable in culinary applications. Its rich umami flavour profile, when
consumed raw or cooked, lends itself to an extensive range of culinary creations
worldwide. From fresh salads to hearty sauces and refreshing beverages, the tomato
continues to captivate the global dinning plates (Musselman, 2002).

Today, tomato production remains a vital component of global agriculture, with diverse
varieties cultivated in temperate climates across continents but still reach a 39.2 million
metric Ton (Dillon, 2022). For the reason that tomato is a crop with low maintenance and
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high yield, and also a short life cycle, the economic value makes growing it attractive
to breeders and farmers (Naika et al., 2005). Advancements in greenhouse technology
enable year-round cultivation, making tomatoes an accessible crop regardless of season.
The plant’s growth characteristics, such as its sprawling vine-like nature and support
requirements, further contribute to its cultivation practices.

1.1.2 Tomato growth habit

Tomato (Solanum lycopersicum) is a highly versatile plant that reaches impressive
heights exceeding two meters. With careful maintenance, tomato plants can be harvested
consecutively for multiple years, offering prolonged productivity. The first harvest
typically occurs within a span of 45-55 days after flowering (Naika et al., 2005). In our
experimental set-up, tomatoes flower at 35-42 days. Among the diverse tomato cultivars,
two main categories can be distinguished: cultivars for fresh consumption and cultivars
for processing. We selected a cultivar from each category as our experimental models,
Moneymaker (MM) and M82, respectively.

Moneymaker stands out as an exceptional greenhouse variety renowned for its abundant
yield, delightful bright red fruits, and smooth texture, making it an ideal choice for fresh
consumption. This particular cultivar thrives in hot and humid climates, demonstrating
its adaptability both outdoors and within greenhouse environments. MM, while not a
current choice for large-scale greenhouse farming due to the availability of more modern
varieties in recent years, it still remains a greenhouse variety favored by home gardeners.
Originating from England, Moneymaker exhibits vigorous vine growth, necessitating
proper staking to optimize results (Marks, 2010). M82 is a processing tomato, suited for
field growth and machine harvest. M82 plants typically reach a height of 1.5 to 2 meters
and have a bushy growth habit. The fruits are typically red when fully ripe, with a smooth
skin and a juicy, flavorful flesh but comparing to MM, the fruits are less oval.

In our greenhouse set-up, we noticed M82 and Moneymaker (MM) have very similar
life cycle and flowering time within 5-6 weeks, similar height with around 1.5 m. To
distinguish these two species (Figure 1.1), we can use the first true leaf. The first true leaf
of M82 and MM has a distinguishable pattern as shown in Figure 1.2. M82 usually has
smaller main leaf lamina more similar to a simple leaf, whereas MM has a leaf pattern

more similar to later true leaves with clear separation of each leaflet.
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1.1.3 Tomato genomic resources

Recent advances in genomic research have significantly contributed to our understanding
of the tomato species. The initial tomato genome was derived from the Heinz cultivar
(Sato et al., 2012). Leveraging the existing S. lycopersicum cv. Heinz genome as a
reference, and with extensive sequencing, and incorporating additional single-nucleotide
polymorphisms (SNPs), this ultimately culminated in the final M82 genome (Bolger et
al., 2014). Notably, the genome of Solanum lycopersicum cv. M82 was meticulously
sequenced in conjunction with the Solanum pennellii genome, The 950-Mb tomato
genome exhibits a distinct structure, comprising gene-rich euchromatin and gene-poor
pericentromeric heterochromatin (Michaelson et al., 1991; Barone et al., 2008). Given
the challenge of sequencing the heterochromatic fraction with its repetitive sequences,
the initial strategy focused on sequencing the euchromatic portion, estimated to constitute
one-quarter (220 Mb) of the tomato genomic sequence, encompassing over 90% of the
genes. Various tools have been developed for the Tomato Genome Sequencing Project,
(Sherman and Stack, 1995; Todesco et al., 2008; Mueller et al., 2009; Sato et al., 2012;
Bolger etal., 2014). S. lycopersicum cv. M82’s genetic information has provided valuable
insights into the molecular mechanisms underlying various traits in tomatoes. M82
tomatoes are widely used in comparison to S. pennellii in drought resistance study, fruit
development, and genetic comparison in stress (Gong et al., 2010; Ikeda et al., 2017; Liu
et al., 2018; Reynoso et al., 2019; Watanabe et al., 2021). For example, the wild tomato
relative Solanum pennellii shows a strong response to shade and in contrast, the domestic
tomato S. lycopersicum, which has been bred for production in field conditions, shows
a milder response (Bush et al., 2015). However, the Shade Avoidance Syndrome (SAS)
mechanisms within the different tomato species are not fully characterized, and we set

out to explore the significant changes of commercial tomato plants in stem elongation.

1.1.4 Summary

Tomato is an economically important crop, renowned as a well-established stress study
model and offers distinctive genetic resources. Despite not having received the same
level of attention as Arabidopsis, recent research has delved into the molecular and
physiological aspects of SAS in tomato. The uniqueness of tomatoes, with their specific
growth patterns, hormonal dynamics, and stem structures, using tomato as a model
adds an intriguing layer to our understanding of adaptive strategies under varied light
conditions.
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M82 Moneymaker

Figure 1.1. Model plants of M82 (left) vs Moneymaker (right).

M82 Moneymaker

Figure 1.2. Examples of first true leaves of M82 vs Moneymaker.

1.2 SHADE AVOIDANCE RESPONSE

The shade avoidance syndrome (SAS) is a plant’s acclimation reaction to changes in light
that signal impending shade. SAS describes a suite of morphological and physiological
changes that occur when plants perceive neighbours, typically through a reduction in the
ratio of red: far-red (R:FR) light caused by reflection of far-red light from neighbouring
leaves (Smith and Whitelam, 1997). Common shade avoidance responses include
hyponasty (upward leaf movement), petiole elongation, stem elongation, and accelerated
flowering time (Woodward and Bartel, 2005). Studying SAS unveils crucial insights into
plant growth strategies with implications for agriculture and horticulture.

11
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1.2.1. Shade avoidance and neighbour detection for farming

Light serves as a fundamental driver of plant growth and development, fuelling
photosynthesis, through which plants convert light energy into chemical energy.
Plants engage in a struggle for light and adapt their growth patterns to secure optimal
light capture in the future. The quality and quantity of light received by plants exert
a profound influence on various physiological and developmental processes, including
seed germination, stem elongation, leaf development, flowering, and tuber formation.
SAS enables plants to elongate stems and adjust leaf angles in an attempt to maximize
light capture and mitigate the negative effects of shading (Pantazopoulou et al., 2017). Of
particular importance is the ratio of red to far-red (R:FR) light (Osborne, 1991; Franklin,
2008; Ballaré and Pierik, 2017), which acts as a crucial signaling mechanism, conveying
information about neighbouring plants and redirecting resource availability into growth,
for example, at the cost of seed production (Smith and Whitelam, 1997; Hewitt, 1998;
Yang and Li, 2017).

Smallholder farmers worldwide often confront common challenges, including constraints
on resources, food insecurity, and heightened vulnerability to the impacts of climate
change. These issues have been reported in various regions, such as Sub-Saharan Africa
(Ariom et al., 2022), South Asia (Cerling et al., 1997), Southeast Asia (Nor Diana et al.,
2022), and East Africa (Ndoli, 2018). In these areas, the reduction of fallow periods or
continuous cropping practices, driven by population pressure, has led to soil erosion,
diminished soil organic matter, and nutrient depletion without adequate replenishment.
Consequently, agricultural productivity has been negatively affected, exacerbating
the problem of food shortages. Addressing these challenges necessitates the adoption
of sustainable agricultural practices and innovative solutions that consider the shade
avoidance responses of crops to ensure the resilience and well-being of smallholder
farmers globally.

1.2.2 Shade signal detection

Canopies formed by plants typically have decreased photosynthetically active
radiation (PAR) compared to direct sunlight. Therefore, many plants will adjust their
photosynthetic activity and growth (Lichtenthaler et al., 1981; Casal, 2013). Plants
absorb photosynthetically active wavelengths (380 nm — 750 nm), including red (R)
light (750 nm) and blue (B) light (450 nm). They hardly absorb far-red light (FR, >750
nm) light, and hence the reflected and transmitted light is enriched in FR wavelengths
(Figure 1.3). In a situation where there are multiple plants in dense vegetation, FR light

12
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will be reflected whereas the red light will be absorbed, increasing the amount of FR
light in the canopy relative to other wavelengths, especially red (R). This difference in
the light spectrum is detected by the plant, enabling it to perceive their neighbours and
(impending) shade (Beall et al., 1996). In short, the shade consists of light spectrum
change and lower light level, and in our experiments, we particularly focus on the signals
perceived by plants through low R:FR light ratios.

In order to outcompete the neighbouring plants, shade-avoiding plants will adopt the
SAS (Ballaré and Pierik, 2017), which involves a number of phenotypic changes that
generally make the plant taller and more erect. One of the most significant phenotypic
SAS changes observed is stem and petiole elongation. This phenomenon was originally
identified to be associated with far-red light transmission in tobacco canopies in the
1970s (Kasperbauer, 1971): the stem elongated more with a lower R:FR light ratio in the
canopy than in the daylight. This phenomenon has been observed in many species. For
example, in Arabidopsis, both hypocotyl and petiole elongate (Reed et al., 1993; Devlin
etal., 1996) and the elongation of the petiole can be induced especially by an end-of-day
FR light treatment (Reed et al., 1993). In Arabidopsis, petiole elongation can also be
induced by far-red treatment to the leaf tip only (Pantazopoulou et al., 2017). In Brassica
rapa, FR light sensing in the cotyledon leads to the elongation of the hypocotyl (Procko
etal., 2014). In tomato, significant stem elongation and leaf architecture differences have
been observed (Chitwood et al., 2015; Maloof, 2015). Suppression of branching was also
found in tomato (cv. Amberley Cross) by end-of-day FR-treatment (Tucker, 1975). In
soybean (Glycine max), far-red light perceived on nodes can reduce the fruit production
on the very same branch (Green-Tracewicz et al., 2011).

Plants detect light with various molecules. Photoreceptors are specialized proteins that
absorb specific wavelengths of light, enabling plants to sense changes in light quality
and quantity. Cryptochromes respond to blue and ultraviolet-A light and are involved
in regulating plant growth, circadian rhythms, and photoperiodic flowering (Lin, 2002).
Phototropins perceive blue light and are responsible for phototropism (bending toward
light) and stomatal opening (Briggs and Christie, 2002). UVRS8 is a photoreceptor
that detects ultraviolet-B (UV-B) light and mediates UV-B responses, such as stress
protection and regulation of pigmentation (Jenkins, 2017). Phytochromes detect
red and far-red light and are involved in various processes such as seed germination,
shade avoidance, and flowering (Reed et al., 1994). Phytochromes are 120-kD soluble
proteins that have a covalently linked linear tetrapyrrole chromophore. They exist in two
photointerconvertible forms, Pr and Pfr. Pr is the red light-absorbing form, which can be

13
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converted to Pfr (the far-red light-absorbing form) by the red light. Pfr is the active form
of phytochrome, and can be converted back to Pr by far-red light. Consequently, red
light-induced positive phototropism mediated by phytochromes are typically reversible
by far-red light (Reed et al., 1993; Kiss et al., 2003). Among all the phytochromes, phyB
is essential for mediating SAS (Taiz et al., 2010); phyA can be activated by far-red
light and therefore can antagonize phyB-meditated responses in light-grown seedlings
(Sheerin and Hiltbrunner, 2017).

Lutein
— Carotene
~— Chiorophyll-a
[ === Chlorophyll-b

Absorption

—
350 400 450 500 550 600 650 700

Ultraviolet Wavelength(nm) w;r:er:d

Figure 1.3. Light absorption graph of pigments in plants, adapted from literature (Glenn,
2022; Domenici et al., 2014).

The molecular changes accompanying this photoconversion have a significant impact
on signal transduction pathways, leading to adjustments in developmental responses
based on the prevailing light environment (Bischoff et al., 2001). In the presence of
sunlight, phytochrome becomes active and translocates from the cytosol into the nucleus.
Within the nucleus, it interacts with PHYTOCHROME INTERACTING FACTORS
(PIFs) and facilitates their inactivation and degradation. PIFs are growth-promoting
factors involved in various physiological processes (Shin et al., 1997; Ruberti et al.,
2012; Yang and Li, 2017). The family of basic helix-loop-helix (bHLH) transcription
factors, which PIFs belong to, serves as the central hub in a signaling cascade that
promotes cell elongation. These bHLH factors play a crucial role in coordinating and
regulating the processes involved in cell elongation (Oh et al., 2014). In response to
low R:FR light conditions, the active pool of phytochrome decreases, leading to the
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accumulation of specific phytochrome-interacting factors (PIFs) such as PIF4, PIFS, and
PIF7. These PIFs activate growth-promoting genes containing E-box and G-box motifs.
This activation stimulates various processes involved in the biosynthesis and transport
of important plant hormones like auxin, gibberellins, brassinosteroids, cytokinins, and
ethylene (Ueoka-Nakanishi et al., 2011; Casal, 2012; Ruberti et al., 2012; Pantazopoulou
et al., 2017; Kiipers et al., 2018). Specifically, auxin modulates cell wall remodeling
and cell elongation via regulation of expansins and xyloglucan endotransglucosylase/
hydrolases (XTHSs) (Fry, 2004; Sasidharan et al., 2010; Sasidharan et al., 2014; de Wit
etal., 2015).

1.2.3 Phenotypic response in shade avoidance
1.2.3.1 Hyponasty

Hyponasty is the upward bending of leaves or petioles. Hyponastic growth allows plants to
reorient their leaves towards available light sources, thereby enhancing light interception
and photosynthetic efficiency (Pierik and De Wit, 2014; Pantazopoulou et al., 2017).
In recent years, extensive research has shed light on the molecular and physiological
mechanisms underlying hyponasty in Arabidopsis in the context of shade avoidance.

Studies have revealed the central role of phytohormones, particularly auxins, in regulating
hyponasty. Auxins act as key signaling molecules: they are synthesized in the leaf blade in
response to FR and transported into the petiole where they induce a hyponastic response
specifically localized to the leaf perceiving the FR signal (Michaud et al., 2017). Auxins
promote cell elongation and influence the directionality of leaf and petiole bending in
response to shade-induced stress (Yang and Li, 2017). The dynamic changes in auxin
distribution and transport, mediated by the auxin efflux carriers and signaling pathways,
orchestrate the precise adjustments in cell expansion and tissue growth required
for hyponasty. The involvement of other phytohormones such as gibberellins and
brassinosteroids has been recognized in modulating hyponastic responses. The interplay
between these enable plants to fine-tune their growth patterns and optimize resource
allocation in response to shade conditions (Bou-Torrent et al., 2014; Pantazopoulou et al.,
2017; Yang and Li, 2017; Kipers et al., 2018; Kipers et al., 2023).

1.2.3.2 Elongation

When plants are subjected to shading conditions, they exhibit a remarkable ability to
elongate their stems, petioles, and hypocotyls to reach and capture more light with
their leaves.

15
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In Arabidopsis, shade-induced elongation is regulated by a complex interplay of hormonal
signaling pathways. Elongation of the petiole in Arabidopsis involves multiple hormone
signaling pathways, including gibberellins, auxins, brassinosteroids, and ethylene. These
hormones collectively coordinate cell division, cell elongation, and cell wall modifications
to promote elongation in response to shading (Djakovic-Petrovic et al., 2007; Muller-
Moulé et al., 2016). Similarly, in tomato, stems elongate in SAS (Figure 1.4) and this
process potentially involves key regulators such as gibberellins, auxins, and ethylene,
which are have been implicated to play a role (Courbier et al., 2021). Low red/far-red
ratios (R:FR) stimulate stem growth-related gene expression and concurrently reduce
the expression of genes associated with flavonoid synthesis, isoprenoid metabolism, and
photosynthesis. This results in decreased levels of flavonoids and isoprenoid derivatives,
alongside a reduction in stem jasmonate levels and photosynthetic capacity. While
this model partially explains shade-avoidance responses, further understanding of the
complex links between shade and auxin networks is needed. (Cagnola et al., 2012;
Iglesias et al., 2018; Schrager-Lavelle et al., 2019; Courbier et al., 2021). However, the
intricacies of shade-induced elongation in tomato, particularly the specific molecular
mechanisms and signaling components, remain areas that require further investigation.

Other dicot plants, such as soybean (Glycine max) and sunflower (Helianthus annuus) also
display significant elongation responses in SAS response to shade cues (Green-Tracewicz
et al., 2011; Page et al., 2011; Tang and Liesche, 2017; Lyu et al., 2021). The underlying
hormonal and molecular mechanisms regulating elongation in these plants are similar to
those observed in tomato and Arabidopsis and involve gibberellin and auxin.

WL

10cm

Figure 1.4. Shade avoidance response leads to a significant elongation response in tomato.
Comparison of 21-day-old Moneymaker plants grown in white light (WL) vs far-red light treatment
(WL+FR) for 14 days.
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1.2.3.3 Leaf morphology

In Arabidopsis, research has been done on lamina blade traits in rosette stage of development.
Far-red light signals lead to a blade area reduction coupled with curling (Reed et al., 1993;
Devlin et al., 1999; Cagnola et al., 2012). Chitwood and colleagues performed a meta-
analysis on the morphological consequences of short-term or long-term exposure to shade
in tomato (Chitwood et al., 2012; Chitwood et al., 2015). They found that leaf area, stomatal
density, and chlorophyll abundance were changed in shade, and that alteration of leaf shape
under shade is dictated by the expression of KNOX and other indeterminacy genes in tomato
(Chitwood et al., 2012; Chitwood et al., 2015). A SAS study in maize (Zea mays) indicated
that decline in biomass and leaf area growth during competition against weeds are likely
occurring via low R:FR signaling from weeds to maize (Page et al., 2009). Woody species
such as Populus, Acer, and Betula had faster growth rates in response to supplemental FR if
they were late succession species in comparison to early succession species (weedy, fugitive)
(Gilbert et al., 2001). In densely populated communities, the competition for living space
among plants is influenced by leaf morphology and size within the canopy, impacting the
generation of proximity signals and the ability to tolerate shade (Gilbert et al., 2001).

1.2.3.4 Root system architecture

In shade avoidance response, plants undergo significant alterations in root morphology
and architecture to acclimate to low light conditions and optimize their resource
acquisition. Several studies have provided insights into the root modifications observed
during shade avoidance.

Shade has well-documented effects on above-ground plant tissues, yet understanding its
impact on root development remains limited (Gundel et al., 2014). Applying FR-enriched
light to whole seedlings is known to reduce main root length and lateral roots (LRS)
(Salisbury et al., 2007; van Gelderen et al., 2018). However, the influence of shoot R:FR
signaling on root development and the underlying mechanisms are unclear. Root growth
is traditionally regulated by auxin transport and signalling (Bhalerao et al., 2002), with
auxin playing a role in responses to various stimuli (Baster et al., 2013; Galvan-Ampudia
et al., 2013; Zhang et al., 2013). It is plausible that auxin dynamics associated with shoot
shade avoidance responses impact root auxin levels, thereby influencing root development.
Light signalling further influences auxin transport by regulating auxin-transporter proteins
(PINSs), demonstrating its intricate impact on root development (Van Gelderen et al., 2018).
The dynamic changes in root structure and function during shade avoidance demonstrate the
plant’s ability to acclimated to shaded conditions and ensure optimal resource acquisition
for sustained growth and development.
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Overall, phenotypic traits linked with SAS are understood in Arabidopsis while the
molecular mechanisms are still being resolved. However, not all plants share the rosette
growth habit of Arabidopsis. Understanding the regulation of SAS traits in alternative
model plants and other dicots will advance our understanding of the SAS for various
traits, and reveal how much of the signalling networks and gene regulatory pathways are
shared between different species and growth habits.

1.2.4 Hormonal regulation pathways in shade avoidance

Shade avoidance regulation is widely studied in Arabidopsis and various crops, and
these studies have identified a network of hormones translating light information into
developmental responses (Figure 1.5). In crops, responses to shade involve altered
growth patterns and physiological changes, affecting both above-ground and below-
ground structures. Different tissues, such as stems, leaves, and roots, exhibit specific
responses to shade conditions. Hormones, such as auxin, gibberellin and brassinosteroid.
The interplay of these hormones in the network of shade avoidance responses varies
among crops and tissues, contributing to the adaptability of plants to light availability.

.
Y

Gibberellin
| | DELLA
YUCCAs
Petiole

PINs/AUX/IAAs
elongation

4{ Auxin ‘ ‘ Brassinosteroid ‘ Hypocotyl

] elongation
Strigolactone ——| ‘Shadeavoidanceresponse }—

|
Karrikin

Leaf growth

Ethylene

Figure 1.5. Arabidopsis SAS hormone regulation scheme adapted from literature (Yang and
Li, 2017; Wang et al., 2020). Arabidopsis picture adapted from Biorender.com.
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1.2.4.1 Role of Auxins in SAS

Auxins are a class of phytohormones that are essential for plant growth and development.
Auxin is synthesized in the shoot apical meristem and young leaves, and transported to
other parts of the plant through polar transport (Woodward and Bartel, 2005) Auxin
biosynthesis is regulated by a family of genes known as YUCCAs (YUC), which
encode flavin-containing monooxygenases that catalyze the rate-limiting step in auxin
biosynthesis (Zhao, 2010). In Arabidopsis, there are 11 YUC genes, and their expression
is regulated by light (Sato et al., 2015). YUCs have also been identified in other species
such as tomato (Exposito-Rodriguez et al., 2011) and soybean (Wang et al., 2017).

Auxin signaling is mediated by a family of transcription factors, known as AUXIN
RESPONSE FACTORs (ARFs), which bind to auxin-responsive elements (AuxRES) in
the promoters of target genes (Woodward and Bartel, 2005). Auxin is sensed by a family
of F-box proteins known as TIR1/AFB that function as auxin receptors (Kepinski and
Leyser, 2005). ARFs have the ability to bind tandem repeat AuxRE sequences either as
homaodimers, in conjunction with other ARFs, or in combination with repressive Aux/IAA
proteins. In the absence of auxin, the function of ARFs is inhibited by Aux/IAA proteins,
which form dimers with ARFs to prevent their activity (Woodward and Bartel, 2005; Li
et al., 2016). Upon binding of auxin to its receptors, this complex can now interact with
AUX/IAA proteins and facilitate their ubiquitination and subsequent degradation. This
allows ARFs to homodimerize and regulate auxin-dependent gene expression.

Light-dependent interactions of cryptochrome 1 (CRY1) and phytochrome B with AUX/
IAA proteins leads to the stabilization of AUX/IAAs, resulting in the inhibition of auxin
signaling (Luo et al., 2018; Xu et al., 2018). When auxin levels increase, auxin binds to
TIR1/AFB proteins, causing the degradation of AUX/IAA proteins and the activation
of ARF-mediated gene expression (Stacey et al., 2016). As a consequence, hypocotyl
elongation is stimulated. This elongation is also regulated by the ARF7 and ARF19
transcription factors, which are induced by low R:FR ratios (Nozue et al., 2015). ARF7
and ARF19 activate the expression of a number of downstream genes, including several
encoding cell wall-modifying enzymes, which promote cell elongation (Okushima et al.,
2007). It has been shown that auxin primarily acts in the hypocotyl epidermis to regulate
low R:FR-induced hypocoyl elongation in Arabidopsis SAS (Keuskamp et al., 2010b;
Procko et al., 2016).

Extensive investigation into auxin signaling in SAS has been conducted primarily in
Arabidopsis, prompting a broader examination to assess the conservation of auxin
signaling across different contexts. The role of auxin in the shade avoidance response in
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legumes has been studied in several species. In soybean, for example, low R:FR condition
has been shown to induce the expression of several auxin biosynthesis and transport
genes, including GmYUCCAL, and GmPIN1a, thought to be involved in promoting stem
elongation (Wang et al., 2017; Zhang et al., 2022).

1.2.4.2 Role of Gibberellins in SAS

Gibberellins (GAs) play a significant role in regulating the shade avoidance response in
plants. Under low R:FR conditions, the accumulation of phytochrome-interacting factors
(PIFs), modulate the expression of genes involved in GA biosynthesis and signaling
pathways, and promote GA levels. Elevated GA levels results in a dynamic distribution
of GA in organs, and further stimulate stem and petiole elongation (Djakovic-Petrovic
etal., 2007; Casal, 2013; Kipers et al., 2018; Lyu et al., 2021). GA destabilizes DELLA
proteins, which are suppressors of PIF action, thus providing a direct SAS modulation
mechanism (Djakovic-Petrovic et al., 2007; Feng et al., 2008; De Lucas et al., 2008).
Moreover, GAs are also involved in the regulation of other shade-induced responses,
such as hyponasty, leaf expansion and reduced branching (Kurepin et al., 2007; Ueoka-
Nakanishi et al., 2011; Kipers et al., 2023).

1.2.4.3 Role of Strigolactones in SAS

Another aspect of the shade avoidance hormonal network is the role of strigolactones,
a class of plant hormones that have been shown to regulate shoot branching and plant
architecture in response to environmental cues (Agusti et al., 2011; Siddigi and Husen,
2017). InArabidopsis, the transcription factors FAR-RED ELONGATED HYPOCOTYLS3
(FHY3) and FAR-RED IMPAIRED RESPONSE1 (FAR1), integral to phytochrome
A-mediated light signaling, act with strigolactone pathway repressors, SUPPRESSORS OF
MAX2 1-LIKE (SMXL6/7/8). This alliance directly inhibits SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE 9, 15 (SPL9 and SPL15), suppressing their activation of
BRANCHED 1 (BRC1), a pivotal branching repressor. FHY3 and FAR1 not only modulate
SMXL6/7/8 but also directly up-regulate their expression, accentuating the central role of
strigolactone in orchestrating branching. Under simulated shade conditions, reduced FHY3
accumulation results in elevated BRC1 expression, limiting branching. This integrated
model underscores how light and strigolactone intricately regulate branching through
concerted actions on the BRC1 promoter (Xie et al., 2020). Recent studies have suggested
that strigolactones may also play a role in the shade avoidance response in legumes by
regulating the balance between shoot and root growth (Siddigi and Husen, 2017). In
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pea (Pisum sativum), exposure to low R:FR conditions has been shown to increase the
production of strigolactones, which in turn promote the growth of lateral roots and suppress
shoot branching (Dun et al., 2013). In rice, strigolactone has been proven to promote tiller
architecture (Zha et al., 2022).

1.3 STEM GROWTH
1.3.1 Comparison of stem and petiole

The stem is a support and transport organ in vascular plants. Plant stems have nodes
from which they grow leaves, aerial roots, and flowers, and the sections of stem between
nodes are called internodes. The conjunctive tissue that extends from the stem to the
leaf lamina is the petiole (Mauseth, 2003). Petioles are generated from leaf primordium,
and petiole activities are regulated by hormones and light (Sasidharan et al., 2010;
Pierik and De Wit, 2014; Bravo et al., 2016). Both petioles and stem show elongation
in SAS. Regarding their cellular morphology (Figure 1.6), both of them have epidermis,
parenchyma and vascular bundles, and the vascular bundles in the petiole usually show
multiple shapes, different from the mostly circular shape in stems (Ergen Akgin et al.,
2011; Ragheb et al., 2019).

Figure 1.6. Petiole and inflorescence stem cross sections of Arabidopsis. (a) Cross section of
the petiole, provided by Sanne Matton. (b) Cross section of the inflorescence stem.

1.3.2 Primary growth and secondary growth

Plant growth is categorized into primary growth, which increases the length or height of
the plant, and secondary growth, which augments the plant’s diameter. Secondary growth
is facilitated by lateral meristems, specifically the vascular cambium and cork cambium
(Etchells and Turner, 2010). The cork cambium forms the outer ring of the stem, giving
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rise to phellem (cork) externally and phelloderm (secondary cortex) internally. The
initiation of fibers and production of xylem indicates the start of secondary growth
in hypocotyls (Taiz et al., 2010; Shana Kerr, 2017; Ragni and Greb, 2018). Vascular
cambium, a closed ring of lateral meristematic tissue, is present in both roots and shoots,
albeit with morphological differences. For instance, interfascicular cambium exists in
shoots but is absent in roots, defined as cambium fusing to create a continuous ring in
plant stems through a change in cell identity (Ragni and Greb, 2018).

In plant development, primary growth, occurring in apical meristems, propels the
vertical elongation of shoots and roots, contributing to an increase in height and the
development of primary tissues like the epidermis, cortex, and vascular bundles. On
the other hand, secondary growth, occurring in lateral meristems such as the vascular
cambium and cork cambium, leads to the thickening of stems and roots. This process
adds layers of secondary xylem and phloem, contributing to wood formation in dicots
and enhancing mechanical support, water transport, and nutrient distribution. While
primary growth facilitates upward and downward extension, secondary growth fortifies
structural strength and adaptability, collectively shaping the overall form and function
of plants.

1.3.3 Tomato stem structure identification in this thesis

Tomato stems at four weeks of age are multi-layered structures that serve as a scaffold for
plant growth and support (Figure 1.7). The stem consists of outer epidermis (light green
layer), hypodermis (purple layer), 1-3 layers of collenchyma cells (blue-green layer),
1-3 layers of parenchyma cells (light orange layers), pith (yellow layer) and a vascular
bundle and interfascicular cambium composed of tightly connected tiny cells (red layer).
The outer epidermis layer provides a protective barrier against external stresses, while
the hypodermis layer provides structural support to the stem. The collenchyma cells
offer flexible support for the stem to grow and move, while the parenchyma cells are
involved in photosynthesis, storage of water and nutrients, and transport of metabolites.
The pith serves as storage tissue for water and nutrients, and the vascular bundle and
interfascicular cambium provide the stem with transport tissue for water and nutrients.
The tomato stem structure plays a crucial role in the overall growth and development of
the plant (Esau, 1953; Evert and Esau, 2006).
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Figure 1.7. The cell types of tomato stem. The diagram shows combined cross section and
longitudinal section, both taken from the middle of the first internode.

In SAS research, some attention has been on how cellular morphology changes in response
to shade or low R:FR. The most well-known hypothesis is epidermal growth-control: the
epidermal layer is controlled by the tension and stress coming from the expansion of the
inner layers of the hypocotyl in the stage of unidirectional growth (Kutschera and Niklas,
2007; Robinson and Kuhlemeier, 2018). Epidermis cell numbers and cell length increase
in the petiole in response to shade, as found in Trifolium repens (Huber et al., 2008). In
a soybean study, pith cell elongation in particular was related to internode elongation,
as well as cell division of all cell types was enhanced to result in internode elongation
(Beall et al., 1996). However, there is only limited results from tomato: the cellular
morphology changes of stem in SAS have not been characterized previously.

1.4 GENERAL SUMMARY AND OUTLOOKS

In this general introduction, it was discussed what are the intricate regulation networks
that contribute to the regulation of plant architecture as part of SAS, and the coordination
of hormone interplay in shade avoidance in multiple crop species and Arabidopsis was
explored. In this thesis, we explore the shade avoidance responses of tomato and other
dicots, focusing on stems and the hormonal regulation of internode elongation, involving
different cell layers.
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Chapter 2 of this thesis is a comprehensive phenotyping analysis of two tomato cultivars
under different lighting- white light control and white light that is supplemented with
far-red light as the treatment. We report various phenotypic traits, including stem and
petiole length, leaf area, leaf thickness, chlorophyll content, and cellular level analysis of
stem morphology using microscopy. These detailed phenotyping data form the basis for

further investigations at the molecular level, focusing specifically on internode 1.

Building upon the phenotypic findings, in Chapter 3 we delve into a molecular analysis
of internode 1 using time series transcriptomics. This approach allowed for a deeper
understanding of the regulatory pathways involved in early-stage elongation, preceding
visible changes in plant growth. By examining gene expression patterns over time, we
identified several intriguing transcription factors (TFs) including a bZIP finger TF, a
GATA TF, and a TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING) TF
for further exploration.

In Chapter 4, we unravel the roles of auxin, gibberellin and brassinosteroids in the
tomato SAS. Manipulating hormone levels, we aimed to further understand the elongation
and cellular changes observed under far-red enrichment. A better understanding of
their contribution to SAS was obtained, shedding light on the molecular mechanisms
underlying tomato responses to shading.

Expanding the investigation outwards in Chapter 5, our study broadened its scope to
include multiple dicot species. We aimed to investigate the conservation of pith cell
responses in SAS and the conservation of FR-responsiveness of our target TFs across
different plants, providing insights into the evolution of this adaptive response. Chapter 6
then brings the discoveries in the experimental chapters together for a general discussion.

Through a multidisciplinary approach encompassing phenotyping, transcriptomic
analysis, hormone manipulation, and cross-species comparisons, this research thesis
unravels the intricate mechanisms of shade avoidance responses in dicots beyond the
usual model plant Arabidopsis. Here, we have discussed the rationale behind choosing
tomato as the focal point of investigation. This choice may be underscored by the unique
characteristics of tomato growth patterns and responses that deviate from established
models, thus warranting dedicated exploration. Moreover, the experimental design
should be contextualized within the existing gaps in knowledge, emphasizing what
remains unknown, particularly in the context of the role of hormones in SAS tomato
shade avoidance.
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ABSTRACT

Food scarcity is a pressing global concern, particularly as the world’s population is
projected to increase. With limited agricultural land available, the demand for higher
crop yields forces dense planting and intensifies competition for limited resources. One
crucial resource that becomes scarce in dense canopies is light, prompting some plants to
elongate to search for light and to counter shading. This adaptive behavior is known as
the shade avoidance syndrome (SAS).

This study focuses on two tomato (Solanum lycopersicum) cultivars, M82 and
Moneymaker, serving as representative models. Our investigation delves into how M82
and Moneymaker, cultivated in the field and greenhouse respectively, acclimate to light
cues of shade. Our objective was to characterize the tomatoes’ cellular developmental
plasticity in response to far-red light, a common cue for detecting neighboring plants.
We evaluated cellular phenotypic traits in white light versus far-red supplemented
white light conditions that simulate shading or light reflection by green leaves. Using
statistical analyses, we identified the most notable responses among the measured traits.
Furthermore, we conducted microscopy-based quantification of cell types of the stem in
the first internode where we had observed increased elongation under far-red treatment
compared to white light. We found significant cellular anatomy responses in pith and
interfascicular cambium, paving the way for an in-depth exploration of these cell types
in subsequent chapters (3-5).
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2.1 INTRODUCTION

With the increasing population and shortage of land area, the huge need for food, fuel, and
fiber from field crops cannot be fully satisfied by current agricultural production. Hence,
plants are farmed in dense vegetation to increase the yield from the available land area.
However, this will not necessarily lead to an increase in yield per plant. On the contrary,
dense vegetation increases plant competition for limited resources, one of which is light.
When the light captured by the plant is not able to meet the growth demand, plant growth
will decrease. The competition for light between neighboring plants is usually triggered by
impending shade. Shade from vegetation is a light condition that is characterized by the
relative enrichment of far-red (FR) light and overall low light density. FR light is already
increased in canopies before true shading occurs by the reflection of light from neighboring
plants, and FR enrichment alone can trigger a set of developmental responses known as the
shade avoidance syndrome (SAS). Plants that face shade stress can either survive through
tolerance to low light, or avoid future shade by SAS; a set of morphological changes to
grow away from unfavorable growth condition (Smith and Whitelam, 1997).

Plants adapt their growth and photosynthetic activity in response to changes in light
conditions, particularly the ratio of red (R) to far-red (FR) light, but also the depletion of
blue light. This shift in the light spectrum, which occurs in dense plant canopies, triggers
SAS in plants, most commonly making them taller and more erect. Key photoreceptors,
such as phytochromes and cryptochromes, play pivotal roles in perceiving these light
signals. Phytochromes exist in two forms, Pr (red-absorbing) and Pfr (far-red-absorbing),
with Pfr being the active form responsible for mediating SAS. The shade-induced
changes, including stem elongation and altered leaf architecture, have been observed
across various plant species, such as Arabidopsis, Brassica rapa, and tomato (Osborne,
1991; Pierik and De Wit, 2014; Ballaré and Pierik, 2017; Courbier et al., 2021).

While stem elongation is a prominent feature of SAS, the cellular mechanisms underlying
these changes have not been extensively studied in tomato. The response to shade
varies among tomato species, with some showing a stronger SAS than others. Notably,
Solanum pennellii exhibits a robust SAS, while cultivated tomato species like Solanum
lycopersicum display a milder reaction. However, the specific SAS mechanisms within
different tomato species remain less understood (Bush et al., 2015)

In SAS, both stems and petioles undergo elongation, and these tissues share similarities
in function and cellular morphology. Cellular changes in response to shade, particularly
in the epidermal layer, have been documented in other plant species. For instance,
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epidermal cell numbers and lengths increase in response to shade, contributing to stem
and petiole elongation. While these cellular responses have been observed in Trifolium
repens and soybean (Weijschedé et al., 2008; Lyu et al., 2021), similar investigations in
tomato are scarce (Courbier et al., 2021).

In this chapter, we measured various architectural traits in response to low R:FR in two
commercial tomato cultivars: M82 and Moneymaker. M82 is a model for field-grown
processing tomatoes. M82 has medium-sized oval fruit, originates from the USA, and
has been used for many gene function studies (Brooks et al., 2014; Xu et al., 2015; Gupta
and Van Eck, 2016; Kajala et al., 2021). Moneymaker is a greenhouse crop from the
UK, cultivated for more than 80 years worldwide, and is a typical model for greenhouse
tomatoes in research (https://www.ufseeds.com/product/moneymaker-tomato-seeds/
TOMO.html; Courbier et al., 2021).As these two cultivars have differences in usage
and growth environment, we chose to compare them in this study to provide a more
comprehensive understanding of the SAS among tomato cultivars. After the architectural
traits, we used microscopy to characterize the cellular anatomy SAS of the first internode

and identified the most significantly responding cell types,

2.2 RESULTS

2.2.1 FR promotes hypocotyl length, but has no effect on root
growth in tomato seedlings

In SAS studies of Arabidopsis, many responses at seedling stages are of interest,
including hypocotyl elongation, hyponasty (increased leaf angle), and changes in root
system architecture (Kasperbauer, 1971; Pierik et al., 2004; Bou-Torrent et al., 2014;
Pantazopoulou et al., 2017; van Gelderen et al., 2018). Arabidopsis seedlings root system
responds to FR enrichment with decreased lateral root density (van Gelderen et al., 2018;
Kang, 2018). We wanted to see how Arabidopsis knowledge translates to a crop species,
S0 We set out to characterize phenotypes of tomato seedlings in white light supplemented
with far-red (WL+FR) compared to white light (WL) control. First, we conducted
seedling characterization. We grew S. lycopersicum cv. Moneymaker seedlings on plates
for 5 dag (days after germination) and then treated them with supplementary FR or
continued with control WL for 7 days. At this point, the cotyledons had emerged but
the seedlings did not yet have true leaves (Figure 2.1). We measured hypocotyl length
(Figure 2.2a), primary root length (Figure 2.2b), lateral root length (Figure 2.2c), total
lateral root length (Figure 2.2d), lateral root number (Figure 2.2e), and calculated the
lateral root density as lateral root number divided by primary root length (Figure 2.2f).
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Moneymaker hypocotyls were two times longer (1.9cm compared to 3.9 cm) in WL+FR
treatment compared to WL control (Figure 2.4a). However, unlike hypocotyl elongation,
main root length, lateral root length, lateral root number and density did not respond to
WL+FR treatment (Figure 2.4).
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Figure 2.1. Seedling stage of Moneymaker grown on a plate for 10 days.
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Figure 2.2. Hypocotyl and root traits in WL and WL+FR for tomato cultivar Moneymaker.
Two independent biological experiments were conducted (n=15). The data includes measurements
of (a) hypocotyl length, (b) primary root length, (c) lateral root length, (d) total lateral root length,
(e) lateral root number and (f) lateral root density (e divided by b). Asterisks indicate significance
between WL and WLAFR as follows: *** p<0.001.
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2.2.2 Stem elongates in response to FR in M82 and
Moneymaker

Based on the seedling experiment, we chose to focus on shoot responses, with the
intention of expanding our research to encompass tomatoes that were bred for two distinct
cultivation systems, M82 and Moneymaker (MM). We wanted to conduct phenotyping
on young plants to investigate more aspects of stem and leaf responses and zoom in also
at the cellular level. We transplanted germinated seedlings into soil and let them recover
for a week before 7-day light treatments (WL+FR or WL). We collected phenotypic
data of MM and M82 at 21 dag (see Figure 2.3). In general, the stems elongated more
and leaves were paler green in both cultivars when they were grown in WL+FR light as
compared to WL.

Moneymaker '\

Figure 2.3. Comparison of S. lycopersicum cultivars M82 and Moneymaker 24-day-old young
plants in WL (left) vs FR+WL (right). This picture was taken at 10 days of treatment to illustrate
the different phenotypes between WL and FR+WL.

We conducted shoot architecture phenotyping which included measuring the following
traits: stem length, hypocotyl length, internode lengths, stem diameters, petiole lengths,
rachis lengths, and leaf areas. Length and diameter measurements were taken by caliper
and measured traits are shown in Figure 2.4. Leaf area was measured from scanned
images using ImageJ. The major finding from the phenotyping is that FR significantly
enhances stem and internode length in both varieties (Figure 2.5).
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Figure 2.4. Traits measured for shoot architecture phenotyping of S. lycopersicum plants at
21 dag. The picture is an illustration of (a) stem length and internodes, (b) petiole length and rachis
length, and (c) leaf area is highlighted in black outline.
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Figure 2.5. Stem and petiole lengths of three-week-old M82 and Moneymaker plants after
seven-day WL and FR+W.L treatments. The data include measurements of (a) stem length,
(b) internode length, (c) petiole length, (d) rachis length. Asterisks indicate significance between
WL and WL+FR as followed: * p<0.05; ** p<0.01, *** p<0.001. Biological replicates n=18, the
experiment was repeated three times.
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In addition to these measurements, we also assessed stem diameter. Our observations
revealed a notable increase in the diameter of internode 1 of M82 in response to FR+WL
(Figure 2.6). This augmented diameter response could serve as a critical mechanism to
bolster the tomato stems against potential breakage and prevent tomatoes from toppling
over during rapid stem elongation. It indicates that there is not only longitudinal elongation
in supplemental FR, but also radial expansion in M82, but not so much in MM.
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Figure 2.6. Stem diameter of internode 1 of three-week-old M82 and Moneymaker after
seven-day WL and FR+WL treatments. Asterisks indicate significance between WL and
WLAFR as follows: * p<0.05; ** p<0.01, *** p<0.001. Biological replicates =18, the experiment
was repeated three times

In the literature, the effect of FR on leaf area is not always consistent. In Arabidopsis leaf
area reduces in SAS (Keiller and Smith, 1989; Robson et al., 1993) while leaf area increases
in Trifolium repens and tomato (Weijschedé et al., 2006; Chitwood et al., 2015). In our
experiments (Figure 2.7), no obvious changes to the leaf area were observed. Building
upon prior research that highlighted the pivotal role of phytochromes in redirecting carbon
metabolism towards growth in Arabidopsis (Yang et al.), and given the limited knowledge
about the specifics of leaf cell structural changes in tomato SAS (Courbier et al., 2021), the
collection of fresh and dry leaf weights in shade avoidance experiments enables a deeper
understanding of how plants adjust their resource allocation and biomass accumulation
strategies in response to fluctuations in light conditions. We measured a series of leaves,
starting from the bottom of the stem (oldest) to the shoot apex (youngest) through image
analysis. Petiole and rachis were removed as much as possible from the image. We observed
no significant responses of leaf area to WL+FR as compared to WL controls (Figure 2.7).
Since the leaves looked more yellow in WL+FR than in WL, we assumed the cellular

34



Cellular anatomy of tomato stems in response to far-red light

aspects of leaflets might have changed, such as pigment composition or cellular structure.
We first followed up with fresh and dry weight measurements of leaf discs of fixed area.
Both the fresh weight and the dry weight decreased in response to FR in MM, with a
similar trend in M82 (Figure 2.8). This indicates that the plants may have formed leaf area
with reduced investment in carbon, thus making relatively cheaper leaves.
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Figure 2.7. Leaf area of internode 1 of three-week-old M82 and Moneymaker after seven-day
WL and FR+WL treatments. No significant differences were found by student’s t-test. Biological
replicates n=18 and experiments were repeated for 3 times.
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Figure 2.8. Leaf disc weight of three-week-old M82 and Moneymaker after seven-day WL and
FR+WL treatments. Asterisks indicate significance between WL and WL+FR as follows: * p< 0.05;
** p<0.01, *** p<0.001. Biological replicates n=6 and experiments were repeated for 3 times.
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The assessment of chlorophyll content within the context of SAS provides insights into
the dynamics of a plant’s photosynthetic processes and its capacity to acclimatize to
fluctuations in light conditions. We carried out overall chlorophyll content measurement
to quantify the leaf color changes seen in Figure 2.4. The chlorophyll content was
lower in the FR treatment, which could indicate leaves acclimating to carry out less
photosynthesis in shaded conditions (Figure 2.9).
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Figure 2.9. Chlorophyll content of three-week-old M82 and Moneymaker after seven-day WL
and FR+WL treatments. Asterisks indicate significance between WL and WL+FR as follows:
*#% p<0.001. Biological replicates n=6 and experiments were repeated for 3 times.

2.2.3 Stem elongation and diameter increase negatively
correlated with R:FR

Since we did not see a significant internode diameter response in MM to FR enrichment,
we wondered if it was due to the R:FR not being low enough at R:FR=0.28. So, we
further tested R:FR ratio=0.21 and 0.11. We observed that reduced R:FR ratios could
increase the internode 1 elongation and diameter thickening in MM (Figure 2.10). Also,
we were able to confirm that in the FR-induced response, stem elongation and diameter
increase, are positively correlated with each other (Figure 2.10).
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Figure 2.10. Moneymaker responses to different R:FR ratios. The data includes measurements
of (a) stem length, (b) internode 1 length, and (c) internode 1 diameter. The data are presented as
mean + SEM, and different letters indicate significant differences between treatments based on
ANOVA analysis with Tukey’s post hoc test (P<0.05). There were 18 plants per local treatment,
and the experiment was repeated three times.

2.2.4 FR induced responses in multiple cell types in the stem

We found that supplemental FR induced many phenotypic responses, and the stem
elongation was the most striking one. However, how the cellular anatomy changes
during the FR-induced stem elongation has not been previously fully characterized and
we wanted to address this gap in knowledge. We selected the first internode for cellular
anatomy phenotyping because it was the only internode that was present at the start of
the FR light day treatment, 14 days after sowing, and it had the most significant response
among all internodes: it had the lowest p-value and it contributed most to the elongation
in stem (Figure 2.5b). We prepared cross and longitudinal sections at the halfway point of
the internode. Cell types (Figure 2.11) were characterized according to the descriptions
by Taiz et al. (2010) and plant anatomy website (https://www.kbg.fpvai.ukf.sk/studium_
materialy/morfologia_rastlin/index.html), summarized as: 1) Epidermis: the outermost
one layer of stem; 2) hypodermis: the layer beneath epidermis with a relatively similar
structure as epidermis (Murray, 1983); 3) Collenchyma: the thicker, secondarily formed
cell layer next to the epidermis and hypodermis; 4) Parenchyma: elongated spongy cells
with regular shape between interfascicular cambium and collenchyma; 5) Interfascicular
cambium: cells linking the vascular bundles with remarkably thicker cell walls; 7) Pith:
big spongy and round cells in the middle of the stem. In the vasculature we measured
the two main tissues: 8) Xylem: complex tissues that consists of different types of cells,
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most characterized are tracheary elements and vessel; 9) Phloem: the principal sugar
conducting tissue that connected to xylem. We numbered the layers of each cell type
starting from the outermost layer as the first layer in the cross section. At this stage of
tomato growth, there is 1 layer of epidermis, 1-3 layers of collenchyma, 1-3 layers of
parenchyma, and more than 5 layers of pith. We measured cell layer numbers, cell areas,
cell lengths, and cell widths to characterize cell-level anatomical responses to FR. We
measured cell layer number, cell diameter, and cell area for individual cell types from
cross sections, whereas cell length was measured from longitudinal sections (Figure
2.12). The xylem and phloem were characterized with a different staining method later
in this chapter.

Pith

Vascular bundle
Interfascicular cambium
Parenchyma
Collenchyma

Epidermis

Figure 2.11. Cell types in M82 internode 1 cross section

We first tested if there was an effect of the cultivar or the treatment on the data (Figure
2.12a) and concluded that the cultivars should be treated separately for analysis. We
calculated the log fold change of the traits as WL+FR divided by WL, therefore, the
result above 0 indicates an increase, below 0 indicates a decrease in the heatmap we
plotted with all of the parameters (Figure 2.12b). Among all the selected parameters, the
ones that show significance (p<0.05 in WL vs WL+FR, Figure 2.12c) are Interfascicular
cambium thickness, Pith layer, Middle pith length, Pith thickness, Parenchyma layer,
Collenchyma layer, Collenchyma cell area and Epidermis cell length.
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Figure 2.12. Summary of FR responses on cellular parameters characterized from internode
1 sections. (a) Significance of treatment, cultivar shown as -log p-value. (b) Logarithm of fold-
change for each trait comparing FR to WL. (c¢) Significance of FR-responses in each cultivar shown
as -log p-value for each trait. The layer number of each cell type are indicated from the outmost
layer (1) moving inwards (2, 3). The interfascicular cambium thickness was measured in regions
without vascular bundles. In panels (a) and (c), -log Pval=-log0.05 are set to white that indicate
no significance. In panel (b), logFC=0 is set to white indicate no fold change, upregulation is
indicated with red color, while down regulation is indicated by blue.

2.2.5 Interfascicular cambium thickness increases in response
to FR

Vascular tissues transport water, nutrients, and hormones in the plant stems (Scarpella
and Meijer, 2004; Sieburth and Deyholos, 2006). To create these transportive tissues,
plant stems rely on fascicular cambium (primary meristem) and interfascicular
cambium (secondary/lateral meristem), which function in generating radial growth
through cell division and patterning these cells into xylem and phloem in vascular
bundles of dicots (Lachaud et al., 1999; Helariutta, 2007). Interfascicular cambium is
a sign of secondary growth of the stem (Parra et al., 2010). Therefore, we interpreted
the interfascicular cambium thickness increase resulting from FR treatment to be an
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indication of increased secondary growth in SAS (Figure 2.13) and we wanted to
explore the radial growth and the cambium thickness change in more detail.
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Figure 2.13. Cambium thickness in WL and WL+FR. (a) Tomato internode 1 section
indicating where the measurement was taken. (b) Cambium thickness of three-week-old M82 and
Moneymaker after seven-day WL and FR+WL treatments. Data are presented as mean + SEM,
Significance between WL and WL+FR is denoted by asterisks (*** p<0.001). Error bars represent
+ SE. There are 18 biological replicates, and the experiment was repeated 3 times.

In the 7-day FR treatment, both M82 and Moneymaker internode 1 developed more
interfascicular cambium (Figure 2.13). This could be a sign that stem secondary growth
was promoted after the FR treatment was applied. We hypothesized that the radial growth
is activated by FR to provide support for the upcoming stem elongation. So, we wanted
to explore the relationships of stem elongation with radial growth and interfascicular
cambium thickness. We found that cambium was thicker in WL+FR in an age-
dependent fashion (Figure 2.14). We compared also how internode 1 length correlated
with cambium thickness with data from various time points (Figure 2.15) and tried to
resolve the relationship with statistics. The regression lines show the linear linkage
between internode 1 length and cambium thickness, which indicates there is a potential
relationship. In the WL+FR, the stem growth was promoted as was cambium thickness
compared to WL, but overall the WL+FR internodes had much thinner cambium than
WL internodes of comparable length.

We had observed development of M82 and Moneymaker and seen that M82 in general
grows quicker than MM in stem elongation, flowering, and aging (see Chapter 1, section
1.1.2). The increase in cambium thickness in M82 is also quicker than in Moneymaker

(Figure 2.14), which reflects the cultivar-specific differences.
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Figure 2.14. Cambium thickness of three-week-old (a) M82 and (b) Moneymaker in WL and
FR+WL at different durations of treatment. Significance between WL and WL+FR is denoted
by asterisks (* p<0.05, ** p<0.01). Error bars represent = SE. There are 12 biological replicates,
and the experiment was repeated twice.
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Figure 2.15. Internode 1 length against cambium thickness in (a) M82 and (b) Moneymaker.
We combined phenotyping data (internode 1 length) and microscopy data (cambium thickness)
from 4D, 7D and 10D FR treated 14-day-old tomatoes, and plotted the regression relationship
with R.

2.2.6 Internode 1 has more pith layers and longer pith cells in
FR than in WL

We measured pith cell layer number, diameter, and area from cross sections (Figure
2.16). The pith cell lengths were calculated from longitudinal sections. Figure 2.8
showed that far-red enrichment induced larger diameter in the internode 1, which could
be explained by the pith (Figure 2.16) and cambium increases. Furthermore, pith layers
were increased in WL+FR, but only significantly in M82 and not in Moneymaker. The
ratio of pith thickness to diameter in M82 increased by 7%.
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We further measured cell lengths for 60 cells per cell type in each biological replicate
from five independent sets of internode samples (Figure 2.17). We found that pith
cells located in the middle of the stem (“Pith-middle”) elongated significantly, and so
did epidermis. To follow up, we used dental paste to make imprints of the epidermis,
allowing us to measure cell lengths along internode 1 (Figure 2.18). More than 200 cells
were analyzed in this method. We found that MM and M82 display differences: the MM
basal epidermis cells (close to the cotyledons) were not significantly different between
the treatments, while all the other comparisons showed significantly increased epidermis
lengths in the WL+FR.
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Figure 2.16. Pith cell parameters of M82 and Moneymaker in WL and WL+FR. The data
includes measurements of (a) pith thickness, (b) pith layer number, (c) pith radial ratio (pith
thickness divided by stem diameter), (d) pith cell diameter, (e) pith cell length, and (f) pith cell
area. Data are presented as mean + SEM, Significance between WL and WL+FR is denoted by
asterisks (* p< 0.05; ** p<0.01, *** p<0.001). Error bars represent + SE. There are 18 biological
replicates, and the experiment was repeated 3 times.
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Figure 2.17. Cell lengths in M82 and Moneymaker in WL and WL+FR. Data are presented as
mean + SEM, Significance between WL and WL+FR is denoted by asterisks (* p< 0.05; ** p<0.01,
*H% p<0.001, **** p<0.0001). Error bars represent + SE. There are 18 biological replicates, and
the experiment was repeated 3 times.
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Figure 2.18. Epidermis cell lengths of M82 and Moneymaker in different locations along
the internode 1 in WL and WL+FR. Cot means epidermis cell close to cotyledons, leaf means
epidermis cell close to leaf 1, and mid means the cells at the mid-point of the internode 1. Asterisks
indicate significant differences between WL and WL+FR as follows: * p< 0.05; ** p<0.01, ***
p<0.001, **** p<0.0001. n=200.
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2.2.7 No vascular bundle responses to FR were found

The effects of WL+FR treatment on the vascular bundle structure was also investigated.
Cross sections of the stem of plants grown in WL and WL+FR were made. These sections
were stained using 0.02% Toluidine and 3% Phloroglucinol and imaged using a light
microscope (Figure 2.19). In both tomato cultivars, far-red enrichment did not lead to
an increase or decrease in the percentage that xylem contributes to the vascular bundles
(Figure 2.19).
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Figure 2.19. Quantification of vascular bundles of the first internode after 7D of treatment.
(a) Nlustration of xylem under microscopy. Xylem stains purple at the center of the bundle while
the phloem cells are on the outward edge of the vascular bundle. (b) Percentage of xylem in the
vascular bundles. Both tomato cultivars were treated with WL or WL+FR for 7 days. Error bars
represent SEM (n=8). Different letters indicate a significant difference between means (p < 0.05).

2.3 DISCUSSION

Crops often develop in resource-limited environments, and one common limiting
resource is light at high planting densities. The SAS (shade avoidance syndrome)
is a common response, and there are many commercial crops such as raspberry,
apples and corn (Maughan et al., 2017) that suffer from light shortage-related yield
loss. And tomato is one of these plants. In the earlier study conducted by Bush and
colleagues(Bush et al., 2015), the stem elongation phenotype was clearly observed, but
a comprehensive analysis of cellular anatomy was not carried out. To address this gap,
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we conducted a microscopy-based examination of internode 1 elongation at the cellular
level. Our findings indicate that, during the far-red (FR)-responsive stem elongation
in tomatoes, the most pronounced cellular changes involve the elongation of pith cells
and the generation of pith layers. Interestingly, our cross-sectional analysis revealed no
alterations in the pith cell area, indicating that pith cells expanded exclusively in the
longitudinal direction. We characterised in detail the FR-induced changes on juvenile
tomato plants.

2.3.1 Cultivar-specific variations in leaf area changes under low
R:FR

Overall, our characterization of tomato aligns with the generally expected SAS
phenotype. Previous reports on tomato SAS are limited, but a preceeding study on
tomato cultivar Moneymaker in older growth stages (5-6 weeks) also demonstrated
the FR-responsive stem elongation and leaf thickness changes (Courbier et al., 2021).
Our phenotyping data on stem length and leaf thickness confirmed these findings.
Secondly, a previous report (Bush et al., 2015) showed leaf area increases and leaf
edge changes in FR. We observed a FR-responsive leaf area increase only in M82 and
not Moneymaker. Therefore, leaf area response in SAS might be a cultivar-specific
feature. More cultivars are needed to studied for a better conclusion of how the leaf
areas change in SAS.

2.3.2 Cell elongation in SAS occurs predominantly in the pith
in tomato

SAS has been characterized in great detail in Arabidopsis, with elongation phenotypes
for hypocotyl and petiole that show resemblance to the response observed in tomato.
Investigations into SAS have revealed a key phenomenon in Arabidopsis: XTH
(XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE) cell wall-
modifying proteins play a role in relaxing the cell wall, facilitating cell expansion in
response to shading (Sasidharan et al., 2010; Sasidharan et al., 2014). This process
plays a pivotal role in facilitating petiole elongation under FR light (Sasidharan et al.,
2010). In addition, epidermis cells of hypocotyl (18d) (Procko et al., 2016) and petiole
(28d) (Pantazopoulou et al., 2017) in Arabidopsis were found to elongate in FR light
treatment. However, the Arabidopsis and tomato have different tissue morphologies
and growth habits. Hence, direct comparison between species is difficult. This leads
us to ask the question: how do these different cell types play a role in stem elongation,
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and how are these developmental changes regulated at the molecular level? What is
the uniqueness of pith cell compared to the collenchyma and parenchyma? What is the
similarity between pith and epidermis in cell elongation activities? We are going to
further explore this questions in following chapters.

The comparison of our results to the well-charaterized Arabidopsis petiole SAS is
complicated by the cell types present. The cellular morphology of Arabidopsis petiole
and tomato stem are different in that petiole does not have pith cells, and the only
structure of Arabidopsis containing pith cells is the inflorescence stem. Pith cells are
spongy parenchyma cells, which provide support and nutrient storage for the stem
and root (Abercrombie et al., 1968; Gallego-Giraldo et al., 2016; Yang et al., 2016).
According to literature, the extensibility of outer layers is less than that of pith. The low
water potential in the xylem has the effect of diminishing the transmission of tensile
forces by compressed cells in the stem cortex to the epidermis, which is believed to
be the critical cell layer for controlling extension growth. As the xylem water potential
decreases, cells in the cortex undergo a reduction in turgor pressure (Brown et al.,
1995a), and epidermis acts as a signal receptor to promote and restrict growth of the
entire shoot (Savaldi-Goldstein and Chory, 2008). In this chapter, we show that the pith
was very responsive to FR enrichment: more pith cell layers were generated and the
pith cells elongated in response to FR enrichment. The epidermis cells elongated as well
but less significantly compared to pith, while the other cell types in the internode 1
did not show FR-responsive elongation. Therefore, how did these cell types receive the
SAS signals and mediate the SAS elongation response is worth investigation. Therefore,
we continued to look into transcriptomic changes to understand the regulation of FR-
responsive internode elongation in tomato.

Another thing about pith is that this tissue is not present in all dicot and monocot
species. Pith conducts progressive programmed cell death in many species including
tomato (Esau, 1953; Fujimoto et al., 2018). This raises many questions for us about the
role of pith in in FR-responsive internode elongation. If pith elongation consistently
occurs during SAS elongation, what distinguishes it from elongation in other cell
types? Do species with pith share this feature? Do species without pith elongate
through different mechanisms? Some of these questions are explored further in the
later chapters of this thesis.
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2.3.3 Shade avoidance affects both primary and secondary
growth, but the relationship between these two processes
remains unknown.

The correlation of secondary growth, measured via interfascicular cambium thickening,
with internode 1 elongation in SAS is another new insight. Plant growth is divided
into primary growth (increases the length or height of the plant) and secondary growth
(increases the diameter of the plant). Secondary growth is formed by lateral meristems;
vascular cambium and cork cambium (Etchells & Turner, 2009). Vascular cambium is a
closed ring of lateral meristematic tissue in the stem. Vascular cambium is composed of
cells which proliferate and then based on location, differentiate to xylem on the inside
or to phloem on the outside of the cambium (Etchells & Turner, 2009). Proliferation
and differentiation of the vascular cambium lead to formation of secondary phloem and
xylem (Mazur et al., 2014). However, in our data, we were not able to distinguish a

significant difference in the xylem proportion of the vascular bundle.

Interfascicular cambium is defined as cambium that fuses to form a continuous ring in the
stem (Ragni and Greb, 2018; Etchells et al., 2019). In our study, we observed an increase
in interfascicular cambium thickness under the supplemental FR treatment, indicating
its active proliferation; however, we did not observe additional xylem development,
suggesting that differentiation into xylem is inhibited at this stage. This inhibition of
cambium differentiation activity has been reported by recent research in Arabidopsis
(Ghosh et al., 2022). The authors proposed a model in which dark conditions lead to
the accumulation of PIFs (PHYTOCHROME INTERACTING FACTORS), resulting in
the inhibition of vascular differentiation and secondary cell wall deposition through the
activation of CLE44 (CLAVATA3/ESR-RELATED 44). Conversely, the presence of light
rapidly deactivates PIFs, consequently reducing CLE44 transcription and promoting
xylem differentiation (Ghosh et al., 2022).

Botterweg-Paredes et al. (2020) showed that tomato, dill, and carrot exhibit significant
hypocotyl elongation when exposed to white light supplemented with FR. This response is
accompanied by changes in vascular organization and the development of larger tracheary
elements in tomato and carrot plants. However, not all shade-responsive species, such as
dill, display an increase in tracheary elements (Botterweg-Paredes et al., 2020). There are
currently no reports of how stem elongation (primary growth) and interfascicular cambium
activity (secondary growth) relate to each other. Literature on how secondary growth links
with pith is also very scarce, and as we observed a radial thickening coming from increased
pith thickness, we are interested to learn how pith is associated with secondary growth in SAS.
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Overall, this chapter explored the relationship between primary and secondary plant
growth, with a focus on interfascicular cambium’s connection with stem elongation.
While FR treatment led to increased interfascicular cambium thickness, indicating
active proliferation, it didn’t significantly affect xylem development. This aligns with
prior research showing that dark conditions, which similarly are signalled through
phytochromes and PIFs, can hinder vascular differentiation, highlighting the interplay
between light and xylem differentiation in plant growth. We also highlighted the need
for a deeper understanding of the connection between secondary growth and pith with
stem elongation.

2.3.4 Summary

In our investigation of tomato, we observed a SAS phenotype consistent with expectations,
although prior studies on tomato SAS are limited. We further explored the relationship
between primary and secondary plant growth, including pith cell elongation and
interfascicular cambium in stem elongation. This chapter highlights the intricate relationship
between primary and secondary growth in tomato response to supplemental far-red light,
emphasizing the need for further research to understand the dynamics in SAS.

2.4 MATERIAL AND METHODS
2.4.1 Light treatments

Plants were grown in long day conditions (8 h of darkness and 16 h of light) under
natural spectrum of 190-200 umol m-2 s-1 photosynthetically active radiation (PAR),
far-red spectrum of 0 umol and a R/FR ratio of 2,000. They were grown with white light
HPI lamps with a temperature of 25°C at day and 20°C at night, with humidity of 70%.
To simulate canopy shade, FR LEDs (730nm, Philips GreenPower) were used to apply
supplemental FR light and to change R:FR ratio to 0.3 (Figure 2.20).

For experiment of epidermis imprint, vascular bundle structure quantification, and R/
FR ratio test, plants were grown in light condition shown in Figure 2.21. Majority of the
experiment was carried out with R:FR ratio 0.2, and a few experiments were conducted
with R:FR=0.11.
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Figure 2.20. The light spectrum composition in white light (WL) and white light + far-
red (WL+FR) light conditions using in this chapter. The figure shows two light spectra,
photosynthetic photon flux density (PPFD) plotted against wavelength. The black line in the light
spectrum represents the white light (WL) conditions and the red line represents the white light +
far red (WL+FR) conditions.

900
800
700
600
500
400

300

Internsity(umol/m2 *sec)

200

100

Wavelength (nm)

Figure 2.21. The light spectrum composition in white light and white light + far-red light
conditions using in epidermis imprint and xylem quantification experiments.
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2.4.2 Plant growth conditions
2.4.2.1 Root growth

Solanum lycopersicum (cv Moneymaker) (Obtained from Intratuin B.V.) seeds were
washed with 70% ethanol for 1 min and then washed for 20 minutes with % Glorix
bleach. We continued to wash with MQ until no scent of bleach remained. Fifty seeds
were sown on 12.5 cm square petri dishes containing MS medium (Murashige and Skoog
medium (Duchefa Biochmie),) 1 g L** MES hydrate (Sigma-Aldrich), 0.8% agar w/v; pH
=5.8, and germinated for 5 days. The seedlings were measured for current root length
(starting length), and then 5 seedlings per plate were transferred to the 24 cm square
agar plates with MS media. Seedlings were grown vertically under white light + far-red
(WL+FR) or white light (WL) for one week, and then imaged with a plate scanner.

2.4.2.2 Seedling growth

Tomato seeds (S. lycopersicum cv. Moneymaker and M82 (Obtained from Tomato
Genetics Resource Center)) were sown in Agra® vermiculite or wetted tissue paper in a
box for 1 week for germination, then transplanted to medium sized (8 cm * 8 cm) pot with
Primasta® soil. The pots were all sprayed with entonem (Koppert®) for biological pest
control. Seedlings were grown in a phytotron (long day, 22°C, 65% humidity) for a week.
One week after transplanting, tomato plants were treated in low R:FR condition for 3,
7 or 10 days. With 6 biological replicates per experiment, each phenotyping experiment
was repeated at least 3 times.

2.4.3 Phenotyping

2.4.3.1 Root measurements

In order to quantify root system architecture, image analysis was used. Petri dishes with
seedlings were scanned with the Epson Perfection V800 Photo scanner using WinRhizo
software (Regent Instruments Inc.) We adopted SmartRoot plugin (Lobet et al., 2011)
embedded in Image J FUJI (Schindelin et al., 2012) to identify main root, lateral root
and measure the length.

2.4.3.2 Plant architecture measurement

After the light treatment, we took out plants at 11am to measure the whole stem length,
hypocotyl length, internode lengths and the leaves’ petiole lengths, and the diameter of the

first internode at the midpoint. For all the leaves, we dissected all the leaflets from the stem and
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petiole, and scanned them with the Epson Perfection V800 Photo scanner using WinRhizo
software (Regent Instruments Inc.) For each treatment, we used at least 6 replicates for each
independent biological replicate, and this experiment was repeated for at least three times.

2.4.3.3 Leaf weight measurement

To understand the changes in leaf anatomy, we measured the leaf weight. The leaf discs
were taken as shown in Figure 2.22. We took 6 leaf discs from the third true leaf (avoiding
main veins and the largest side veins). We measured the fresh weight of and the dry weight.
They were taken from the third true leaf avoiding the main veins. The fresh weight was
measured with digital scales, and then all the leaf discs were put into a drying oven at 30°C
and dried for 4 days. We used the same digital scales with to measure the dry weight.

Figure 2.22. Leaf disc sampling from the third leaf.

2.4.3.4 Chlorophyll content measurements

The chlorophyll content was measured with, the living plants by FLIR A655sc high-
resolution science grade LWIR camera on the third leaf. The LWIR camera clip was
clicked to the big leaflet of the third leaf for 3 seconds until the reading was obtained. We
measured 8 plants for each treatment.
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2.4.3.5 Vascular bundle microscopy

The 14-day old tomato plants of both cultivars were treated with either WL or WL+FR
for 7 days. After the 7 days, hand cross sections were made of the mid-region of the
first internode and stored in 70% ethanol. The sections were stained using a 0.02%
(w/v) Toluidine blue solution for 5 minutes (Pradhan Mitra and Loqué, 2014). After
staining, the samples were rinsed with 70% ethanol and stored in 4°C for later analysis.
The samples were mounted on a microscope slide and treated with a droplet of 3%
(w/v) phloroglucinol solution (Pradhan Mitra et al., 2014). After application of the
phloroglucinol, the sections were imaged with a light microscope. the pictures were
acquired with Olympus BX50-WI microscope using 4X, 10X and 20X magnifications.

2.4.3.6 Microscopy analysis

The sections to visualize vascular bundles were cut with a vibratome with the section
thickness 150 um or with razor blade by hand. And all samples were fixed by 4% PFA
(pH=6.9) for minimum 4 hours, and washed by 30%, 50%, 70%, 95% series of ethanol
washes for 20 min per step, and put back to 70% ethanol. Then they were stained for 2
minutes with 0.1% (w/v) safranin (sigma) and washed with MQ until water was clear. All
the sections were mounted with 50% glycerol on microscope slides, the cover glass was
sealed with nail polish, each sample was stored in 4°C.

2.4.3.7 Epidermis imprinting
After 7 days of WL or WL+FR treatment, the epidermis cell layers were peeled off from

the whole internode, and using Present B.V. dental paste mix to fix them immediately.
After the dental paste was fully dried, we used clear nail polish to imprint the structure.
We imaged the imprints under Axioscope 2 Zeiss microscope.

2.4.4 Statistical analyses

2.4.4.1 Root measurements

To measure primary root length, number, hypocotyl length and length of lateral roots,
ImageJ Smartroot plugin (Lobet et al., 2011) was used to analyse the pictures. The data
were analysed by Graphpad prism 8, the significant differences between WL and FR+WL
were calculated by student’s t-test.
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2.4.4.2 Phenotypic analysis

The phenotypic data were analysed and plotted with Graphpad prism 8. The significant
differences between WL and FR+WL were calculated by student’s t-test.

2.4.4.3 Microscope analysis

The measurements were done with analysis™D software (Olympus BX50-WI microscope
compatible software) and FIJI Image J. The software Graphprism 8 was used to plot the data.
The significant differences between WL and FR+WL were calculated by student’s t-test.
To summarize all the data from microscope analysis, custom R scripts (R Development
Core Team, 2010) were used to visualize the data as a heatmap. After performing ANOVA
analysis among Moneymaker vs M82, WL vs WL+FR and experiment repeats with R,
-logP values were extracted from ANOVA and used for heatmap.
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ABSTRACT

Plants utilize especially red and blue light for the essential activity of photosynthesis.
Also, the plant sensing mechanisms for light can detect these wavelengths: red by
phytochrome, and blue by the cryptochromes and phototropins. Phytochrome can also
sense far-red light (FR) as a signal for detecting light reflected from neighboring plants
and leaves. Changes in the ratio of red and far-red light alter the ratio of phytochrome
active and inactive forms, leading to stem elongation in tomato as described in Chapter
2. Despite being a well-known phenomenon for decades, the cellular level regulatory
mechanisms in stem-forming plants have not been fully resolved. To address this, we
designed a time series RNA-seq at a tissue-specific level in tomato. The transcriptome
data indicated regulation of auxin during internode elongation in the first few hours
which had a lasting effect on cell elongation. We also found that internode and pith cells
exhibit a strong auxin response during the afternoon FR treatment timepoints. Moreover,
through GO analysis, we observed indications for changes in cell division and elongation,
including cell wall formation. The role of auxin and other hormones is followed up
experimentally in Chapter 4. We also analyzed expression modules through WGCNA,
which identified FR-responsive transcription factors (TFs) that are our putative key
regulators. We reviewed the known roles for these TFs from the literature and selected
three candidate TFs that may play a role in shade avoidance syndrome (SAS)-linked
cell division in stem tissues for further study (Chapter 5). In conclusion, this chapter has
successfully identified potential candidate TFs and highlighted the crucial role of auxin
in the examined context.
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3.1 INTRODUCTION

Shade is one of the most common environmental challenges plants come across
throughout their development. Plants’ morphology changes in response to neighbor
cues, such as enrichment of far-red (FR) light in order to escape impending shade. This
phenomenon, which is called shade avoidance syndrome (SAS), is observed in many
plants and includes examples such as elongation of the petiole and the internodes in
mustard (Sinapis alba) in response to local FR exposure (Child and Smith, 1987; Casal
and Smith, 1988), and elongation of the hypocotyl in oil seed rape (Brassica rapa)
in response to FR (Procko et al., 2014). In tomato (Solanum lycopersicum cultivars
Moneymaker and M82), whole-plant FR treatment promotes shoot growth as described
in Chapter 2 of this thesis.

Stem, the plant’s support organ connecting leaves and flowers, functions in transportation
of water, minerals, and other nutrients from roots to leaves, where they can be used for
photosynthesis and plant growth (Esau, 1953). In dicotyledonous plants, the stem is the
major vertical shoot which has maintenance, support, and nutrient transport functions.
Generally, dicot stems support their longitudinal (primary) growth through radial
(secondary) growth. Most dicots have two major transitions in stem growth. The first
transition is from primary growth that mainly happens in shoot and root apical meristems
to secondary growth which is driven by vascular (pro)cambium, a lateral meristem (Tonn
and Greb, 2017) The second transition is from radial growth to extensive wood formation
driven by another lateral meristem, cork cambium (Sanchez et al., 2012). During
secondary growth, plants remodel the structures of their vascular tissues via vascular
cambium (Savidge, 1983; Friml et al., 2002; Randall et al., 2015; Ragni and Greb, 2018)

Cell division, expansion, and differentiation in secondary growth are coordinated by a
complex network of hormones and other signals. Woody plants usually have a hard stem
that continues secondary growth every year, such as evergreen species and deciduous
trees, leading to very thick stems. Some dicots undergo secondary growth but have a
limited scope, for example, tomato (Solanum lycopersicum) (Figure 3.1), potato (S.
tuberosum), and Brassicaceae such as Arabidopsis (Moazzeni et al., 2014; Hardwick and
Elliott, 2016)
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Figure 3.1. Tomato first internode length and diameter changes over time. (a) First internode
length of tomato cultivars Moneymaker (MM) and M82 over 28 days of 7D supplemental far-red
treatment. (b) Diameter of first internode of MM and M82 over 28 days of far-red treatment. WL
= white light, WL+FR = white light supplemented with far-red.

As discussed in the previous chapter, plant stems are composed of various cell types.
Each cell type has a unique structure and macromolecular composition that allows it
to carry out specific functions. For instance, the cambium consists of undifferentiated
meristem cells that produce new cells for specialized functions. The response of different
cell types to environmental signals varies, and specific pathways are activated depending
on the cell type (Miller Coyle, 2004). This knowledge is crucial in understanding the role
of plant stems in growth and development, as well as in the response to external stimuli
(Kutschera, 2001; Kozuka et al., 2010; Mack and Davis, 2015).

Stem growth is composed of various cell activities that lead to stem elongation and stem
expansion. These pathways are modulated by multiple hormones, as shown in Figure
3.2, which demonstrates the interplay of different hormones in stem growth. In the
earlier stage of primary growth, the shoot apical meristem is the major regulator of stem
elongation. Therefore, genes such as ARGOs (Auxin-Regulated Gene involved in Organ
Size) and EBP1 (Erbb-3 Binding Protein 1) play key roles in maintaining meristematic
competence regulated by sucrose, auxin, and cytokinin (Mizukami and Fischer, 2000;
Hu et al., 2003; Horvéth et al., 2006).

In the lateral growth of the stem, when the lateral meristem is involved, more complex
signaling pathways are required. Auxin still dominates stem growth in secondary growth,
but it is essential to have strigolactone signaling to mediate auxin function in secondary
growth, and jasmonate positively regulates vascular cambium (Perrot-Rechenmann,
2010; Sehr et al., 2010; Agusti et al., 2011; Chandler and Werr, 2015; Ma and Li, 2019).
In the cambium activities, WOX and CLAVATA are intensively studied in Arabidopsis
(Hirakawa et al., 2010; Wang et al., 2018). In our model, tomato, clear secondary
growth patterns were reported (Venning, 1949; Thompson and Heimsch, 1964). Auxin,
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gibberellin, and brassinosteroids facilitate wood formation in stem and stem elongation
in tomato (Lee et al., 2019; Schrager-Lavelle et al., 2019; Thompson & Jacobs, 1966).
Auxin has also been reported to function in SAS stem elongation in older tomatoes (24
dag (days after germination)) (Cagnola et al., 2012; Courbier et al., 2020), but how auxin
regulates younger plant signaling and the detailed regulatory pathway have not been fully
resolved. In this chapter, we aim to contribute to stem-specific studies of developmental
changes in the SAS and identify transcriptome patterns during supplemental FR-
regulated shade avoidance in tomato.
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Figure 3.2. Stem growth on cellular level is regulated by hormones. This graph summarizes findings
from arabidopsis. Genes colored in light green are some very well studied receptors or pathway genes
that show a function in cell activities in stem growth. Adapted from (Greulach and Haesloop, 1958;
Anastasiou et al., 2007; Dello loio et al., 2008; Perrot-Rechenmann, 2010; Oh et al., 2020).

Stem elongation and radial expansion have been studied for a century, but it still remains
unresolved how each of the cell types exactly functions in both radial and longitudinal
stem expansion. The interfascicular cambium (in red in Figure 1.5) in the vasculature
can produce new vascular cells (Aichinger et al., 2012), but we also observed increased
pith numbers in Chapter 2. Kraus in the 19th century raised the argument about the inner
tissues, especially the pith, as the driving force for stem elongation, while the outer cell
layers determine the rate of elongation by enforcing a mechanical constraint (Kraus,
1867; Kraus, 1869). Kutschera proposed the idea that the inner tissues (pith especially)
provide the driving force by changing the turgor pressure, whereas the peripheral cell
type(s) control the speed of stem elongation (Kutschera, 1992). This idea was further
confirmed by Savaldi-Goldstein et al. by constructing epidermis-specific stabilized
mutant protein of IAAL7 in Arabidopsis (Savaldi-Goldstein et al., 2007). Concordant
with this hypothesis, pith cell elongation was observed in SAS in bean (Phaseolus
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vulgaris ‘Kentucky Wonder’) during the internode elongation (Beall et al., 1996). In
Chapter 2, we also observed elongation and cell layer increase in pith, thickness increase
in interfascicular cambium, and longer epidermis cells in response to FR.

Distinguishing gene expression in specific cell types is an effective way to reveal cell
functions of individual cell types in plants without the noise from surrounding tissue.
High-resolution gene expression profiling methods to understand SAS have been
conducted in Arabidopsis and other models, including tomato (Li et al., 2012; Bolger et
al., 2014; Bush et al., 2015; Kohnen et al., 2016a; Gommers et al., 2017; Pantazopoulou
et al., 2017; Molina-Contreras et al., 2019; Courbier et al., 2020; Kupers et al., 2023).
Profiling the cell type and organ-specific gene expression changes in the stem SAS would
aid understanding the pith elongation, division, and expansion in secondary growth. In
this chapter, we present time course transcriptomes from tomato first internode and its
inner cylinder (pith & vasculature) for FR response. We found that in the young seedlings
of 14 dag, auxin was the major growth regulation response, upregulated at our earliest
timepoint of 6 hours of FR treatment. Auxin response was enriched in upregulated genes
of both internode and pith, and however, no other hormonal regulation pathways were
enriched in FR-responsive genes. Meanwhile, the metabolic changes such as amine
metabolic process and catalytic activity were enriched in pith differentially expressed
genes. These tissue-specific transcriptional signatures often predict previously unknown
cell-type-specific functions, and the results could lead to the discovery of unknown
pathways in tomato and unknown characteristic in pith.

3.2 RESULTS

3.2.1 First internode elongation was visible from the second
day after the supplemental FR treatment started

In the previous chapter, we demonstrated that tomato first internode was significantly
longer after 7-day whole-plant FR-treatment (WL+FR) compared to the control white
light (WL) treatment. In this chapter, we set out to investigate the molecular mechanisms
of elongation on tissue level in first internode by conducting a time course RNA seq
analysis. Initially we investigated the elongation of first internode from the start of the
FR exposure at 7 dag (Figure 3.3). At the start of FR supplementation, the first internode
already existed, but was still very small and closely connected with the meristem. We
observed that at 48 hours, the elongation of the first internode started to show increase
in WL+FR compared to WL. This increase was observed for the elongation of the total
stem as well. Both tomato cultivars MM and M82 show very similar response pattern for
the duration we investigated.
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Figure 3.3. Stem and first internode length for 4 days in WL+FR treatment. (a) The stem length
of MM and M82 in WL and WL+FR. (b) The first internode length of MM and M82 in WL and
WL+FR. The seedlings were grown in WL for 1 week, and 0 day 10:30 am in the morning we
started supplemental FR treatment, the lengths were measured at 0, 6, 24, 30, 48, 52, 64, 70, 94
hours that correspond to day 0 at 10:30am, day 0 at 4:30 pm, day 1 at 10:30 am, and so on. Asterisks
indicate significance between WL and WL+FR as follows: p<0.05 ,** p<0.01, *** p<0.001.Upper
significance indicates comparison in MM, lower significance indicates comparison in M82.
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Figure 3.4. Experimental design for time series and tissue-specific RNA sequencing on tomato
internode elongation in WL vs WL+FR treatment. Plants were grown for 7 days in WL before
the WL+FR treatment. The whole internodes were harvested at all timepoints, and pith tissue only
at the two latest timepoints.

In order to capture the early events in the first internode elongation, we designed the
RNA-sequencing timepoints leading to the point where the elongation phenotype was
observed, specifically: 6 hours (16:30 day 0), 24 hours (10:30 day 1), 30 hours (16:30
day 1), and 48 hours (10:30 day 2). The samples harvested were the first internode and
the central cylinder (pith) of the first internode. The pith was only successfully sectioned
at the two later timepoints (Figure 3.4) where the stem is thick enough for accurate
dissection. The experiment consisted of two light treatments, two cultivars, two tissue
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types and four timepoints, altogether 24 sample types, with 3-4 replicates each. The
barcodes were assigned to each sample and separated in 4 individual lanes for sequencing.
The samples were sequenced to the depth of at least 3 million raw reads and then mapped
to SL4.0 tomato genome (https://solgenomics.net/) and ITAG4.1 annogtation.

3.2.2 The two cultivars’ gene expression profiles were similar

Before differential expression (DE) analysis, we firstly ran a quality check with samples
using principal component analysis (PCA, Figure S3.1). From the PCA analysis, the
samples from the two cultivars, MM and M82, did not separate from each other when
compared to the other variables. DE analysis of MM vs M82 (Figure S3.2) shows no
differentially expressed genes (DEGs) in WL atany timepoint, and the only distinguishable
difference between the cultivars appeared at 6h WL+FR treatment. Combining with the
phenotyping evidence from previous chapter and Figure 3.4, we assume these cultivars
can be taken as replicates. Based on these data, we decided to put these two cultivars
together in the following analysis, without no more considering cultivar differences.

3.2.3 Differential gene expression was induced already at our
earliest FR timepoint

To identify DEGs, we utilized the limma voom package (Law et al., 2014; Ritchie et
al., 2015) for comparing WL+FR transcriptomes to WL at each different timepoint and
tissue type (Figure 3.5a). The most pronounced gene regulation emerged at the initial
timepoint, after 6 hours of FR treatment, highlighting the rapid adjustment of gene
expression within the stem due to FR light. Notably, the DEGs in first internode exhibited
a gradual decline throughout the FR treatment duration. Pith showed comparable DEG
numbers to internode 1 at 30h and 48h timepoints (Figure 3.5b), The overall number of
DEGs remained modest, but pith and internode do present different DEGs (Figure 3.6).

Notably, FR treatment reveals a higher number of DEGs when comparing morning to
afternoon, both upregulated and downregulated. This suggests that FR can augment
diurnal changes (Figure 3.5 ¢).

The sectioning protocol was carefully carried out to remove all outer layers to ensure the
precision of pith harvest. Notably, pith-specific expression, when compared to internode
expression, demonstrated minimal upregulation (pith-enriched gene expression) and
predominantly showcased downregulation (Figure S3.2b). This could indicate the role of
pith being a “blank slate” without any outstanding specialized processes. Consequently,
this pattern did not captivate our interest to a significant degree.
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Additionally, our PCA analysis (Figure S3.1) unveiled a discernible contrast between
morning and afternoon timepoints, indicating a robust response linked to the diurnal
cycle, which was also reported in Arabidopsis (Franklin, 2020; Fraser et al., 2021).
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Figure 3.5. Differentially expressed genes (DEGs) upon FR treatment from RNA-seq on
tomato SAS internode elongation. (a) First internode FR-responsive DEGs at the four timepoints.
(b) First internode and pith FR-responsive DEGs at 30 and 48 hours of FR treatment. (c) Pith and
internode diurnal-responsive DEGs, analysed by grouping the morning or afternoon timepoints.
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Figure 3.6. Overlap between DEGs. Venn diagram showing the overlap in FR-responsive DEGs
in (a) first internode over time, and (b) in the two tissues, first internode or pith, at 30h and 48h.

To conduct a detailed examination of the DEGs, we looked at the overlap in upregulated
genes in the internode over time (Figure 3.6). It’s worth noting that at the 6-hour
timepoint, a substantial number of DEGs are uniquely present. Additionally, when
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comparing the DEGs in the pith and internode at both 30 and 48 hours, we observed that
the pith exhibits a higher count of unique DEGs. These findings suggest a distinctive
pattern of gene expression regulation in the pith, potentially highlighting its specialized
role in SAS.
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Figure 3.7. Gene ontology (GO) enrichment analysis of FR-responsive DEGs in whole
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category. Red color scheme for upregulated DEGs, and blue for downregulated. The color scale is
capped the at 15 to ensure clearer visualization of all GO details.
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3.2.4 Auxin signalling showed strong upregulation in afternoon
timepoints

To explore the response pathway governed by WL+FR treatment, we conducted a
gene ontology (GO) enrichment analysis on up- and downregulated DEGs at different
timepoints, utilizing ITAG 4.1 annotation data from Sol Genomics Network (solgenomics.
net). We observed several enriched GO categories, with a notable concentration emerging
at the 6-hour timepoint. Genes responsive to auxin exhibited a remarkable enrichment
in upregulated genes, indicating a substantial 38-fold enrichment (Figure 3.7). What’s
particularly interesting is that this enrichment in auxin response was exclusively
observed during the afternoon timepoints throughout the entire internode and pith. This
implies a synchronized regulation of auxin across all cell types, particularly prominently
in the pith, suggesting a diurnal-related effect, a phenomenon previously documented in
Arabidopsis (Covington and Harmer, 2007).
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Figure 3.8. Gene ontology enrichment analysis of FR-responsive DEGs in pith of each
cultivar. Heatmap of the -log of adjusted p-values (g-value) for each enriched GO category. Red
color scheme for upregulated DEGs, and blue for downregulated. The DEG comparisons are made
by comparing WL+FR to WL in a specific cultivar at a specific timepoint.
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3.2.5 Internode data revealed an FR-effect on growth-related
GO terms

To gain insight into the processes underpinning cell elongation and division that contribute
to internode elongation, we focused on GO terms that could be associated with these
processes. Firstly, we looked into GO term “nucleoside triphosphate catabolic process”,
which refers to ATP and GTP breakdown or hydrolysis into their respective nucleoside
diphosphate forms or even further into nucleoside monophosphates (https://www.ebi.
ac.uk/QuickGO/term/G0:0009143). This process typically involves the release of energy
stored within the high-energy phosphate bonds of these triphosphate molecules. This GO
term is enriched among the initially upregulated DEGs in whole internode, and at the
later timepoints, it is enriched specifically in the pith FR response (Figure 3.7). Secondly,
we observed an enrichment of pathways linked to carbohydrate metabolism within
the FR-upregulated DEGs, specifically carbohydrate metabolic process, nucleoside
triphosphate catabolic process, nucleoside-triphosphate diphosphatase activity. This
collective enrichment is an indication of FR enhancing growth. Furthermore, this pattern
appears intermittently across specific timepoints throughout the entire internode.

For cell division and enlargement to occur, it is imperative that cell walls undergo
a loosening process. We noted that molecular components (GO terms: cellulose
biosynthetic process, cellulose synthase (UDP-forming) activity, membrane, cell wall
modification) linked with cell wall loosening are also enriched in FR-treated pith
compared to whole internode (Figure 3.9). Similarly many transmembrane transport
activities are enriched in FR-treated pith (Figure 3.9), potentially indicating changes
in osmotic potential in pith.

3.2.6 At 6h FR treatment, energy exchanging activities were
enriched

The GO enrichment analysis (Figure 3.7) unveiled a noteworthy energy exchange
pattern. Specifically, after 6 hours of FR treatment, we observed an enrichment in
aerobic respiration and cytochrome-c oxidase activity within the internode upregulated
DEGs. This signal of increased metabolic activity could indicate a more rapid respiration
process, thereby providing increased energy for internode growth in response to FR.

Furthermore, we identified enriched GO terms related to energy exchange activities
essential for maintaining vital cell functions, including protein dimerization and pyruvate
metabolism. In the context of protein dimerization, the synthesis of protein subunits
demands energy, often in the form of ATP. However, the subsequent dimerization step
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typically relies on energetically favourable non-covalent interactions (Dang, 2022).
Pyruvate metabolism involves energy consumption: the input of energy in the form of
ATP and NADH during the conversion of pyruvate to acetyl-CoA in the mitochondria
(McCommis and Finck, 2015; Bispo and Vieira, 2022). These energy exchange activities
are instrumental in sustaining vital cellular functions, such as energy storage and
signalling processes (McCommis and Finck, 2015; Lim et al., 2017; Dang, 2022). This
result is consistent with the previous finding in FR pre-treatment of 4-week-old tomato
(Courbier et al., 2020), where it was observed that in WL there was a downregulation
of genes associated with glucan-related structural processes, potentially indicating
carbohydrate reallocation for energy production in response to a fungal pathogen.

3.2.7 Examining pith-specific expression in comparison to the
whole internode under far-red light conditions

Delving into the significance of pith as a tissue understudied, we examined enriched
GO categories to unravel its roles and functions. In all pith-specific GO enrichments
(Figure 3.9), transmembrane transport was highly upregulated. This may indicate that
the movement of nutrients and/or metabolites was active in pith cells, and it is a typical
stress adaptive strategy in abiotic stress due to ionic balance and sugar supply change
(Gill et al., 2021). At the same time, multiple photosynthesis-related GO terms were
enriched in the downregulated DEGs at the beginning of FR treatment. From 6 hours
until 48 hours, the sugar-related transfer pathway was enriched in the downregulated
DEGs, with the most drastic response happening at 6 hours and gradually soothing down.
Enriched GO categories highlighted the heightened activity of transmembrane transport
in pith cells, suggesting an adaptive strategy in response to abiotic stress. Concurrently,
the downregulation of photosynthesis-related GO terms and the sugar-related transfer
pathway indicated dynamic shifts in cellular processes over the course of the far-red
light treatment.

3.2.8 DNA-binding is enriched in FR-upregulated DEGs

The second most enriched pathway in upregulated DEGs, which consistently appeared
at multiple timepoints in response to far-red light (FR), is associated with DNA binding
(Figure 3.7). DNA-binding proteins include transcription factors, which control the
expression of genes by binding to specific DNA sequences in the promoter region of genes,
and chromatin-modifying enzymes, which modify the structure of the DNA molecule and
its associated proteins to regulate gene expression (Luscombe et al., 2000). This DNA-
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binding molecular response could also be indicated by the other GO categories, such as
the protein dimerization activity, which includes enzyme activation that can be involved
in DNA binding activities (Dang, 2022). Thus, looking into transcription factors in the
DEGs will be interesting for our following analysis.
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Figure 3.9. GO enrichment analysis of pith-specific DEGs (pith compared to whole internode).
Heatmap of the -log of adjusted p-values (g-value) for each enriched GO category. Red color
scheme for upregulated DEGs, and blue for downregulated.

68



Transcriptome changes of tomato internode elongation induced by far-red light

The lyase activity is enriched in the downregulated FR-responsive DEGs (Figure 3.7)
is attributed to genes Solyc05g010320 and Solyc059052240, both annotated to encode
chalcone-flavanone isomerase (CHI) on Solgenomics.net. CHI is a crucial enzyme
in plant biology, converting chalcones into flavanones, vital compounds in plants
(Moustafa and Wong, 1967). CHI downregulation reduces flavonoid levels in plant
tissues, impacting functions such as UV protection, pollinator attraction, and pathogen
defence. Additionally, it can alter tissue pigmentation, potentially resulting in different
colours and patterns (Ryan et al., 2002). This downregulation affects a plant’s stress
response and pathogen resistance, as flavonoids attribute in part to their antioxidative
effects, involve the non-specific quenching of reactive oxygen species (ROS) generated
by both the pathogens and the plant in response to infection and stress (Mierziak et al.,
2014). There is an enrichment of hydrolase activity targeting ester bonds. Ester bonds
are the connections that link a carboxylic acid group to an alcohol group, forming a
molecule known as an ester. Hydrolases break these bonds apart, releasing the carboxylic
acid and alcohol components. Alcohols, particularly ethanol, may contribute to defense
mechanisms by participating in the synthesis of secondary metabolites like lignin and
flavonoids, strengthening cell walls, and inducing stress-related genes. Additionally,
alcohol accumulation can serve as an indicator of stress or pathogen attack (Bashir et al.,
2022; Matsui et al., 2022).

In all pith FR-upregulated DEGs (Figure 3.7), there are two specific genes of interest:
Solyc06g008870 and Solyc09g075680, both annotated to encode the gibberellin
receptor, GIBBERELLIN INSENSITIVE DWARF 1 (GID1) on Solgenomics.net.
GID1 is involved in the plant’s response to gibberellin hormones, regulating growth
and development. The downregulation of GID1 in the pith may have various change on
gibberellin pathway involving cell division and elongation (Ueguchi-Tanaka et al., 2007;
Murase et al., 2008).

Downregulation of various pathways involved in the synthesis of compounds with diverse
functions, such as the NAD biosynthetic process, carbon fixation (photosynthesis), and
nicotianamine biosynthetic process, can have far-reaching effects. These pathways being
downregulated in response to FR treatment suggests that the plants may be building up
secondary metabolites, considered to be a stress hallmark. These pathways are reported
to involved in many crucial functions such as defense mechanism which was reported in
previous research (Courbier et al., 2020).
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Figure 3.10. Gene ontology enrichment analysis of DEGs in pith or whole internode
comparing morning timepoints to afternoon timepoints. Heatmap of the -log of adjusted
p-values (g-values) for each enriched GO category. Red color scheme for upregulated DEG.
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Figure 3.11 Gene ontology enrichment analysis of DEGs in pith or whole internode comparing
morning timepoints to afternoon timepoints. Heatmap of the -log of adjusted p-values (g-value)
for each enriched GO category. Blue color scheme for down regulated DEGs.
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3.2.9 Diurnal expression patterns are associated with defence,
light, and metabolism

In our data there is a clear pattern of diurnal rhythm. The morning (10am) timepoints
(24h, 48h) and the afternoon (6h, 30h) timepoints cluster together in the PCA (Figure
S3.1), and the afternoon 4 pm timepoints tend to show clearer FR-responses than the
morning 10 am timepoints (Figure 3.7). In the afternoon, methyltransferase activity was
enriched in the FR-upregulated DEGs (Figure 3.7) and trehalose biosynthetic process
was enriched in FR-downregulated DEGs. We assume methyltransferase activity
upregulation indicates significant molecular modifications, possibly involving epigenetic
and protein-level changes. Simultaneously, the downregulation of genes associated with
trehalose biosynthesis hints at a recalibration of stress protection mechanisms. While
trehalose typically safeguards plants from environmental stresses, vascular plants like
tomatoes have shifted towards regulating carbon assimilation and sugar status, indicating
a divergence in stress response strategies (Grennan, 2007; Paul et al., 2010; Lunn et
al., 2014). This strategic switch may prioritize growth over stress tolerance. Moreover,
trehalose’s involvement in signaling during interactions with microorganisms, responses
to cold, salinity, and the regulation of stomatal conductance and water-use efficiency
underscores its multifaceted role in plant biology. This interplay reflects the plant’s
adaptive response to shifting environmental conditions, enhancing our understanding of
its intricate survival strategies (Finnegan and Kovac, 2000; Lunn et al., 2014).

To investigate which genes in our data followed diurnal regulation, we analysed the
DEGs hetween morning and afternoon for each tissue and treatment, and carried out GO
enrichment analyses (Figure 3.10 and Figure 3.11). In the internode WL conditions, we
observe that auxin is enriched in afternoon up DEGSs, while other treatments and tissues
do not show the same response. Simultaneously, we see an increase in activities related
to photosynthesis in internode WL in the morning.. Concurrently, the upregulation of
polysaccharide catabolic processes indicates an increased energy demand to support
DNA binding, translation and more. Morning downregulation of photosynthesis and DNA
binding activities in both the whole internode and pith reflects the natural influence of
the diurnal rhythm on shade avoidance (GO: DNA-binding transcription factor activity,
histone acetyltransferase activity, sequence-specific DNA binding, photosynthesis,
chlorophyllide a oxygenase [overall] activity, photosystem I1).

Collectively, these responses signify the plant’s adaptation to morning light conditions,
allowing it to effectively capture and convert light energy into chemical energy for growth
and maintenance. And light treatment did make a major change to diurnal cycle in general.

72



Transcriptome changes of tomato internode elongation induced by far-red light

3.2.10 Utilizing WGCNA to illuminate the transcriptome
dynamics in SAS

In order to explore the multi-factorial RNAseq data in more depth, we wanted to look for
expression pattern trends. Therefore, we continued with WGCNA (Weighted Gene Co-
expression Network Analysis) to identify interesting modules, functions and genes. To
filter the input data to WGCNA, we selected the DEGs from any comparison previously
tested (p<0.05) and used the quantile normalized expression data in WGCNA analysis.
We used undirected analysis to identify the expression patterns among the genes. In total
we were able to characterize 43 modules based on gene expression (Tables S3.1, S3.3
in the digital supplement). We conducted a GO enrichment on all these modules to infer
their functions (Figure S3.3). We also visualized the gene expression patterns of these
modules (Figures 3.12-3.14). In Figure 3.13, we constructed a heatmap based on the
average normalized expression fold change comparing WL+FR vs WL in each tissue
and treatment. Several modules consistently exhibited upregulation in response to FR:
darkred, greenyellow, mediumpurplegrey3, red, and royal blue. These modules represent
clusters of nodes that have grouped together due to shared attributes or connectivity
patterns within the network (Figure 3.13). In Figure 3.13 we illustrate the modules in the
network topology, denoted by different colors; the main modules that are clearly visible
are the blue, green, grey, pink, orange, red, and yellow modules. Then, in Figure 3.14 we
combined the log fold change data with the topology of gene modules to visualize the
change over time across the network.

From these approaches, a number of modules stood out. The mediumpurplegrey3 module
showed an increasing, high degree of upregulation over time, where the expression in the
pith was significantly elevated. This module is primarily associated with chloroplast and
translation activities (as shown in Figure S3.3), indicating a potential role in enhancing
photosynthetic and protein synthesis processes.

Conversely, salmon and lightsteelbluel modules demonstrated downregulation over
time. The top function associated with the salmon module is the methionine metabolic
process and methylenetetrahydrofolate reductase (NAD(P)H) activity, suggesting a
potential shift in metabolic priorities. Meanwhile, the lightsteelbluel module is related to
vascular transfer processes, implying adjustments in the plant’s transport mechanisms to
adapt to changing environmental conditions. These findings collectively provide insights
into the dynamic regulatory responses of different modules to FR light exposure and
their functional implications in plant acclimation.
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We observed a cluster of genes situated on the first chromosome within the turquoise
module, indicating robust physical connection and heritability in response to the FR
treatment (Figure 3.12, 3.13). The turquoise module is primarily characterized by
downregulation in both internode and pith over time. These genes exhibit a wealth of
functions related to ribosome, nucleosome, and photosystem I, all with central role in
plant growth and maintenance. This discovery underscores the significance of apparently
housekeeping genes within response pathways, and further exploration may unveil the
mechanisms through which they influence a plant’s response to environmental cues.
This dynamic interplay between different modules further enhances our comprehension
of intricate signaling networks in plant responses to environmental stimuli, offering
potential targets for future genetic engineering endeavors aimed at enhancing crop yield
and resilience.
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Figure 3.12. Visual representation of the FR-responsive expression patterns of each module.
The heatmap color indicates average fold change in response to FR treatment, red indicating
upregulation in FR and blue indicating downregulation.
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Next, we wanted to infer a gene regulatory network using our data. We used Maximum
Clique Centrality (MCC) to calculate MCC, a centrality measure, to identify the most
central or influential nodes (in this case, genes) in a network. It is based on the concept
of cliques, which are subsets of nodes in a network that are fully connected to each other
(i.e., all nodes within the subset are directly connected). A hub gene is a gene within
a biological network (e.g., a gene interaction network or a protein-protein interaction
network) that has a high degree of connectivity (Chin et al., 2014). We identified a set
of central hub genes based on their connectivity and associated centrality scores (Figure
3.15, Table S3.4 in digital supplement).

We looked at the behavior of the hub genes in response to FR and observed a notable
downregulation of several of them at 6h internode (Figure 3.16). Among these genes
are Solyc02g031900 (kinase family protein), Solyc02g031970 (encoding 50S ribosomal
protein L12-2 localized to the chloroplast), Solyc03g118150 (Secl4-like), a gene
potentially involved in cellular retinaldehyde-binding or triple function, Solyc06g071370
(NHL repeat-containing protein-like gene), Solyc07g041930, (Adenylyl cyclase) and
Solyc10g005100 (Salt stress root protein RS1). The downregulated hub genes may play
integral roles in the plant’s response to FR light, potentially affecting processes related to
kinase activity, ribosomal function, cellular retinaldehyde binding, and stress responses.

MCC score 17083-34421

Figure 3.15. Hub genes and their centrality. The color gradient indicates the Maximum Clique
Centrality (MCC) score. MCC calculates the size of the largest clique that a node belongs to
and assigns a centrality score based on this. The score is indication of the centrality which is
represented by the redness of the color.
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Figure 3.16. Hub gene expression heatmap. The heatmap colors indicate average fold change in
response to FR treatment, red indicating upregulation in FR and blue indicating downregulation.

3.2.11 TF identification identified well-recognized motifs that
regulate cell fate

Next, we wanted to explore the possible transcriptional regulators of the gene expression
changes we observed. With a list of tomato transcription factors (ITAG 3.2 annotation)
obtained from Plant Cistrome Database (http://neomorph.salk.edu/dap_web/pages/
index.php)(O’Malley et al., 2016), we identified the DEGs which are TFs (Table S3.2).
Then, we looked for TFs whose Arabidopsis orthologs had functional annotations related
to cell size, cell elongation and cell expansion. Our primary focus moving forward was
centered on the transcription factors (TFs) that have already been identified and are
known for their functions in cell or organ elongation. Many of these TFs have previously
been studied in Arabidopsis and Solanaceae roots under stress conditions, where they
play a role in regulating e.g. epidermis cell functions and anthocyanin biosynthesis,
including basic-helix-loop-helix (bHLH) GLABRA3 (GL3), ENHANCER OF GLABRA3
(EGL3),) and MYB transcription factors (such as CAPRICE PAP1, PAP2, MYB113 or
MYB114 in Arabidopsis and FER in tomato). MY Bs, such AtMYB30 in Arabidopsis root
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and PHB/PHV-LIKEL and SICNAL1 in tomato root xylem for instance, have a well-
conserved function in cell type differentiation, such as in endodermis and xylem (Wada
etal., 1997; Bernhardt et al., 2003; Feller et al., 2011; Zhao et al., 2012; Kim et al., 2014;
Wang et al., 2015; Sakaoka et al., 2018; Nagao and Tominaga, 2020; Kajala et al., 2021).

Our specific objective was to investigate whether our FR-responsive DEGs share common
regulatory motifs. To address this, we conducted motif enrichment analysis using the
500bp promoters of all FR-responsive upregulated DEGs and identified the presence
of 5 enriched motifs with MEME suite (Motif based sequence analysis tool) (https://
meme-suite.org/meme/index.html)(Figure 3.17). Then the enrichment was submitted
again to TOMTOM to find Arabidopsis TFs according to the database (O’Malley et al.,
2016). First motif was found in MYB17, 41, 49, 107, WRKY22, 27, 29 and motif 2 was
found in TCPs (Atlg72010, Atlg72010, At5g08330, At5g08330, At1g69690, the third
motif are found in TCPs, MYBs and BPCs (BASIC PENTACYSTEINES) in Figure
3.17. Homologs of five TFs belonging to our DEGs have been also identified in FR
response in Arabidopsis from a yeast 1-hybrid screen (Solyc10g079070 (AT3G57800),
Solyc06g083170 (AT3G07340), Solyc01g109700 (AT4G34530), Solyc04g005660
(AT3G28857), Solyc07g056360 (AT2G42870)) (Buti, 2008).

In our list of 25 differentially expressed TFs in response to FR (Table S3.2), there are
members of the TCP, MYB, and bHLH TF families that could be the candidates to bind
the identified motifs (Figure 3.17). This can provide clues on FR regulatory elements
and provide insight into the transcriptional dynamics orchestrated by FR light in plants.

3.2.12 Candidate TFs were selected for follow-up study

We further screened the DEG TF list based on the functions reported in literature,
and selected three upregulated TFs for further analysis. These TFs are encoded by
Solyc08g080150, Solyc01g090760, Solyc07g053450, which are all highly upregulated
in FR (Figure 3.18). Full details can be found in Table S3.2, below are the descriptions
of the selected TFs for further study:

Solyc01g090760, a GATA transcription factor from the zinc finger DNA binding protein
family. This TF plays a crucial role in regulating transcription processes essential for
development and cell differentiation (Gao et al., 2015). Additionally, BLAST results
indicate that its homologs in Arabidopsis may be involved in elongation processes (Lu et
al., 2021; Hou et al., 2022).
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Solyc08g080150, also known as SITCP20, is highlighted for its diverse functions observed
in leaf development, regulation of flower symmetry, influence on shoot branching, and
participation in senescence (Parapunova et al., 2014). TCP TFs are characterized by the
TCP domain, featuring a non-canonical basic-helix-loop-helix (bHLH) structure, and are
named after the first three characterized family members (Cubas et al., 1999).

Solyc07g053450, a bZIP transcription factor, is identified as playing a pivotal role in
various biological processes, particularly in responding to abiotic stresses (Liu et al.,
2023a). This TF is a member of the BZIP transcription factor family.

Figure 3.17. Motif enrichment of the upregulated FR-responsive DEGs’ 500bp promoters.
Promoters are obtained 500bp upstream of TSS from Phytozome v13 (Goodstein et al., 2012),
motif enrichment was carried out with MEME suite.
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Figure 3.18. Solyc08g080150, Solyc01g090760, and Solyc07g053450 expression pattern
obtained from RNA-seq data. We used normalized expression of these three genes from RNA-
seq data and plotted it with R 4.0 (R Development Core Team, 2010).

3.3 DISCUSSION

Progress has been made in the past decades to identify how the shoot elongation response
is regulated during shade avoidance response (SAS) in Arabidopsis, especially at cellular
level, i.e. how cell elongation is regulated. Petiole and hypocotyl elongation in Arabidopsis
has been well-documented as a characteristic response to an increased presence of far-red
(FR) light, with the involvement of auxin-mediated epidermal cell elongation having been
substantiated (Bou-Torrent et al., 2014; Procko et al., 2016; Michaud et al., 2017). In the
realm of Arabidopsis SAS research, significant attention has been given to deciphering
the signals of shade-induced responses, which encompass auxin biosynthesis, transport,
and sensitivity activation. These processes are orchestrating organ elongation, notably
in petioles (Ma and Li, 2019). While these studies have enriched our understanding of
plant responses to environmental cues, there remains a need to unravel the mechanisms
governing internode cell elongation in stem-forming plant species, as this area holds the
potential to unveil novel insights into plant adaptation and growth under varying light
conditions. Here, we focus on the gene expression changes in stem elongation during
SAS in tomato, which was described in phenotypic detail in the previous chapter.
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3.3.1 Auxin could be the key regulator for elongation in tomato
SAS

“Response to auxin” GO term was highly enriched in our GO analysis, largely due to
many SAURs (Small Auxin-Up-regulated RNASs) upregulated in our data. The actual auxin
pathway DEGs had changes of up to 38-fold. Auxin function in cell elongation and stem
elongation has already been reported before (Kutschera and Niklas, 2007; Bou-Torrent et
al., 2014), but here, we also found auxin response upregulated specifically in pith, linked
to the pith cell elongation and division patterns that we reported in the Chapter 2. ATP and
ADP activity and carbohydrate metabolism pathways were also enriched in FR-upregulated
DEGs in pith (Figure 3.7), which might indicate auxin-induced the cell division and
expansion activities are especially active in pith compared to the whole internode.

SAURs are a class of small, non-coding RNAs that are involved in the regulation of
auxin signaling in plants. SAURs have been implicated in a wide range of physiological
processes in plants, including growth, development, and stress responses (Ren and Gray,
2015; Stortenbeker and Bemer, 2019). In the context of SAS, SAURSs have been shown to
be upregulated in response to low R:FR ratio in Arabidopsis. Specifically, SAUR19 and
SAUR?20 have been identified as key regulators of hypocotyl elongation in Arabidopsis
under low R:FR. SAURs are thought to act downstream of the phytochrome signaling
pathway, and their upregulation is possibly driven by PIF-regulated auxin, which is also
involved in SAS (Devlin et al., 2003; Vandenbussche et al., 2007; Franklin and Quail,
2010). SAUR genes, a prominent family of early auxin-response genes, have demonstrated
their rapid upregulation by auxin in various plant species, including Arabidopsis, rice,
and tomato, suggesting a conserved role in auxin responses (Ren and Gray, 2015).
Specifically, many SAURs in Arabidopsis exhibit swift induction in response to shade
treatment, implicating their involvement in the shade avoidance response (Devlin et
al., 2003; Kohnen et al., 2016a). Notably, overexpressing SAUR19 in the pif4 mutant
background effectively rescued impaired hypocotyl elongation at high temperatures,
and SAUR36 overexpression also promoted hypocotyl elongation (Franklin et al., 2011;
Stamm et al., 2013).

SAUR proteins play a crucial role in regulating cell elongation by affecting proton pumps
and subsequently activating cell wall modifying enzymes. The mechanism underlying
SAUR-mediated cell expansion involves the interaction of SAUR proteins with PP2C.D
phosphatases, which leads to the activation of plasma membrane H*-ATPases, thus
promoting cell expansion. This process results in the acidification of the cell wall
and the subsequent activation of cell wall modifying enzymes, which facilitate cell
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elongation(Ma and Li, 2019; Stortenbeker and Bemer, 2019) Additionally, SAUR genes
can be regulated by various factors, including auxin and other environmental cues, and
their overexpression has been shown to induce growth, indicating their significant role in
plant development. Furthermore, SAUR proteins are involved in the induction of growth
via cell elongation, and their activity is not limited to the juvenile stage but extends to
various tissues, indicating their widespread function in plant growth and development
(Stortenbeker and Bemer, 2019). Therefore, SAUR proteins act as effectors of hormonal
and environmental signals in plant growth, with their main function being the induction
of cell elongation by repressing PP2C.D activity and promoting cell expansion (Ma and
Li, 2019; Stortenbeker and Bemer, 2019).

Furthermore, SAUR gene expression is subject to regulation by various factors in different
species. Studies in tomato, cotton, poplar, citrus, watermelon, maize, and Arabidopsis
have unveiled specific expression patterns for different SAUR genes throughout plant
development. Additionally, the expression of distinct sets of SAUR genes can be either
positively or negatively regulated by multiple hormones, including auxin, cytokinin,
gibberellic acid (GA), brassinosteroids, ethylene, ABA, and JA, as well as by varying
light conditions, temperature, and stress factors in different plant species. In general,
SAUR genes tend to be upregulated in response to growth-inducing factors like auxin
and downregulated under stress conditions or in response to growth-inhibiting hormones
such as ABA and JA. This dynamic regulation likely represents a plant’s adaptive
strategy to balance growth and defense mechanisms (Knauss et al., 2003; Franklin et
al., 2011; Walcher and Nemhauser, 2012; Qiu et al., 2013; Stamm et al., 2013; Luo et
al., 2018). Notably, the responsiveness of SAUR genes to environmental and hormonal
cues primarily occurs in the tissues where they are already expressed, emphasizing
their tissue-specific expression patterns (Hagen and Guilfoyle, 2002; Markakis et al.,
2013; Ren and Gray, 2015; van Mourik et al., 2017). Overall, the upregulation of SAURs
in response to shade conditions is believed to be an important component of SAS by
promoting cell elongation, allowing plants to modulate their growth and development in
response to changing light conditions.

3.3.2 Much of the variance of expression data is due to diurnal
rhythm

FR effect on elongation of tomato first internode was seen at two days (Figure 3.1),
considerably slower than the FR effect on elongation of petiole of Arabidopsis (Walter
et al., 2007; Ciolfi et al., 2013; Moron-Garcia et al., 2022). Therefore, based on our data
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where stem elongation is distinguishable at two days, we selected earlier timepoints,
including two different times of day for the diurnal rhythm to understand the response.
When we analyzed the transcriptome data the major effect (Montavon et al., 1983) is
coming from diurnal rhythm in the first few principle components (PC1, PC2, PC3)
in PCA analysis and DE analysis (Figure S1, Figure 3.4c). Diurnal rhythm adaptation
could have been important for tomato (Xiang et al., 2022). In Figures 3.10 and 3.11, we
found that some clear diurnal rhythm responses when comparing morning vs afternoon
transcriptomes. In the previous research into tomato diurnal rhythm, the elongation of
stems declined during the day while the soluble sugars increased in the morning and
decreased from afternoon till night (Went, 1944). During our observations, the expression
of gene Solyc08g082860 related to the sugar trehalose showed a reduction in levels during
the afternoon, suggesting less protein from trehalose from damaging cellular structures
and molecules caused by environmental stress (Lunn et al., 2014). Additionally, we
observed an activation of sugar transfer processes, particularly involving the activity of
methyltransferases, indicating an increase in sugar transfer activities during the afternoon
period. These findings collectively indicate dynamic changes in sugar metabolism and
transfer processes over the course of the day. Therefore, the response of tomato stem
elongation to far-red light unveils dynamic changes in sugar metabolism influenced by
diurnal rhythm.

In the context of WGCNA, we observed intriguing patterns across multiple gene modules
(Figures 3.12-3.14, S3.3). One of the standout findings is within the green module, where
FR response exhibits a diurnal rhythm in the internode. These genes are functionally
associated with essential processes such as photosynthesis and protein translation. It’s
worth noting that the impact of FR on this module may be limited, as key regulators
could have already reached their peak expression levels due to diurnal clock influences,
darkolivegreen module associated with intracellular carbohydrate metabolism, shows
a clearer diurnal pattern in WL but not that obvious in FR, even though the expression
value is higher (Figure 3.19). The diverse responses of various gene modules shed light
on the intricate regulatory mechanisms at play in plant adaptation to changing light
environments and provide insights for further investigation.
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Figure 3.19. Average normalized expression values for each module, categorized by WGCNA,
under conditions of WL and FR.
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3.3.3 Stable photosynthesis expression showed in the internode
and pith

We identified distinct modules representing clusters of nodes with shared attributes or
connectivity patterns (Figure 3.12). Heatmaps revealed consistent FR-upregulation of
genes in specific modules, including mediumpurplegrey3, enriched in GO terms relating
to photosynthesis and protein synthesis. Conversely, salmon and lightsteelbluel modules
showed downregulation. Additionally, genes within the turquoise module, mainly
downregulated over time, play pivotal roles in plant development and maintenance,
particularly in ribosome, nucleosome, and photosystem I-related functions.

Stems possess a notable photosynthetic activity (Hetherington et al., 1998). The stems
capture and fix carbon dioxide generated during respiration concurrent with photosynthesis,
yet there is a lack of observable carbon exchange (Xu et al., 1997). Under high R:FR
ratios, stems exhibit enhanced photosynthetic capacity compared to lower R:FR conditions
(Hattrup et al., 2007). Our WGCNA modules, specifically the blue and green modules,
align with these observations. These modules reveal stable expression patterns of
photosynthesis-related genes over time, with a distinct downregulation in FR compared
to WL conditions (Figure 3.12). Intriguingly, key regulators, primarily from the turquoise
module and yellow modules (as seen in Figures 3.12-3.14), maintain little fold change
between FR and WL. However, at certain timepoints, we observed the absence of GO
terms associated with carbon dioxide or carbohydrate exchange which was enriched in
the morning timepoint especially in pith (Figures 3.9-3.11). This discovery suggests that
the plant’s inherent homeostatic mechanisms governing photosynthesis may also support
respiration processes, thereby stabilizing internal metabolism. This dynamic interplay
between gene modules and metabolic processes underscores the plant’s remarkable ability
to maintain equilibrium in response to shifting environmental conditions.

3.3.4 Summary

In the face of low R:FR conditions, we observed a significant upregulation of auxin-
responsive genes, particularly SAURs. The diurnal rhythm emerged as a key regulator,
influencing various pathways such as hormone response, sugar metabolism, and
respiration. A detailed examination of pith tissue-specific transcriptomes revealed
substantial differences comparable to the whole internode, unveiling specific regulatory
pathways. Notably, several transcription factors previously mentioned were identified
in the differentially expressed genes, underscoring their role in the response to low
R:FR. Subsequently, our focus shifted to hormones and these transcription factors in the
subsequent chapters for a deeper exploration of their regulatory roles.
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3.5 MATERIALS AND METHODS
3.5.1 Plant materials and growth conditions

We germinated Solanum lycopersicum seeds (cv Moneymaker (obtained from Intratuin
B.V) and M82 (obtained from Tomato Genetics Resource Center)) for one week in sealed
plastic boxes padded with a paper towel soaked with tap water. After one week, similarly
sized seedlings were transferred to a 7 cm square pot filled with sieved Primasta ® soil.
One week after transfer, plants were randomly separated into two groups and put into
far-red or white light treatment.

We grew the seedlings grown at 20°C, 70% humidity, 16/8 hour light/ dark cycle in white
light conditions for 7 days before the start of the light treatments. For this experiment
two treatments with different light conditions were used: white light (WL) and far-
red (WL+FR). WL condition light intensity was 200 PAR (photosynthetically active
radiation). WL+FR condition light intensity was 200 PAR white light supplemented with
additional FR to reach R:FR (red-light: far-red light = 0.21).

3.5.2 Phenotype measurements

Stem and internode length were measured with digital caliper every day at 10:30am and
4:30pm.

3.5.3 Tissue harvest for RNA-seq

The first internode (between the cotyledons and first true leaf) was harvested. Each group
of internodes were collected at 6, 24, 30, 48 hours after treatment start. In the end, 200+
samples were collected for two light treatments (WL and WL+FR), two cultivars, four
timepoints and two tissues with at least 4 biological replicates per group. Samples were
placed immediately into liquid nitrogen until mRNA isolation.
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3.5.4 RNA-seq library preparation
3.5.4.1 RNA isolation and fragmentation

We prepared RNA-seq libraries according to the random-primer primed method published
originally in (Townsley et al., 2015) with modifications from Kajala et al., 2021. Tissue
samples were ground by hand and immediately incubated in 250 uL lysis buffer (LBB:
100 mM Tris-HCI, 1000 mM LiCl, 10 mM EDTA, 1% SD, 5 mM DTT, Antifoam A)
supplemented with 5 u I/ml p-mercaptoethanol before use. The samples were transferred
to 2ml tubes and the tubes were beat 2 times for 1min at 30 Hz. The samples were
incubated at room temperature for 10 min and spun down at 13,000 rpm for 10 min. One
uL of 12.5 uM biotin-20nt-dT (Table 3.1) oligo was mixed into 200 uL of lysate in PCR
tubes and incubated at room temperature for 10 min. Then, we added 20 uL Biolabs®
streptavidin beads per reaction for incubation. The mRNA from samples binds the oligo
through the polyA tail, and the biotin in the oligo binds the streptavidin on the beads.
This allows pulling down only the mRNA and washing the rest of the material off. So,
the samples were separated into magnetic bead-bound mRNA and supernatant by 96 well
Magwell® magnetic separator. The bead pellets were washed with 200 ul washing buffer
series: washing buffer A (WBA; 10 mM Tris-HCI, 150 mM LiCIl, 1 mM EDTA, 0.1%
SDS), washing buffer B (WBB; 10 mM Tris-HCI, 150 mM LiCl,1mM EDTA), and low
salt buffer LSB (20 mM Tris-HCI,150 mM NaCl, 1 mM EDTA). The mRNA was eluted
in 16 uL Tris-HCI with 80°C. These pulldown and washing steps were repeated a second
time to remove non-specifically associating rRNA from the samples.

RNA fragmentation was carried out by preparing 10 uL mixtures of 1.5 ul 5X Thermo
Scientific RT buffer, 0.5 ul Invitrogen ® random primers, 8 ul mRNA from the above
elution. The mixtures were put into thermocycler for temperature-induced fragmentation
and priming of 1st strand of cDNA (25°C 1 sec, 94°C 1.5 min, 4°C 5 min, 4°C hold).

3.5.4.2 cDNA synthesis

We prepared first strand master mixture as following: 1.5 uL 5X Thermo Scientific RT
buffer, 1.5 uL 0.1M DTT, 1 uL H,0, 0.5 uL 25mM dNTPs, 0.5 uL RevertAid H minus
reverse transcriptase enzyme (Thermo Scientific). The mixture was added onto the
samples and incubated in thermocycler: 25°C 10min, 42°C 50min, 50°C 10min, 70°C
10min, 4°C hold.

The second strand synthesis, end repair, and A-tailing were performed by adding a 5
uL mixture to the first strand, consisting of 1.5 uL H20, 0.4 uL 25mM dNTPs, 1 uL
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DNA polymerase | (Thermo Fisher), 0.1 uL RNaseH (NEB), 0.4 uL NEBNext® End
Repair Module enzyme mix, 0.2 uL Taq, and 1.4 uL. This mixture was incubated in a
thermocycler following these temperature and time settings: 16°C for 20 minutes, 20°C
for 20 minutes, 72°C for 20 minutes, and held at 4°C.

Subsequently, the reaction mixture was left at room temperature for 5 minutes with a mix
of Beckman® Ampure XP beads at 1.5 times the volume, followed by two washes with
200 uL of 80% ethanol each, until the beads were completely dry.

3.5.4.3 Adapter ligation

The dry beads were mixed with 3 ul of annealed 1 uM universal adapter primers (8uL of
100uM each primer was combined with 784 uL of H,O and cooled through the program:
94°C 1min, (94°C 10sec) * 60 cycles -1°C /cycle, 20°C 1min, 4°C hold). Then, 7 uL
ligase mixture (5 uL Enzymatics 2X Rapid T4 ligation buffer, 0.25 uL Biolabs® DNA
ligase) was added for 15-min room temperature incubation.

We added 10 uL of 50 mM EDTA and 25 uL Ampure XP Bead Resuspension buffer
(15% PEG 8000, 2.5M NaCl) to each sample, washed with 80% EtOH twice, and eluted
the ligated DNA fragments with 20-22 uL 10mM Tris.

3.5.4.4 Enrichment, indexing and quantification

We used 10 ul of cDNA into enrichment mixed with 4 uL 5X Phusion HF (Thermo Fisher)
buffer,2.6 uL H,0, 1 uL 2 uM PE1 primer, 1 ul 8 uM each EnrichS1 + S2 primers (Table
3.1),0.2 wl 25mM dNTPs, and 0.2 ul Phusion Polymerase (Thermo Fisher). Each sample
used 1 ul of appropriate unique indexed enrichment oligo (Townsley et al., 2015). The
mixture was heated in thermocycler with the following program: 98°C 30 sec, (98 °C 10
sec, 65 °C 30 sec, 72 °C 30 sec) *12 cycles, 72 °C 5 min, 10 °C hold.

We cleaned the enriched libraries according to Bailey-Serres lab protocol: 1.1 volume of
well-resuspended Ampure beads are mixed well with the samples, followed by washing
twice by 200 ul of 80% EtOH and resuspending in 10 wl 210mM Tris pH 8.0.

One ul of the samples were used for quality check by Bioanalyzer High Sensitivity DNA
Analysis kit, and we selected cleaned library of 200-350 bps based on the peaks. Libraries
were pooled together for sequencing with the same target concentration. A final clean-up

was done with 0.8 volumes of Ampure beads and elution to the final target volume.
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Table 3.1. Primer sequences adapted in library preparation.

Primer name Sequence

PE1-lig 5’-CACTCTTTCCCTACACGACGCTCTTCCGATCT-3’

ILL-lig 5’-P-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’
EnrichS1 5’-AATGATACGGCGACCACCGA-3’

EnrichS2 5’-CAAGCAGAAGACGGCATACGA-3’

Biotin 5’-ACAGGACATTCGTCGCTTCCTTTTTTTTTTTTTTTTTTTT-3’

3.5.5 Sequencing and alignment

Barcoded libraries were sequenced on the High Output : 1 x 75 bp Illumina NextSeg500
at USEQ (Utrecht Sequencing Facility). The initial read quality assessment with FastQC,
followed by sequence trimming using TrimGalore (https://github.com/FelixKrueger/
TrimGalore/blob/master/Docs/Trim_Galore_User_Guide.md), rRNA removal via
SortMeRNA, read mapping and read-group annotation utilizing STAR (Dobin et al.,
2013), alignment quality control with RSeQC (Wang et al., 2012) and Preseq ( https://
smithlabresearch.org/software/preseq/), PCR duplicate detection employing Sambamba
MarkDup (Tarasov et al., 2015) , and gene expression and biotype quantification
through featureCounts (Liao et al., 2014). The sequences were mapped against ITAG4.1
annotation of tomato reference genome SL4.1 https://solgenomics.net/organism/
Solanum_lycopersicum/genome.

3.5.6 Differential expression analysis

We adapted the DE analysis method from literature (Kajala et al., 2021). Libraries with
at least 500,000 mapped raw exon counts were selected for further analysis. First, we
wanted to identify the differentially expressed genes (DEGSs) for various comparisons.
Raw counts were firstly converted to count per million (CPM) using with edgeR package
(Robinson et al., 2009). Genes with CPM > 0.5 in at least one sample for all 4 biological
replicates were kept for the analysis. CPM values were quantile normalized with the
voom function (Law et al., 2014). Principal component analysis (PCA) was conducted
to distinguish the separation of samples by timepoint, treatment and cultivar with the
ggplot2 package (Wickham, 2009) in R.4.1.3 (R Development Core Team, 2010). DEGs
were detected with the limma R package (Ritchie et al., 2015). The data underwent a
Log2 transformation, and a significance threshold of FDR-adjusted p-value (adj.P.Val)
< 0.15 was applied to identify differentially expressed genes. The adjusted P value list
of DEGs were obtained for further analysis. Venn plots were generated by DEGs using
imageGP website (Chen et al., 2022b).
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3.5.7 Gene ontology enrichment analysis

Gene Ontology enrichment analyses were done with the GOseq R package (Young et al.,
2010) with Kallisto output (TPM). Gene Ontology annotation (ITAG4.1) was obtained
from Sol Genomics Network (solgenomics.net). A term was considered significantly
enriched if it has a p value < 0.05 and a fold enrichment > 1. Fold enrichment was
calculated as (genes annotated with a term in the query dataset / total genes in the dataset)
/ (genes annotated with a term in the background set / total expressed genes). The results
were visualized using R’s “pheatmap” function.

3.5.8 Co-expression network analysis

Co-expression network modules were generated using the WGCNA R package (version
1.68) (Horvath and Langfelder, 2009). To prepare the data, individual libraries for
each treatment and tissue were first quantile normalized using RPKM and then log-
transformed with log2(x+1) prior to analysis. 75% of the most variable genes were used
for analysis The selection of a threshold value was guided by visualizing the scale-free
topology model fit (R?) across a range of soft thresholds, ultimately opting for a threshold
of 7. Subsequently, an unsigned network was constructed using the “blockwiseModules”
function, employing the bicor correlation measure and specifying specific parameters,
including a maximum portion of outliers at 0.05, a mergeCutHeight of 0.35, and a
minimum module size of 20To have a visual representation of gene expression in each
module, we drew heat maps for each module with Graphpad Prism 9 (Figure S3.3). GO
enrichment analysis was performed via GOseq R package and adjusted P value cut-off of
0.05 and q value cut-off of 0.05. The network was visualized using Cytoscape (version
3.9.1). To identify key genes within the network, we employed the CytoHubba plugin
(Chin et al., 2014). We extracted the top 20 genes, and those genes that appeared in the
top ranks across all four CytoHubba ranking methods, namely maximal clique centrality
(MCC), edge percolated component (EPC), maximum neighborhood component (MNC),
and node connect degree, were designated as hub genes.

3.5.9 Motif enrichment and TF identification

To predict motifs, we followed this procedure: Firstly, we acquired 500 bp promoters
of the FR-responsive DEGs from the Phytozome database (Goodstein et al., 2012).
Subsequently, we employed MEME Suite (McLeay & Bailey, 2010) with default settings
to conduct motif prediction. Later, we conduct our result with Tomtom for comparison
of one or more motifs with a database of established motifs (O’Malley et al., 2016).
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For the identification of transcription factors (TFs), we sourced TF lists from the Plant
Cistrome Database (O’Malley et al., 2016) and cross-referenced them with the ITAG
3.2 database to ensure accurate TF matching. Ortholog information for Arabidopsis was
obtained from TAIR (Lamesch et al., 2012). We queried the TF multifasta file against the
latest Ensemble 53 release (2022-07) of Arabidopsis peptides. The metadata encompasses
Gene ID (derived from a blast match with Ensemble 53 release - 2022-07), Gene symbol,
Description, and Curator summary (all sourced from TAIR Public data release 2021-06-
30), as well as the Family of TF as categorized by PlantTFDB and AGRIS_AtTFDB.
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Figure S3.1. Principal component analysis of RNA-seq samples, colored by different
experimental factors including treatment, cultivar, timepoint and tissue.
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Figure S3.2. Differentially expressed genes (DEGs) between cultivars and tissues. Bar
plot shows the number of DEGs in different comparisons. (a) First internode DEGs comparing
Moneymaker vs M82 at each timepoint and treatment. (b) Tissue-specific DEG from comparison
of first internode vs pith DEGs at each timepoint and treatment.
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Table S3.1. Gene numbers belonging to each module from WGCNA analysis.

Color of modules Count of genes
turquoise 2423
blue 1885
brown 1884
yellow 1779
grey 1740
green 1469
red 852
black 559
pink 433
magenta 407
purple 372
greenyellow 349
tan 201
cyan 183
salmon 183
midnightblue 175
lightcyan 171
grey60 166
lightgreen 162
lightyellow 161
darkred 125
royalblue 125
darkgreen 124
darkturquoise 122
darkgrey 119
orange 110
darkorange 105
white 101
skyblue 97
saddlebrown 90
steelblue 87
paleturquoise 72
violet 65
darkolivegreen 64
darkmagenta 47
sienna3 42
yellowgreen 41
skyblue3 35
pluml 34
orangered4 33
lightsteelbluel 26
mediumpurple3 26
lightcyanl 25
Grand Total 17269
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HORMONE INTERPLAY
IN THE REGULATION
FAR-RED-RESPONSIVE STEM
ELONGATION IN TOMATO

Linge Li, Ticho Helming, Jesse Wonder, Tjitske Zeekant, Wouter Kohlen,
Gijs van Asselt, Xiren Cao, Ronald Pierik and Kaisa Kajala



Chapter 4

ABSTRACT

Understanding shade avoidance mechanisms is crucial for global tomato cultivation. This
study explored hormone dynamics underlying neighbor detection responses, focusing on
auxin (Indole-3-Acetic Acid (IAA)), gibberellins (GA), and brassinosteroids (BR).

While the origin of auxin during far-red (FR)-response remained elusive, auxin treatment
on the internode and the first true leaf induced some elongation. IAA increased cell
elongation and division but failed to recapitulate the far-red-induced internode elongation
fully. Auxin inhibitors Peo-lIAA and BBo had weak effects. Auxin combined with its
polar transport inhibitor NPA had an unexpected effect. These results indicate auxin has
a role in regulating stem elongation, but there is a need for other actors, potentially GA
or BR, to achieve FR-like elongation.

Examining also GA and BR in tomato FR-response showed stem elongation in response
to of GA and BR treatment comparable with FR treatment. While IAA-induced
transcriptional changes resembled FR-responsive gene expression, GA and BR induced
greater elongation, emphasizing their potency. GA or BR inhibition during FR treatment
halted elongation, indicating their essential roles. Additionally, inhibition of GA or BR
during FR treatment were rescued by BR+IAA or GA+IAA, respectively.

In conclusion, this study uncovers some of the hormonal interactions in regulating FR-
induced stem elongation in tomato. IAA, GA, and BR play distinct roles. The findings
shed light on dynamic hormone networks governing plant growth responses to light
signals informing the plant of its neighbors. Further research into molecular mechanisms
promises deeper insights into optimizing plant growth across environments.
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4.1 INTRODUCTION

Plants exhibit remarkable plasticity in response to their environment, and light perception
is a critical factor influencing growth, development, and reproductive success, ultimately
affecting plant fitness. The availability and quality of light are influenced by neighboring
plants, leading to changes in the light spectrum, particularly the red to far-red (R:FR) light
ratio. This phenomenon, known as shade avoidance syndrome (SAS), triggers a series of
morphological changes that enable plants to optimize light capture and photosynthesis
(Casal, 2012). Photoreceptors, such as cryptochromes and phytochromes, detect these
light signals and initiate complex hormone pathways, contributing to the SAS. In our
investigation, we focus on the SAS triggered by low R:FR conditions.

4.1.1 Role of hormones in shade avoidance

Plants have developed intricate physiological reactions to shade, with various
phytohormones playing a crucial role in the shade avoidance response. Among these,
auxin, gibberellins (GAs), and brassinosteroids (BRs) have been identified as vital
for controlling the elongation of hypocotyls induced by shading (Yang and Li, 2017).
Auxin plays a pivotal role. Auxin is well known as a very important growth hormone
in plant growth. The Dutch biologist Frits Went started the study of the secrets behind
plant growth regulation by hormones in the 1920s. One of his early research topics
was the influence of the plant tissues surrounding embryonic leaves on plant growth
and development. Upon removal of these, plants were much shorter. When looking
into the hormones involved, he confirmed the existence of auxin, a growth-promoting
hormone (Went, 1928). Auxin is involved in a myriad of plant processes, including organ
patterning, tropic responses, vascular development, and growth regulation (Davies,
2010). In Arabidopsis thaliana, a defective auxin biosynthesis taal gene was shown to
impair the SAS, highlighting the significance of auxin in this process (Tao et al., 2008).
In Arabidopsis, an increased concentration of auxin was found to hypocotyl and petiole
elongation (Kohnen et al., 2016a; van Gelderen et al., 2018; Kiipers et al., 2018), as well
as hyponasty (Pantazopoulou et al., 2017, PNAS).

Similarly, gibberellin (GA), initially discovered in rice plants with elongated seedlings
due to fungal infection in an 1898 paper published by Shotaro Hori, also contributes to
the shade avoidance response by promoting stem elongation through the degradation of
DELLA proteins, which are growth repressors by inhibiting a set of growth-promoting
transcription factors (Hedden and Sponsel, 2015). In earlier research, the treatment with
IAA and GAs could stimulate stem elongation in pea (Pisum sativum) (Yang et al., 1996).
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Brassinosteroids, another important plant hormone, is essential for normal plant
growth (Li and Chory, 1999). Studies in Arabidopsis seedlings have demonstrated that
brassinosteroid and auxin activity are required for shade avoidance initiated by reduced
blue light (Keuskamp et al., 2012). Besides, it has been demonstrated that BRs play a
role in plant growth and development by interacting with auxin and other phytohormones
(Kim et al., 2006). Brassinazole (BZ) has been validated as a specific inhibitor of BR
biosynthesis, a number of which have been shown to inhibit cytochrome P450s (Asami
et al., 2000). Arabidopsis plants treated with BZ exhibit dwarf phenotypes reminiscent
of BR biosynthesis mutants (Asami et al., 2000). It is noted that shade-induced stem
elongation relies on BRs in Arabidopsis, as BR biosynthesis mutants and BZ-treated
Arabidopsis plants fail to elongate in shade condition (Keuskamp et al., 2011)(Luccioni
et al., 2002). However, numerous questions regarding how BRs and their interactions
with other phytohormones modulate shade avoidance still remain to be answered.

Plant responses to shade involve also other hormones (Figure 4.1). Ethylene plays a
role in stem elongation and petiole growth under low light in tobacco (Pierik et al.,
2004). In leaves, auxin accumulation stimulates cytokinin oxidase, inhibiting leaf growth
(Yang and Li, 2017). Shade-induced abscisic acid (ABA) inhibits branching, and ABA
biosynthesis mutants exhibit increased branching under low R:FR (Finlayson et al.,
2010; Su et al., 2011). Strigolactone (SL), known for controlling lateral shoot growth,
influences branching suppression in shade. max2 mutants, affected in SL signaling,
show longer hypocotyls under various light conditions (Shen et al., 2012; Gonzélez-
Grandio et al., 2013). Karrikins, enhancing light sensitivity, could be key in mitigating
shade-induced responses (Waters and Smith, 2013; Meng et al., 2017). Recent studies
in Arabidopsis have provided an insight into the intricate interplay among all these
hormones. However, many details remain unclear, and the regulation of SAS beyond
Arabidopsis has still a lot to explore.

110



Hormone interplay in the regulation far-red-responsive stem elongation in tomato

Low R:FR

PhyB BR biosynthesis gene ‘

PIF4, 5,7

Gibberellin
bicactive GAL, GA3,
GA4, and GA7.

BZR1, BES1, ARF6 ‘

DELLA

YUCCAs

PINs/AUX/IAAs

L~

‘ Shade avmdanceelongatlon

(

Figure 4.1 Arabidopsis SAS elongation regulated by auxin, gibberellin, and brassinosteroids.
Regulation scheme adapted from literature (Yang and Li, 2017; Wang et al., 2020; Liu et al., 2021).
Avrabi dopsis picture is from Biorender.com.

4.1.2 Pharmacological tools for studying auxin, GA, and BR

In this chapter, we employed a pharmaceutical approach involving hormone and hormone
transport, signaling, and biosynthesis inhibitors to unravel the impact on various hormone
regulations in response to far-red treatment. This approach enables us to dissect the
hormone interactions, providing valuable insights into the complex hormonal dynamics
of SAS.

The effects of auxin can be simulated by exogenous treatments with various auxins,
especially Indole-3-Acetic Acid (hereafter IAA), the most commonly occurring natural
auxin. With the use of 1AA, plants can be treated to cause auxin-induced growth and
allows for further insight into the role of auxin in SAS. The effects of auxin can also
be inhibited in different manners, in this chapter, we used three chemicals to reduce
auxin biosynthesis, transport and signaling - Naphthylphthalamic acid (hereafter
NPA), 4-biphenylboronic acid (BBo) and 2-(1H-Indol-3-yl)-4-0x0-4-phenyl-butyric
acid)(PEO-1AA). NPA binds to the auxin transporters which makes it prevent active
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directional auxin flow from cell to cell. These in turn prevent auxin-induced functions
in plant tissues (Kiecek et al., 2009; Abas et al.,, 2020). BBo is a chemical which
inhibits auxin biosynthesis by targeting YUCCA (YUC). YUC-type flavin-containing
monooxygenases (FMO) facilitate the oxidative decarboxylation of IPyA to generate
IAA (Zhao et al., 2001; Zheng et al., 2013). BBo suppresses recombinant YUC activity
in vitro and thus likely decreases endogenous IAA content (Kakei et al., 2015). PEO-IAA
is an auxin antagonist that competitively binds the auxin receptor, TIRL/AFB proteins
(TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PROTEINS)
(Senkytik et al., 2023).

To study gibberellins (GAs), we use gibberellic acid 3 (GA,) as the exogeneous
application, and we use paclobutrazol (PBZ) as an inhibitor of gibberellin signaling. PBZ
hinders plant growth by inhibiting GA synthesis, as it blocks the oxidation of ent-kaurene
to ent-kauronoic acid. This interference occurs through the inactivation of cytochrome
P450-dependent oxygenase (Gallardo et al., 2002; Desta and Amare, 2021).

And finally, we studied brassinosteroids (BRs) which play a crucial role in normal plant
growth and are essential for shade avoidance responses in Arabidopsis seedlings (Asami
et al., 2000). To test the effects of BRs, we treated plants with brassinolide- the active BR
form. To inhibit the brassinosteroid signalling, we investigated the effects of brassinazole
(BZ), an inhibitor of brassinosteroids biosynthesis. By exploring the interactions and
effects of these exogenous hormone treatments and inhibitors, we aim to deepen our
understanding of the hormonal regulation underlying the shade avoidance response in
tomato stems and shed light on the molecular mechanisms governing their growth and
development in varying light conditions.

In this chapter, our primary focus was to study the roles of auxin, brassinosteroids and
gibberellins in tomato stem elongation responses to light. We used a pharmacological
approach and applied the chemicals described above. As these treatments were not
previously published on tomato, we first optimized the chemical application methods,
precise timings and frequencies of treatment, and chemical concentrations. Then, we
sought to recapitulate the intricate FR response by applying one or multiple hormones
or hormone inhibitors. Our aim was to construct a hormone network of SAS in tomato,
and indeed, we found evidence for all three hormones in FR-responsive tomato stem
elongation.
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4.2 RESULTS

4.2.1 IAA and GA-related transcripts show a robust fold change
response to FR, while BR-related genes exhibit a muted response

We wanted to explore how hormone-related genes were responding to FR in our tomato
RNAseq data (described in detail in Chapter 3). Given the shortness of tomato gene
lists for hormone responses in the current (ITAG4.1) tomato GO annotation, we used
Arabidopsis Gene Ontology (GO) annotations (Table 4.1) from TAIR (The Arabidopsis
Information Resource)(Lamesch et al., 2012) to identify the genes of interest. Then,
we employed a multi-blast strategy against the tomato transcripts in the Solgenomics
database (https://solgenomics.net/tools/blast/). This approach allowed us to identify
putative tomato genes responsive to hormones in our RNA-seq dataset. This was also
supplemented by tomato hormone literature (Li et al., 1994; Knauss et al., 2003; Wu et
al., 2012; Stortenbeker and Bemer, 2019). We visualized the FR-responsiveness of these
genes of interest in our transcriptome data (Figures 4.2, S4.1, S4.2).

(b)
2
1
0 2
BRI1 SUPPRESSOR 1 Solyc019009280 =4
-1 BRI1- ASSOCIATED KINASE 7 Solyc01g104970=4 1
-2 BRASSINAZOLE-RESISTANT 1 Solyc02g063010-1 0
LOQ FC BRASSINAZOLE-RESISTANT 1 Solyc02g071990=4 1
BRASSINAZOLE-RESISTANT 1Solyc03g005990=4
B D 1 1304 2
Log FC
BRA. 0ID
BRI1- ASSOCIATED KINASE 7Solyc04g072570=4
BRASSINAZOLE-RESISTANT 1 Solyc04g079980=1
BRI1 SUPPRESSOR 1-LIKE 1 Solyc06g073960=4
BRASSINOSTEROID 1
BRI1 SUPPRESSOR 1 (BSU1)-LIKE 1 Solyc09g074320=4
BRI1- ASSOCIATED KINASE 7Solyc10g047140=4
BRI1 SUPPRESSOR 1 Solyc11g071920=4
BRASSINAZOLE-RESISTANT 1 Solyc12g089040=1
ARGOS-LIKE Solyc12g096570=4
GIBBERELLIN 2-OXIDASE 3 Solyc019079200=]
GIBBERELLIN 20-OXIDASE-3 SOLVD719072310-7 - -
GAI Solyc11g011260=4 |
GIBBERELLIN 2-OXIDASE 2Solyc07g056670=4
GIBBERELLIN 2-OXIDASE 4Solyc07g061720=4 -
GIBBERELLIN 2-OXIDASE 5Solyc07g061730=4
GIBBERELLIN 20-OXIDASE-2Solyc06g0355301
GIBBERELLIN 20-OXIDASE-1Solyc03g006880=4
LE30H-23B-HYDROXYLASE Solyc03g119910 =4
LE30H-13B-HYDROXYLASE Solyc06g066820-1 -
Tissue and “é', & & o & g Tasueand
FR treated hours 5 nb,,'b ogp obeb? \6(5 &‘9 FR treated hours
& &S T
& F S F S ¢ & &S

¢ @
SFFFFE®

Figure 4.2. FR response of IAA, BR and GA-related genes in tomato. Heatmap generated from RNA-
seq data illustrates the log fold change in gene expression associated with (a) IAA, (b) GA and BR.
Upregulation is represented in red, while downregulation in blue. FR-responsive DEGs are boxed in red.
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We found strong foldchange responses to FR in our auxin and GA gene lists, namely in
SAUR (small auxin up-regulated RNA) genes and GA oxidase genes, while BR-related
genes exhibited a more subdued response (Figure 4.2). SAURs regulate growth by
regulation of cell activity, and they are responsive to multiple hormones not limited to
auxin (Stortenbeker and Bemer, 2019). GA oxidases catalyse the conversion of active GAs
to inactive forms, thereby regulating the levels of bioactive GAs in plants. Gibberellin
2-oxidases (GA2o0xs) regulate plant growth by inactivating endogenous bioactive GAs
(Lo et al., 2018), while gibberellin 20-oxidase (GA200x) is responsible for catalyzing
consecutive oxidation steps in the late phase of the GA biosynthetic pathway. These
observations highlight the sensitivity of these genes to FR conditions. The FR-induced
gene expression changes suggest interplay between light signaling and hormone pathways,
warranting further exploration into the specific mechanisms governing these responses.

4.2.2 Signal triggering internode 1 elongation might derive
from leaf 1 or internode 1

Based on the findings from Chapter 2, we focused our investigation on internode 1,
which corresponds to the internode between the cotyledons and the first true leaf. We
wanted to dissect the hormone signalling pathway in more detail, but we wanted first to
identify what was the location of FR light perception triggering the internode elongation.
In previous research on Datura ferox and Sinapis alba, local FR applied only on a leaf
can induce stem elongation response in the adjacent internode (Ballaré et al., 1990).
Similarly, local FR treatment on tomato can induce a local response from the terminal
leaflet (Courbier et al., 2020). First, we conducted a local FR experiment (Figure 4.3) to
test which local FR treatments would induce internode 1 elongation. When we exposed
internode 1, leaf 1, or the meristem to a localised R:FR=0.01 FR with a spot lamp, we
observed elongation in the first internode, akin to the effect seen in the entire plant under
FR light. This suggests the mobility of the signal from this localized FR treatment that
was not always on the responding tissue.
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Internode 1 Meristem

Figure 4.3. Local FR treatment on each tissue as captured with infrared camera.
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Figure 4.4. Stem elongation in response to different local FR applications. We treated 14-day-
old tomatoes with local or global supplemental FR light. The data include measurements of (a)
stem length, (b) hypocotyl length, and (c) internode 1 length. The data are presented as mean +
SEM, and different letters indicate significant differences between treatments based on ANOVA
analysis with Tukey’s post hoc test (P<0.05). There were 15 plants per local treatment, and the
experiment was repeated three times.

4.2.3 TAA induces mild stem elongation when applied on first
internode or first true leaf

Commencing our exploration of the effects of different hormones, we started with the
IAA-responsive pathway, indicated by our RNAseq data (Chapter 3). IAA is known to
play a role in SAS in other species, specifically by induction of IAA in leaves by FR,
consequently influencing petiole and hypocotyl growth. IAA application in Arabidopsis
SAS studies is commonly achieved through treatments applied to diverse leaf regions or
introduced into the growth medium (Michaud et al., 2017; Pantazopoulou et al., 2017).
However, considering the stem growth habit of tomato compared to Arabidopsis rosette
habit, we wanted to explore and test different IAA application methods. Specifically, we
investigated the use of a whole plant spray and a brushing method onto both internode 1
and leaf 1 (Figure 4.5). By carefully evaluating these application techniques, we aimed to
determine the most effective approach to studying IAA’s role in tomato SAS.
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Initially, a whole-plant spray failed to elicit a significant internode 1 response at both
25 uM and 100 uM (Figure 4.5). However, when 100 uM IAA was applied through
brushing on internode 1 and leaf 1, a mild elongation in both hypocotyl and internode
was observed (Figure 4.5). This outcome serves as a promising indication of the efficacy
of the brushing method.

We also wanted to test if we could mimic the local FR treatment (Figure 4.4) by local
IAA applications. We applied 100 uM IAA separately to both leaf 1 and internode 1,
each with three applications of brushing over a week-long treatment period (Figures 4.5
and S4.3). We observed that the internode 1 elongated in response to IAA treatment in
WL with both internode and leaf treatments, and the response was similar in WL for both
tissues but did not reach the level of FR-responsive elongation (Figure 4.5g). However,
we did not find any significant IAA-induced changes in supplemental FR conditions for
either treatment location (Figures 4.5g,h and S4.3).

We also quantified leaf growth, to assess negative effects that the IAA treatment might
be causing. Application of TAA to leaf 1 or to Internode 1 led to a significant decrease
in both leaf 1 and 2 areas (Figure 4.51,j). We here considered some assumptions: first,
auxins are known to promote apical dominance. When 1AA is applied to the stem, it
may enhance apical dominance, directing more resources towards the main stem and
inhibiting lateral growth, including leaf expansion. Second, the application of IAAto the
stem may disrupt the hormonal balance, leading to altered growth patterns in a complex
network that regulates plant growth and development. Imbalances in these hormone
levels can impact leaf development. Further investigation of this effect is needed, but it
is not the focus in this chapter.
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Figure 4.5. Stem responses to different IAA treatments. We treated 14 day-old tomatoes with
25 uM or 100 uM TA A by whole plant spray, or by brushing onto leaf 1 and internode 1. Spray and
brush were applied 3 times over one week treatment period. The data includes measurements of
() illustration of how internode+leaf brush or whole plant spray were carried out, (b) internode 1
length of 25 uM TAA treatment, (c) internode 1 diameter of 25 uM IAA treatment, (d) internode
1 length of 100 uM IAA treatment, (e) internode 1 diameter of 100 uM IAA treatment, (f)
representative photos of the phenotypes for brushing IAA on internode or leaf 1, (g) internode 1
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length to brushing 100 pM TAA on internode or leaf 1, (h) internode 1 diameter to brushing 100
UM IAA on internode or leaf 1, (i) first leaf area (oldest leaf) to brushing 100 uM IAA on internode
or leaf 1, (j) second leaf area brushing 100 uM IAA on internode or leaf 1. The data are presented
as mean + SEM, and different letters indicate significant differences between treatments based on
ANOVA analysis with Tukey’s post hoc test (P<0.05). There were 6-9 biological replicates, and the
experiment was repeated twice. Picture (a) was created with Biorender.

4.2.4 The elongation of internode 1 did not show IAA dose
dependency

Next, we wanted to investigate if the IAA concentration we were applying was either too
high or too low to induce the full FR-like internode 1 elongation. We applied a range of
IAA concentrations through brushing on Internode 1 by three applications during one
week (length of the FR treatment). We observed that the elongation of internode 1 did
not change in response to the IAA concentration (Figure 4.6a). Surprisingly, at both 5
uM and 200 uM IAA, the elongation level of internode 1 remained virtually the same.
This suggests that IAA-responsive internode 1 elongation is not dose-dependent on IAA
concentration and that our lowest IAA treatment already induced the maximal response
possible by IAA alone (Figure 4.6, S4.4).
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Figure 4.6. Internode responses to different IAA concentrations. We treated 14 day-old
tomatoes with different concentration I1AA by brushing onto internode 1. Brush were applied 3
times over one week treatment period. The data includes measurements of (a) Internodel length. (b)
Internodel diameter. Data are presented as mean + SEM, and different letters indicate significant
differences between treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05).
There are 12 biological replicates, and the experiment was repeated twice.

We also quantified internode 1 cellular morphology in response to IAA treatments
by microscopy to collect clues on how different cell types respond to IAA. In our
microscopy analysis of IAA treatment on internode 1, we observed that all cell lengths
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increased with an increase in IAA concentration to a similar level as FR (Figure 4.7). Our
inability to synchronize the cell division rate in our analysis could potentially explain
why IAA cannot induce internode elongation at a level similar to that observed under FR
conditions. Moreover, we assessed periclinal pith cell divisions by counting cell layers
and measuring pith radial thickness (Figure 4.7). It was evident that IAA promoted both
cell elongation and cell division in internode 1. However, the overall phenotypic response
to IAA was less pronounced compared to far-red light (FR) treatment, potentially due to
missing hormone interactions and balance. Despite showing similar cellular responses
to FR, the effects on overall plant phenotype were not as strong. In summary, 1AA does
influence cellular processes, including elongation and division in internode 1. However,
the complex interplay of hormones and their balances might limit the full phenotypic
expression of these cellular changes, resulting in a less prominent overall response
compared to FR treatment (Figure 4.7).

4.2.5 NPA induced elongation and diameter decrease in tomato

In our quest to understand how plants respond to light, we next tested N-1-
naphthylphthalamic acid (NPA), a polar auxin transport blocker, to disrupt signals from
the leaf. We hypothesized that inhibiting auxin transport would disrupt the response
to light. This approach aims to uncover the role of leaf-derived auxin in the complex
interaction between light signals and plant growth. In our experiments, we tested various
concentrations of NPA brushed on internode 1, namely 250 uM, 125 uM, and 50 uM
(Figures 4.8-4.9). We applied the treatments one day prior to FR treatment and then
phenotyped the plants after one week of exposure to FR light. We employed NPA in our
initial test at a concentration of 250 uM, resulting in a significant impact on overall plant
fitness. The stems exhibited substantial elongation, becoming thin to the point of fragility.
Following this, we reduced the concentration. As we decreased the concentration to 125
uM, the plants required additional support to stand upright, while at 50 uM, the plants
displayed a more robust growth (Figure 4.8). Therefore, we selected 125 uM and 50 uM
as the concentrations for our subsequent experiments.
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Figure 4.7. Cell type responses to different IAA concentrations. We treated 14-day-old tomatoes
with different concentration IAA by brushing onto internode 1and analyzed the cell types response
by microscopy. The data includes measurement of (a) cell types illustration of internode 1, (b)
pith layer numbers, (c) pith thickness, (d) interfascicular cambium thickness, (e)epidermis cell
length, (f) collenchyma cell length, (g) parenchyma cell length, and (h) pith cell length. Data
are represented as mean + SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). The sample size for
each treatment was 60 and the experiment was repeated twice.
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Figure 4.8. Stem responses to different NPA concentrations. We treated the first internode of 13
dag tomatoes with 25, 50, 125 uM NPA (or mock) in WL conditions one day prior to the start of the
one-week FR treatment. (a) Representative images of NPA phenotypes, (b) internode 1 length, (c)
internode 1 diameter. Data are presented as mean + SEM, and different letters indicate significant
differences between treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05).
There are 12 biological replicates, and the experiment was repeated twice.

Regardless of the NPA concentration used (50 uM and 125 uM), NPA consistently
induced significant stem elongation in the hypocotyl and internode 1 (Figures 4.8,
S4.5). However, we observed different responses to FR light depending on the NPA
concentration. With 50 uM NPA, the stems elongated during white light (WL) treatment
and this elongation was further enhanced with FR light response. Conversely, with 125
uM NPA, internode 1 elongation occurred but was reduced when exposed to FR light.

Regarding stem diameter, we had noticed that hypocotyl diameter increased with FR
treatment (Chapter 2). NPA consistently leads to a substantial reduction in diameter ,
possibly explaining why 125 uM NPA caused a significant decrease caused plants
fragility (Figure 4.8(a), S4.6).
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Figure 4.9. Cell type responses to different NPA concentrations. We treated 14 day-old
tomatoes with different concentration NPA by brushing onto internode 1 and analyzed the cell type
responses by microscopy. Data includes measurement of (a) cell types illustration of internode 1,
(b) pith layer numbers, (c) pith thickness, (d) interfascicular cambium thickness, (€) epidermis
cell length, (f) collenchyma cell length, (g) parenchyma cell length, and (h) pith cell length. Data
are represented as mean + SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). The sample size for
each treatment was n=60, and the experiment was repeated twice.
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We also investigated the effects of NPA treatment on the cellular morphology in the stem.
The application of 50 uM of NPAresulted in a decrease in cell length in all cell types under
both WL and WL+FR treatments (Figure 4.9). Conversely, at a higher concentration of
125 uM of NPA, we observed a slight increase in cell lengths. Furthermore, the thickness
of the pith decreased in response to NPA application at both concentrations, regardless of
the light treatment (Figure 4.9). Interestingly, at 125 uM of NPA, there was a significant
decrease in the number of pith cells. This finding suggests that NPA or its effects on
auxin localization may inhibit cell division.

Overall, the effects of NPA were not what we had hypothesised. Instead of blocking the
FR-responsive elongation, we observed strong internode 1 elongation even at WL. We
considered alternative explanations, and one was that the NPA treatment in the internode
would cause IAAto pool in the internode. In other words, instead of NPA inhibiting IAA
from entering, NPA would lock it in. To try an alternative approach to circumvent the
possible side effects of our NPA treatment, we tried also other IAA inhibitors.

4.2.6 Auxin antagonist PEO-1AA and biosynthesis inhibitor
BBo did not affect stem elongation

Next, we tested the effect from an application with PEO-IAA, an auxin antagonist
(Hayashi et al., 2008). PEO-IAA interacts with TIRL/AFB (TRANSPORT INHIBITOR
RESPONSE 1/AUXIN SIGNALING F-BOX) proteins similarly to -alkyl-1AA, and
leads to an anti-auxin effect on auxin-responsive gene expression, cell division, and
elongation pathways (Senkyiik et al., 2023). In this experiment, we tested different
concentrations of PEO-IAA applied to the first internodes of tomato plants in either
WL or WL+FR conditions on one day before FR treatment (Figure 4.10). Above, we
showed that IAA application triggered a mild stem elongation response. Unexpectedly,
no significant differences were observed in stem elongation with any concentration of
PEO-IAA. These outcomes suggest that PEO-IAA does not influence stem elongation in
tomato, and this could be attributed to unsuccessful penetration. Alternatively, it may be
indicative of a limited responsiveness of tomato plants to PEO-I1AA.
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Figure 4.10. Stem response to different PEO-1AA concentrations. We treated the first internode
of 13 dag tomatoes with different concentration PEO-IAA (or mock) in WL conditions one day
prior to the start of the one week FR treatment. The data includes measurements of (a) Stem
length, (b) Hypocotyl length, (c) First internode length (d) Hypocotyl diameter. (e) First internode
diameter. Data are presented as mean = SEM, and different letters indicate significant differences
between treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 12
biological replicates, and the experiment was repeated twice.

Finally, we wanted to test an inhibitor of auxin biosynthesis, 4-biphenylboronic acid
(BBo). BBo is a chemical that targets YUCCA, the last step in IAA biosynthesis
pathway. Bbo suppressed recombinant YUC activity in vitro and decreased endogenous
IAA content (Kakei et al., 2015). We firstly used a brushing method as application: we
applied Bbo on the internode 1 by brushing one day in advance of FR treatment. BBo
had no significant inhibitor effects (Figure S4.7). Due to the mobility of chemicals and
intake time consideration, we applied BBo (and later in this chapter PBZ and BZ) also
through soil penetration (Figure 4.11). To ensure proper soil penetration, we applied the
inhibitors 2 days before the FR treatment by withholding water 4 days in advance and
then adding 40ml of each inhibitor solution to the individual pots. However, the BBo
treatment did not have any effect when applied through this method either.
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Figure 4.11. Stem response to 100 pM BBo, PBZ, BZ. We drained the soil 4 days before FR
treatment, and applied BBo, PBZ and BZ directly to the soil 2 days before FR treatment in FR
conditions. Data include measurements of (a) illustration of how to apply the soil penetration, (b)
Internode 1 length, (c) Internode 1 diameter. Data are presented as mean + SEM, and different
letters indicate significant differences between treatments based on ANOVA analysis with Tukey’s
post hoc test (P<0.05). There are 12 biological replicates, and the experiment was repeated twice.

4.2.7 Auxin concentration in the internode is not affected by
FR treatment

Considering the induction of auxin response in the transcriptome and the effect of
exogenous IAA, we were curious whether the IAA concentration changes in response to
FR enrichment. To investigate this, we employed liquid chromatography-tandem mass
spectrometry to quantify the IAA concentration in internode 1 in response to 1-hour,
2-hour, and 6-hour whole-plant FR treatments. Additionally, we assessed the potential
circadian influence by subjecting samples to a 1-hour FR treatment in both the morning
and afternoon (Figure 4.12). However, we did not uncover definitive evidence of IAA
concentration increasing in response to FR in bulk tissue of internode 1, indicating that
either 1AA is not regulated, or that we missed subtle changes in concentration and/or
distribution of IAA.
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Figure 4.12. 1AA concentration in internode 1 in response to 1-hour, 2-hour, and 6-hour FR
treatments. We also assessed the circadian influence through 1-hour far-red treatment initiated in
morning and afternoon.

4.2.8 A high concentration of GA can completely recapitulate
the elongation induced by FR.

Given that the application of auxin did not yield as strong an elongation response as we
observed in supplemental FR-treated plants, we proceeded to investigate the impacts of other
hormones. GA-related gene expression was affected in FR-enriched stems (Figure 4.2),
and also GA is known to play a role in FR-responsive elongation in Arabidopsis (Djakovic-
Petrovic et al., 2007; Kohnen et al., 2016b). So, we next investigated the role of gibberellin
(Figure 4.13) and the combined influence of gibberellin and auxin (Figure 4.14).
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Figure 4.13. Stem response to different GA, concentrations. We brushed the first internode of 14
-day-old tomatoes with different concentration GA (or mock) in WL or FR conditions over one week FR
treatment. Brush were applied 3 times over one-week treatment period. The data includes measurements of
(a) First internode length (b) First internode diameter. Data are presented as mean + SEM, and different
letters indicate significant differences between treatments based on ANOVA analysis with Tukey’s post
hoc test (P<0.05). There are 12 biological replicates, and the experiment was repeated twice.
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Notably, when we tested different concentrations of bioactive gibberellin 3 (GA,), we
observed a dose-dependent trend in the elongation of the first internode (Figures 4.13,
S4.7). This experiment was performed by brushing GA, three times (on days 1, 3 and 5 of
the light treatment) onto the first internode of tomatoes placed in either WL or WL+FR,
and the parameters were measured at 7 days. We found that tomato plants growing in WL
responded to a rising GA, concentration. Namely, the stem length and the first internode
length were gradually getting bigger. At 100 uM GA,, the internode 1 elongation reached
the level of FR-induced elongation. In supplemental FR, no significant differences
were found in stem- and first internode length except for 100 uM GA,. In addition,
no significant differences were found in hypocotyl length, hypocotyl diameter and first
internode diameter in both the WL and FR light treatment. Therefore, we conclude that
GA, causes an significant elongation response only with 100 uM in FR and WL.

4.2.9 Adding IAA to the GA treatment had minimal effect on
elongation

We wanted to test if the GA effect was additive with the previously observed mild
effect from IAA, and if these effects could also be additive with FR-induced elongation.
Hence, we treated plants with both GA and IAA, either 50 or 100 uM of each. All
the plants grown under white light (WL) and treated with 100 uM GA,, or with 50
or 100 uM GA,+IAA had longer internode 1 lengths compared to the control group
(Figure 4.14). Furthermore, the first internode of plants treated with 50 or 100 uM GA,
and TAA displayed a significantly larger diameter in comparison to the control group.
However, the treatment with 100 uM GA, alone did not lead to a notable difference in
the diameter of the first internode. Conversely, no noteworthy disparities were observed
in the stem and first internode lengths between plants treated with 100 uM GA, and those
treated with 50 or 100 uM GA, and IAA. Likewise, there were no significant variations
detected in hypocotyl length and diameter. These outcomes collectively indicate that the
addition of 1AA, when compared to the exclusive GA, treatment, does not induce any
supplementary response (Figure 4.14). However, the 100 uM GA, and IAA treatment
induced an additive internode elongation effect on top of the FR effect.

Treating with GA alone also affected cellular morphology (Figure 4.15). GA alone
resulted in a reduction in the number of pith cell layers, suggesting an inhibition of
cell division by GA. However, this effect was overcome when GA was combined with
IAA. Remarkably, under FR conditions, the combination of GA and IAA not only
overcame the cell division inhibition but also induced even more cell division (Figure
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4.15b). Furthermore, an increase in pith cell thickness and number was observed with
the application of GA, and this effect was enhanced in the presence of GA+IAA. These
findings indicate cell enlargement and elongation across all cell types when assessing
their lengths (Figure 4.15c, e, f, g, h). The collective evidence highlights that the
combined action of GA and IAA not only overcomes the inhibitory effect on cell division
but also promotes cell elongation.

(a)

150

-]
o

o

=)

B
1=

Stem length(mm)
S

10

Internode 1 length(mm)
w
o

F
\Ng
< @Q‘}
Ns
»
NN V"w} QQQ
\é\l
E4
£
=
83
3
£
g2
2
8 1
<]
o
Lo
9
4‘\'\@‘} EREN
&
N
V@Q N
N &

Figure 4.14. Stem response to different concentration GA, combined with IAA. We brushed
the first internode of 14 day-old tomatoes with different concentration GA, and IAA (or mock)
in WL or FR conditions over one week FR treatment. Brushing was applied 3 times over one-
week treatment period. Data includes measurements of (a) Stem length, (b) Hypocotyl length, (c)
Internode 1 length, (d) Hypocotyl diameter, (e)Internode 1diameter. Data are presented as mean +
SEM, and different letters indicate significant differences between treatments based on ANOVA
analysis with Tukey’s post hoc test (P<0.05). There are 12 biological replicates, and the experiment
was repeated twice.
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Figure 4.15. Cell type responses to different GA+IAA treatments. We treated 14 day-old
tomatoes with different concentration GA+IAA by brushing onto internode 1and analyzed the cell
types response by microscopy. Data includes measurement of (a) cell type illustration of internode
1, (b) pith layer numbers, (c) pith thickness, (d) interfascicular cambium thickness, (e)epidermis
cell length, () collenchyma cell length, (g) parenchyma cell length, and (h) pith cell length. Data
are represented as mean £ SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). The sample size for
each treatment was n=80 and the experiment were repeated twice.
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4.2.10 Inhibiting GA signalling abolished FR-responsive stem
elongation

After showing that GA application can mimic supplemental FR-induced elongation,
we wanted to see if GA was necessary for the FR-responsive stem elongation. In this
experiment, we used paclobutrazol (PBZ), a known antagonist of gibberellin, acting
by inhibiting gibberellin biosynthesis (Kamoutsis et al., 1999). After trial of different
application methods, namely brushing (Figure S4.9) and soil penetration (Figure 4.11),
we established a working protocol. With the soil penetration treatment, we observed that
blocking GA synthesis in supplemental FR led to WL-like internodes, thus indicating
that GA is required for the FR-responsive stem elongation (Figure 4.14).

4.2.11 Exogenous brassinosteroid treatment induced elongation
comparable to FR

Although the RNAseq data showed only mild effects on the expression of brassinosteroid-
related genes, Auxin and brassinosteroids (BR) are interconnected in numerous growth
processes, with cell elongation serving as the driving force behind hypocotyl elongation
for both (Keuskamp et al., 2010b; Keuskamp et al., 2012). BR are known to play a
crucial role in normal plant growth and are essential for shade avoidance responses in
Arabidopsis seedlings (Asami et al., 2000).

First, we tested effects of different concentrations of BR in WL (Figure 4.16). In this
experiment, we utilized brassinolide as a representative of BR. The treatment commenced
with brushing the internode of 14-day-old seedlings. With a high concentration of BR,
the elongation observed in the BR-treated internode reached a level comparable to
that induced by supplemental FR (Figure 4.16). BR also triggered cell elongation in
correspondence with the changes in concentration (Figure 4.17).
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Figure 4.16. Stem responses to different concentration BR. We brushed the first internode of
14 day-old tomatoes with different concentration BR (or mock) in WL or FR conditions over
one-week treatment. Brushing was applied 3 times over one week treatment period. Data includes
measurements of (a) Stem length, (b) Hypocotyl length, (c) Internode 1 length, (d) Hypocotyl
diameter, (e) Internode 1 diameter. Data are presented as mean + SEM, and different letters indicate
significant differences between treatments based on ANOVA analysis with Tukey’s post hoc test
(P<0.05). There are 12 biological replicates, and the experiment was repeated twice.

We followed this up by testing the combined effects of GA and BR at a concentration of
100 uM (Figure 4.18). We observed that BR alone was able to induce internode elongation
similar to the supplemental FR treatment. We found that GA resulted in significantly
greater elongation than supplemental FR unlike in our previous experiment (Figure 4.14).
The combination of GA and BR did not show a further increase in elongation compared
to GA alone. Additionally, we investigated the effects of GA and BR on stem diameter.
Both GA and BR were found to induce an increase in diameter, with GA inducing a
greater increase compared to BR when tested individually. To summarize, GA induces
greater internode elongation than FR or BR, and the combined effects of BR and GA are
not additive.
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Figure 4.17. Cell type responses to different BR concentrations. We treated 14 day-old
tomatoes with different concentration BR by brushing onto internode 1 and analyzed the cell types
response by microscopy. Data includes measurement of (a) cell types illustration of internode 1,
(b) pith layer numbers, (c) pith thickness, (d) interfascicular cambium thickness, (e)epidermis
cell length, (f)collenchyma cell length, (g) parenchyma cell length, and (h) pith cell length. Data
are represented as mean + SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). The sample size for
each treatment was n=80 and the experiment was repeated twice.
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Figure 4.18. Stem response to 100 pM BR, GA or BR+GA. We brushed the first internode of 14
-day-old tomatoes with different concentration BR (or mock) in WL or FR conditions over one-
week light treatment. Brushing was applied 3 times over one-week treatment period. Data includes
measurements of (a) Stem length, (b) Hypocotyl length, (c) Internode 1 length, (d) Hypocotyl
diameter, (e) Internode 1diameter. Data are presented as mean + SEM, and different letters indicate
significant differences between treatments based on ANOVA analysis with Tukey’s post hoc test
(P<0.05). There are 12 biological replicates, and the experiment was repeated twice.

4.2.12 Inhibiting BR signaling abolished FR-responsive stem
elongation

Since brassinolide boosted stem elongation in white light, we verified if inhibition of
brassinosteroids would impair supplemental FR-induced elongation. We investigated this
using Brassinazole, (BZ), a triazole derivative that serves as an inhibitor of brassinosteroid
biosynthesis by cytochrome P450s (Asami et al., 2000).We tested the two application
methods, brushing on the internode and soil penetration. We found that the BZ application
by brushing was not fully effective (Figure S4.10), while with the soil penetration method
BZ completely inhibited FR-responsive stem elongation (Figure 4.11, S4.11)
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4.2.13 Interplay of IAA, GA and BR

Given the significant elongation response observed with the application of GA, BR
and IAA individually, we wanted to evaluate the effects of the combined treatment of
GA+IAA+BR on plant growth (Figure 4.19). Specifically, internode 1 was brushed three
times over a week with either 50 or 100 uM of the treatment. The results showed that
the combined treatment induced similar elongation levels on internode 1 compared to
the FR treatment. This is an interesting contrast to the GA only and GA+BR combined
treatments (Figure 4.18), where internode elongation exceeded that of FR-induction.
This possibly indicates hormones have addictive effect, since auxin potentially has a
restricting role in the elongation and GA with high concentration in our experiment
was able to induce elongation. Additionally, a noticeable and significant elongation was
observed in the hypocotyl, which could potentially be attributed to the effect of BR
because this phenomenon was not observed with IAA or GA treatment alone. Combined
treatment involving GA, IAA, and BR significantly promotes cell elongation, surpassing
the elongation induced by FR treatment alone (Figure 4.20).

In our endeavour to comprehensively explore the effects of GA, I1AA, and BR, we
sought to investigate whether the suppression of supplemental FR-induced elongation
by applying PBZ or BZ could be rescued by the other two hormones. Building upon
insights from our previous results and assumptions, we formulated a hypothesis to
determine if the combination of two hormones could rescue the blockage caused by the
absence of one hormone. We had previously shown that GA treatment in WL leads to
internode elongation greater than FR (Figure 4.15), and that inhibiting BR signaling by
BZ abolishes the FR-induced internode elongation (Figure 4.11). We investigated if GA
with IAA would overcome the BZ-induced inhibition, and also vice versa. We conducted
an experiment using the soil penetration method. Four days before supplemental FR,
we stopped watering and added 40 ml of the inhibitors, PBZ or BZ, to the soil two days
prior to the experiment. During the experiment, we applied either IAA+BR with PBZ,
or IAA+GA with BZ under supplemental FR light conditions (Figure 4.21). Here, we
observed that GA+IAA treatment in supplemental FR, while inhibiting BR with BZ, led
to internode elongation even stronger than supplemental FR alone. This indicates that
GA+IAA treatment can rescue the internode elongation in BR inhibition, suggesting that
brassinosteroid is not needed for these two hormones to promote elongation. Conversely,
BR+1AA treatment in supplemental FR combined GA inhibition via PBZ led to internode
elongation similar to the effect of supplemental FR. This indicates that BR-induced
internode elongation is not dependent on GA availability, or that BR+IAA treatment can
rescue the internode elongation during GA inhibition.
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Figure 4.19. Stem responses to 50, 100 pM GA+IAA+BR. We brushed the first internode of
14 -day-old tomatoes with different concentration combine hormones (or mock) in WL or FR
conditions over one week FR treatment. Brushing was applied 3 times over one-week treatment
period. The data includes measurements of (a) Stem length. (b). Hypocotyl length. (c) First
internode length. (d) Hypocotyl diameter. (e) First internode diameter. Data are presented as mean
+ SEM, and different letters indicate significant differences between treatments based on ANOVA
analysis with Tukey’s post hoc test (P<0.05). There are 6 biological replicates and the experiment
was repeated twice.
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Figure 4.20. Cell type responses to 100 pM GA-+IAA+BR. We treated 14 day-old tomatoes
with 100 pM GA+IAA+BR by brushing onto internode 1 and analyzed the cell types response
by microscopy. Data includes measurement of (a) cell types illustration of internode 1, (b) pith
layer numbers, (c) pith thickness, (d) interfascicular cambium thickness, (e)epidermis cell length,
(f)collenchyma cell length, (g) parenchyma cell length, and (h) pith cell length. Data areData
are represented as mean £ SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). The sample size for
each treatment was n=80 and the experiment was repeated twice.
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Figure 4.21. Stem responses to 100 pM PBZ and BZ with the other two hormones. \We drained
the soil 4 days before FR treatment, and applied BBo, PBZ and BZ directly to the soil 2 days before
FR treatment in FR conditions. We brushed the first internode of 14 day-old tomatoes with different
concentration BR(or mock) in WL or FR conditions over one week FR treatment. Brushing was
applied 3 times over one week treatment period. (a)lllustration of how to apply the soil penetration and
hormone. The data includes measurements of (b) Stem length, (c) Hypocotyl length, (d) Internode 1
length, (e) Hypocotyl diameter, (f) Internode 1 diameter. The data are presented as mean + SEM, and
different letters indicate significant differences between treatments based on ANOVA analysis with
Tukey’s post hoc test (P<0.05).There are 8 biological replicates. Picture was created by Biorender.

In conclusion, our experiments testing the interplay of BR, IAA and GA demonstrated
that the both BR and GA are necessary for the FR-induced internode elongation, but either
one of them can be rescued by the other one (combined with IAA in our experiments).
We also saw that the effects of GA and BR might be additive, so it indicates both of them
play a role in the FR-induced internode elongation. The role of IAA and how it interacts
with BR and GA remains elusive, and might be complicated by internal concentrations or
spatial patterns that cannot be emulated though exogenous IAA or inhibitor applications.
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4.2.14 Comparative analysis of gene expression patterns in
timepoints and tissues

Finally, we wanted to verify how the different hormones induced gene expression in
the internode, and if these changes resembled the supplemental FR-induced changes.
Building on previous results from Chapter 3, we had observed that pith tissue responded
differently to FR enrichment compared to the whole internode 1. In order to further
characterize these differences and investigate earlier timepoints, we first analyzed FR-
responsive gene expression changes with qRT-PCR in both pith tissue and the first
internode tissue at 1, 2, and 6 hours after applying supplementary far-red light.

For the first qQRT-PCR analysis, we selected transcription factors and hormone-related
and hormone-responsive genes that were identified as DEGs in the transcriptome data
at the six hour timepoint. We found distinct FR-responses in the two tissues (Figure
4.22). Overall, we observed the clearest changes in gene expression at the two hour
timepoint. As certain transcription factors showed only mild effects, they were excluded
from subsequent experiments.

4.2.15 The effect of different hormones on gene expression
patterns

After confirming the FR-induced differences between the two tissues and discovering
that the largest changes were observed at two hours of WL+FR treatment, we decided to
sample the hormone gPCR experiment at this time point. In the hormone experiment, we
harvested the plant material after two hours of treatment with WL, GA, IAA, GA+IAA,
BR, BR+GA+IAA, and WL+FR, and performed a second gene expression study on
the entire internode 1, as well as the pith tissues of this internode (Figures 4.22, 4.23).
We found that GA induced expression of most of the studied genes in the internode.
Research has shown that ELONGATED HYPOCOTYL5 (HY5) is a shade marker gene
that is dependent on Phytochrome A, which gets upregulated in low R/FR (Ciolfi et
al., 2013). Here, we also found an upregulation of HY5 in both tissues of FR-enriched
plants. GA and 1AA treated plants also show upregulation of HY5 but only in the whole
internode tissue. Interestingly, the combined GA+IAA treatment shows downregulation
of HY5. Furthermore, we found that INDOLE-3-ACETIC ACID INDUCIBLE 19 (1AA19),
1AA22, PIN-FORMED 3 (PIN3) and SMALL AUXIN UPREGULATED RNA (SAUR)
were upregulated in supplemental FR light and a similar pattern was found for the GA
treated plants. In contrast, this pattern was not found in the IAA or GA + IAA treated
plants. IAA19 and 1AA22 are auxin responsive genes, There is an overall up-regulation of
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IAA19 expression in low R:FR, and other studies have published gene expression work
for IAA19 in low R:FR in Arabidopsis, also being confirmed by GUS expression (Pierik
et al., 2009; Keuskamp et al., 2010a; de Wit et al., 2016). PIN3 is a protein that regulates
auxin transport and has been found to relocate in response to shade, inducing an increase
in auxin concentration in Arabidopsis hypocotyls (Keuskamp et al., 2010b). Previous
studies have demonstrated that shade promotes SAUR expression in Arabidopsis,
suggesting that SAURs play a role in SAS (Ren and Gray, 2015). GA200x2 expression
patterns are more complex. We found no expression change in GA200x1 in both the FR
and GA treatments, while the IAA and GA+ IAA-treatment show downregulation of
GA200x1.

These results also further reinforce that pith cells respond differently to entire internode to
FR treatment or to hormones. Pith exhibits distinct responsiveness to FR depending on the
hormone treatment, as well as in comparison to supplemental FR alone. In supplemental
FR, HY5, SAUR, PIN3, PIN9, 1AA22, YUC9, and GA20 ox show higher expression in
pith compared to the entire internode, suggesting an augmented 1AA signaling and GA
influence. However, for HY5, only GA and IAA induce upregulation, with pith showing a
less pronounced response compared to the entire internode. The responsiveness of pith varies
more widely in other treatments, further emphasizing complexity in the hormone network.

To analyse the expression pattern similarities between treatments and to identify which
hormone(s) were most similar to FR treatment, we performed Pearson correlation analysis
(Figure 4.24). The regression fit parameters indicated that IAA exhibited the most similar
pattern compared to FR among these genes, followed by GA and GA+IAA. The fact that
IAA treatment led to a gene expression pattern most similar to far-red light (Figure 4.24)

suggests that auxin plays a significant role in mediating the elongation response.

From the correlations it was also apparent that the BR treatment induced a very strong
expression pattern different to the other hormones and FR. Also, this strong effect of BR
overcame the effects of the two other hormones, as the BR treatment pattern correlated
highly with that of BR+GA+IAA treatment. Our gPCR data also suggests an opposing
expression shift for many transcription factors in BR-treated plants compared to far-
red treatment (Figures 4.23, 4.24). Overall, the gPCR results indicate that while BR is
necessary for the FR-induced internode elongation in tomato, it is not able to induce the
FR-like gene expression patterns, while IAA and GA are able to induce some of these
changes. However, before overinterpreting this data, we need to keep in mind that a large
portion of the gPCR targets are auxin responsive genes.
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» Figure 4.22. Gene expression in response to FR for selected TFs and hormone-related
and -responsive genes. We analysed gene expression using gPCR to examine the effects of FR
treatment on internode and pith tissues at three different time points: 1 hour, 2 hours, and 6 hours.
The expression levels were obtained by comparing the response to WL and WL+FR conditions. The
following genes were investigated: (a) GATA, (b) AUXIN-RESPONSIVE PROTEIN SAUR20, (c)
AUXIN-RESPONSIVE PROTEIN SAUR, (d) SIPIN3, (e) CHALCONE SYNTHASE 2, (f) AUXIN-
REGULATED 1AA22, (g) GIBBERELLIN 20-OXIDASE-2, (h) HOMEOBOX-LEUCINE ZIPPER
PROTEIN HAT2, (i) bHLHO050, (j) BASIC-LEUCINE ZIPPER (BZIP) TF, (k) HOMEOBOX-
LEUCINE ZIPPER PROTEIN, (I) TCP20, (m) DIVARICATA, (n) XYLOGLUCAN ENDO-
TRANSGLYCOSYLASE B1, (0) EXPANSIN 8. The experiment included 4 biological replicates,
each consisting of 8-12 plants. Additionally, 3 technical replicates were performed to ensure the
accuracy of the measurements.
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» Figure 4.23. Gene expression in response to hormones for select TFs and hormone-related
and -responsive genes. We profiled gene expression using qPCR of hormone treatment with 100
UM GA, IAA, BR or GA+IAA, BR+GA+IAA or FR light after 2 hours to investigate expression in
internode and pith tissues. The following genes were examined: a) GA200x, b) HY5, c) IAA19, d)
SAUR, e) SIPIN3, f) CHALCONE SYNTHASE 2, g) IAA22, h) GIBBERELLIN 20-OXIDASE-2, i)
BASIC-LEUCINE ZIPPER (BZIP) TF, j) TCP transcription factor 20, K)DIVARICATA, 1) SIPIN9,
m) EXPANSIN 8, n) YUC9. To ensure reliability, the experiment included 4 biological replicates,
each consisting of 8-12 plants. Moreover, 3 technical replicates were performed to validate the
accuracy of the measurements.
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Figure 4.24. Correlations of hormone- and FR-induced gene expression changes in
comparison to WL control. Pearson’s correlation matrix between FR and each individual hormone
or GA+IAA, BR+GA+IAA with gene expression date from Figure 4.23. Significant differences
at p<0.05 among relatedness treatments after post hoc multiple comparison are shown separately
for each treatment on the left and representation of the fitness with dot colored in blue for positive
correlation, red for negative correlation.
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4.3 DISCUSSION

In this chapter, we have provided insights into the hormone dynamics governing shade
avoidance syndrome (SAS) in tomato. Our investigation shed light on the role of the
hormones, auxins (IAA), gibberellins (GA), and brassinosteroids (BR), in mediating
internode 1 elongation responses under changing light conditions. Our findings contribute
to a deeper understanding of the regulatory mechanisms that plants employ to optimize
growth in response to reduced red-to-far-red (R:FR) ratio.

4.3.1 The FR-responsive transcriptome included IAA and GA-
responsive genes

We initiated our analysis using the multi-blast method to identify 1AA, GA, and BR-
related genes that were absent in the tomato (ITAG4.1) GO annotation, and then
visualized the FR-responsive log foldchanges in a heatmap (Figure 4.2). We observed
IAA-responsive SAURs displaying notable up- and downregulation, hinting at functional
redundancy between SAUR genes. Other IAA-related genes had very mild changes
except for few genes such as IAA10 (Figure 4.2, red boxes). SAURs have been shown to
respond not only to auxin, but also GAand BR (Luo et al., 2018; Stortenbeker and Bemer,
2019). GA-related genes, particularly GA oxidases, showed a pattern of FR-response.
The fold change in their expression hinted at an underlying GA function in SAS. In the
gene responses to the hormone and light treatments (Figures 4.22-4.23), we observed a
surprisingly similar expression pattern between FR-, IAA- and GA-treated plants. The
inducive expression patterns of GA and IAA exhibit a strong positive correlation, with
IAA showing the highest correlation with FR responsiveness, followed by GA+IAA and
GA alone. This suggests that the influence of GA inducive expression cannot be reversed
by IAA. On the other hand, BR functions independently by inducing negative regulation,
and combining it with GA and 1AA does not reverse this effect. Due to the limitation of
the number of genes that could be included in our analysis, these interpetations need to
be taken cautiously.

In contrast, BR-treated plants displayed a unique expression pattern not resembling any
other of our treatments (Figure 4.24). This divergence might be for the same reason as the
fact that BR-related pathways did not exhibit significant up- or downregulation in our FR
RNA-seq data (Figure 4.2b). Consequently, the gene expression patterns caused by BR
treatment would be also different from FR treatment. Overall, this would indicate that
the BR pathway would be either distinct from, or only a small part of the FR response in
the tomato internode.
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4.3.2 1AA can induce partial elongation response

Building on previous knowledge of SAS regulation with hormones and supported by
the GO enrichment of RNA sequencing data (Chapter 3) and the behaviour of auxin-
related genes (Figure 4.2a), we hypotheses that IAA has a major function in SAS. We,
therefore, first continued with examining the effect of IAA on internode elongation.
Although the primary source of auxin production is understood to be in young leaves
and meristems, the exact origin and distribution of auxin during the shade avoidance
response remains elusive (Chandler, 2009). The hypothesis that the first and second true
leaves and the meristem are prime candidates due to their elevated position in the plant
was supported by our results, as IAA treatment on the first true leaf and first internode
both caused similar increases in hypocotyl and first internode length (Figure 4.5, S4.3).
In local internode 1AA treatment, all tested concentrations induced the same elongation
response (Figure 4.6), leaving the optimal application concentration uncertain. At the
microscopic level, IAA treatment resulted in increased cell elongation but did not
significantly result in a high level of total elongation of the internode to recapitulate
FR (Figure 4.7). However, we observed no change in the overall IAA concentration
of first internode or first true leaf at 1h, 2h and 6h treatments with supplemental FR
(Figure 4.12). Notably, the inhibitors PEO-IAA and BBo also did not significant affects
supplemental FR-induced elongation (Figure 4.10, 4.11, S4.7), which indicates either
that the application was not effective (did not penetrate to the necessary tissues, or
did not target the pathway in tomato), or that IAA regulated pathway are regulated by
the feedback loop of other hormones in the tomato FR-induced internode elongation.
Overall, we were not able to find a clear indication that IAA level is increased in FR
response building upon current experiment.

Interestingly, the auxin transport inhibitor NPA decreased the stem diameter in comparison
to the mock treatment (Figure 4.8). Disturbance of IAA transport made plants tend to
bend over due to fragility (Figure 4.8a). The results imply that auxin plays a role in
regulating stem growth to ensure proper support. The NPA effect is likely causing an
auxin imbalance in the first internode. Above this region, higher NPA concentrations
hindered development and caused leaf curling, accompanied by a surge in hypocotyl
length (Figure 4.8 S4.6). However, due to the complexity of IAA transport, we cannot
further infer the distribution dynamic of IAA concentration.

Collectively, these findings indicate that auxin alone does not replicate the plant growth
observed during the shade avoidance response. Hence, we followed up by investigating
if the FR-induced internode elongation could be explained by hormone balance between
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IAA and other hormones, including gibberellins (GA) and brassinosteroids (BR), which
are also implicated in SAS (Yang et al., 1996; Djakovic-Petrovic et al., 2007; Keuskamp
et al., 2012; Colebrook et al., 2014).

4.3.3 GA and BR induce full elongation, while their inhibitors
fully block FR-induced elongation-are they more important
than IAA?

Therefore, we examined the roles of gibberellins and brassinosteroids, also jointly with
auxin in far-red light-induced shade avoidance response in Solanum lycopersicum. GA,
BR and GA+BR treated plants in white light exhibited comparable internode elongation
responses as tomato plants in supplemental far-red (Figures 4.13, 4.16, 4.17). Internode
elongation appeared responsive to GA concentration changes (Figure 4.13). Interestingly,
combining GA with IAA did not significantly impact hypocotyl or first internode length/
diameter (Figure 4.14). Experiments with GAand BR treatments demonstrated that these
hormones have a more pronounced effect on internode elongation compared to 1AA.
This observation raises some possibilities. One potential explanation for the observed
effects is that GA and BR may activate distinct downstream pathways or engage with
pivotal regulators, fostering increased cell expansion and elongation, possibly linked
to their divergent impacts on cell wall extensibility or the modulation of cell division
processes. But this function is not be influenced by IAA Understanding the molecular
mechanisms underlying the distinct elongation responses to GA, BR, and IAA would
provide valuable insights into the nuanced roles each hormone plays in plant growth
and development.

Inhibition of GA and BR biosynthesis, paclobutrazol (PBZ) and brassinazole (BRZ)
respectively, led to shortened first internodes in FR-enriched plants (Figure 4.11). The
inhibition of GA in the presence of far-red light resulted in the cessation of elongation,
emphasizing the crucial role of GA in promoting stem growth during shade avoidance.
Both IAA+BR or IAA+GA can overcome the depletion of GA or BR with inhibitor
suggest a potential interactions between 1AA,BR and GA. We were not able to carry on an
experiment with PBZ or BZ complemented with only IAA/BR/GA compared to IAA+BR,
TAA+GA, which might help us to confirm if there is a functional redundancy in the absence
of IAA. This highlights the potential compensatory role of GA and IAA in overcoming the
effects of BR deficiency, further emphasizing the intricate balance between these hormones.
In conclusion, our findings highlight the essential role of both GA and BR in FR-induced
elongation. Interestingly, the ability of either GA or BR to overcome the inhibition of the
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other emphasizes a level of functional interchangeability between these hormones in FR.
This mutual compensation indicates the collaborative nature of IAA, GA and BR signaling
pathways in regulating plant elongation under FR conditions.

4.3.4 Summary

In conclusion, these findings underscore the complexity of hormonal interactions in
regulating stem elongation during the shade avoidance response. While IAA contributes
significantly to the gene expression pattern resembling far-red light treatment, GA and
BR also play pivotal roles in modulating elongation. The intricate interplay between these
hormones suggests a dynamic and finely tuned regulatory network that orchestrates plant
growth in response to changing light conditions. These studies collectively highlight the
complexity of hormone interactions, particularly auxin, gibberellins, and brassinosteroids,
in various aspects of plant growth, including shade avoidance responses. This study’s
findings provide insights specific to tomato plants and their shade avoidance response.
Further investigation guided by these fundamental works could lead to a comprehensive
understanding of hormonal regulation for agriculture, exploration of hormones/inhibitors/
combination that can be applied to specific traits (elongation of stem).

4.4 MATERIAL AND METHODS
4.4.1 Multiblast analysis

We sourced Arabidopsis Gene Ontology annotations from TAIR, extracted a list of
genes annotated as responsive to GA, IAA, and BR, and conducted a multi-blast on
Solgenomics to annotate these genes with corresponding names from TAIR. Gene list
are put as supplement: https://docs.google.com/spreadsheets/d/120YbPxeVWsOKH36
VFIQIC37viTyk9ezhI52F8L wkKcE/edit?usp=sharing

Table 4.1. GO term used for Arabidopsis hormone responsive gene multiblast in Solgenomic.net.

GO term annotation

G0:0009733 response to auxin
G0:0009739 response to gibberellin
G0:0009735 response to cytokinin
G0:1902347 response to strigolactone
G0:0009741 response to brassinosteroid
G0:0009723 response to ethylene
G0:0009751 response to salicylic acid
G0:0009753 response to jasmonic acid
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4.4.2 Plant material and growth conditions

In this study, we used Solanum lycopersicum cv Moneymaker obtained from Intratuin
B.V. Growing conditions are identical to those listed in Chapter 2 of this thesis.

4.4.3 Phenotyping measurements

On the seventh day of far-red or hormone treatments at 10:30, using a digital caliper,
measurements were taken for the stem length, first internode length, hypocotyl length,
first internode diameter, and hypocotyl diameter. Each experiment consisted of at least
12 biological replicates, and every experiment was repeated a minimum of two times.

The hormone and hormone inhibitor treatments commenced when the seedlings reached
sufficient size, approximately 14 days after germination.

For the plants subjected to a white light (WL) + FR treatment, they were transferred to a
red to far-red light ratio (R/FR) of 0.2 on the first day of the treatment. All measurements
were taken on the seventh day after treatment to assess the effects of the hormone and

light treatments on the specified plant parameters.

4.4.4 Pharmacological treatments

In this chapter, multiple chemicals were utilized to explore the influence of plant
hormones and their inhibitors on tomato growth and development under varying light
conditions (Table 4.2). The plant hormones examined were mentioned in Table 4.2
(Kamoutsis et al., 1999; Asami et al., 2000; Hayashi et al., 2008; Mashiguchi et al.,
2011; Kakei et al., 2015)

To investigate the effects of chemical treatment, 14-day old tomato plants were subjected
working concentrations brushed by paint brush on the first true leaf or locally on the
internode 1. For the hormone treatments, hormones were applied on day 1, 3, and 5 of
the treatment, on of each plant’s entire first internode. As for the hormone inhibitors,
they were either applied one day before the treatment’s initiation on the internode, or to
the soil with a 40 ml working solution two days before the far-red (FR) treatment. For
100 uM IAA and100, 200 wM BBo, homogeneous spray of whole plants was also tested.

Subsequently, cross and longitudinal sections were collected from the middle of the first
internode and preserved in 70% ethanol for subsequent microscopy.
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Table 4.2. Chemicals information used in this chapter.

Molecular weight CAS Stock solution  Working solution
GA, 346.4 77-06-5 02M 25,50, 100 uM
1AA 175.2 87-51-4 01M 5, 10, 25, 50, 100 uM
Brassinolide 480.7 72962-43-7 01M 25,50, 100 uM
Naphthylphthalamic 291.3 132-66-1 0.1M 25,50, 125, 250 uM
acid (NPA)
4-Biphenylboronic 198.0 5122-94-1 0.1M 100, 200 pM
acid (BBo)
PEO IAA 2933 6266-66-6 01M 25, 50,100 uM
Paclobutrazol 293.8 76738-62-0 05M 25, 50,100 uM
Brassinazole 327.8 280129-83-1 05M 25, 50,100 uM

4.4.5 Microscopy

Handmade sections were obtained from the middle of internode, then they were stained
with Safrinin O (0.01% w/v) for 5 minutes and put back into 70% ethanol and imaged
using a Leica M205 fluorescence microscope. The collected images were measured using
ImageJ (Schindelin et al., 2012) . The cell length data were obtained from longitudinal
sections, cell layer number/thickness data were obtained from cross sections. \We measure
cross section for at least three angles for these features.

4.4.6 Extraction and Quantification of IAA through Liquid
Chromatography-Tandem Mass Spectrometry

To extract IAA from leaf and internode, approximately 20 mg of snap-frozen leaf material
was used per sample. The tissue was finely powdered at -80°C by manual grinding. The
powdered samples were subjected to extraction using 1 mL of cold methanol containing
[phenyl 13C6]-1AA (at a concentration of 0.1 nmol/mL) as an internal standard, following
a previously established protocol. After extraction, the samples were filtered using a 0.45
mm Minisart SRP4 filter and analyzed on the same day. The IAA content was assessed
using a Waters Xevo TQs tandem quadrupole mass spectrometer, as detailed in previous
descriptions from literature (Klpers et al., 2023).

4.4.7 RNA extraction and cDNA synthesis

In the first gPCR experiment plants were either placed in WL or in R/FR=0.2. In the second
gPCR treatment plants were either treated with GA, IAA, or GA+ I1AA, BR, IAA+GA+BR
and placed in WL or treated with a mock and placed in either WL or R/FR = 0.2. We
used four biological replicates, consisting of 8-12 plants, for one biological replicate,
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minimum three internodes were put in tube.. For gPCR we had three technical replicates.
In the first experiment tomato plants were harvested after FR treatment after 1 hours, 2
hours and 6 hours. In the second experiment, the plant material was harvested 2 hours
after pharmacological treatment. Samples were snap frozen by liquid nitrogen and stored
at -80 degrees Celsius. Total RNA was extracted by the RNeasy kit (Qiagen) according to
manufacturer’s instructions. RNA was quantified with nanodrop (Thermo Fisher Scientific).
The reverse transcription was done using random hexamer primers with RevertAid H

Minus (Thermo Fisher Scientific™) according to manufacturer’s instructions.

4.4.8 Quantitative RT-PCR

The CFX opus 384, Bio-rad CFX Maestro was used to perform quantitative reverse
transcription PCR. Primers used are listed in Table 4.3. We used SYBRgreen super mix
dye (Thermo Fisher Scientific™). Relative transcript abundance was calculated using
the comparative 2-44¢ method using ACTIN2 as the reference gene.

4.4.9 Statistical analysis

Data was analyzed by R v4.3 using an Anova followed by a Tukey test and Pearson
correlation analysis. The illustration of the data was made by GraphPad (\Version 9.5.1
(528), January 24, 2023).
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Table 4.3. Primer list of gPCR in this chapter.

Primer name Target Sequence

0150-L Solyc08g080150 GTCGTGCTCCAGTATCCTCA
0150-R Solyc08g080150 CGATCCAATTTTAGGCCCCG
0760-L Solyc01g090760 CAAATCAGGCCGGCTAGTTC
0760-R Solyc01g090760 TCAGCAGACCCGAAAGTGAT
0790-L Solyc01g110790 AATTTGGCTTCGCTCATCCA
0790-R Solyc01g110790 AGCTGACTGTACATGGTCCT
0830-L Solyc06g060830 ACTCCTCGTCTCCATGTTCC
0830-R Solyc06g060830 AGAAGATCTGGGGTTGAGCC
0940-L Solyc01g110940 TCTCGGCAGGGAATTGTGAT
0940-R Solyc019110940 GGCTATCCGTGTTCCTCGTA
3450-L Solyc07g053450 GAGGAGCAGCAACAACAACT
3450-R Solyc079053450 CTCACCCTTGACCTTTGTGC
3550-L Solyc05g053550 TAGTGGTGGTTGAAGTGCCA
3550-R Solyc05g053550 ACCAGCAAAGCAACCTTGTT
4250-L Solyc07g053450 CGTATGGACTCGAGCATGGA
4250-R Solyc07g053450 GTTGTTTTCGCTCGTGGTCT
5400-L Solyc07g005400 AGGAAATGTTGGGAGGGGAG
5400-R Solyc07g005400 TAGGAGAAGTTGAGCCACCG
5530-L Solyc06g035530 ATCATGGAACTCTTGGGCGA
5530-R Solyc06g035530 TTTGGACTGATAGAGCGCCA
7240-L Solyc12g017240 TAGTGACAGTGCCAGCAGAA
7240-R Solyc129017240 CTTTGGTGATCAGCGAGCTC
7690-L Solyc04g007690 CCCCAAATCCGGAAATTGCT
7690-R Solyc04g007690 TAAAATCCGTGCCACCGAAC
8300-L Solyc08g078300 CCTAGGCCTCAATCCCAGTC
8300-R Solyc08g078300 TCGCCGAACAGTACGATTTC
8370-L Solyc10g078370 CAGCCCTGACCAATGTTCTG
8370-R Solyc10g078370 TGGACCATTCAAGGGATCCC
8580-L Solyc06g008580 TCGAACCCACAAAATCTGCC
8580-R Solyc06g008580 GTTCAAGCATCCCATTGGTGT
9380-L Solyc12g089380 CCCTCCACGTCCACATTTTG
9380-R Solyc12g089380 ATCCTGCCCCTCCTACATTG
GA200x2-L Solyc03g006880 TTTGTGGACGATGAATGGCG
GA200x2-R Solyc03g006880 TAGGCCATGTGAAATCGGGA
HY5 -L Solyc08g061130 GATCAGAAGAGTGCCGGAGA
HY5-R Solyc08g061130 CCCTTGCTTGTTGTGCTGAT
IAA19-L Solyc03g120380 AGTGATCGAAACAGCAGCAG
IAA19-R Solyc03g120380 AAAACGGTGCTCCATCCATG
YUC9-L Solyc09g064160 GTTTGGTGGGGAAGTGGTTC
YUC9-R Solyc099064160 CTTGGCAAAACATGAACCGC
SIACT2-L Solyc11g005330 TGTGCTCAGTGGTGGTTCAA
SIACT2-R Solyc11g005330 CCGGTGGAGCAACAACCTTA
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4.5 SUPPLEMENTARY DATA

4
(@ Solyc01005680+]
Solyc019008890 2 4
SICKX2,Solyc01g088160 0
2
2
Solyc01g105960 ‘ [
1 LogFC
Solyc02g071220 0
e— |
Solyc03g007460- 2
Solyc03g119580
LogFC
ARPSolyc04g010330
Solyc04g016430

SICKX4, Solyc04g080820
Solyc05g015610
Solyc06g048600
Solyc06g051840

ACCO1,Solyc069073580 -

PTI6,Solyc069082590
Solyc08g061920 _
Solyc08g061930
Solyc08g062820
Solyc08g081960
Solyc099007830]
Solyc10g017990
Solyc10g079870

Solyc10g082020

Solyc10g084150+]
Solyc11g069570

SICKX6,Solyc129008900 - -

S F S S
FFSFE
S ¢
F&FFTFEE
& S

R

(c) Solyc01g008740 JTT | 4

Solyc0290328204

Solyc02g082375 P 2
Solyc029082390- I

Solyc03g031670
Solyc03g0963504
Solyc03g113390
Solyc03g119740 2
Solyc04g0051004 LogFC
Solyc0490088704
Solyc049009800
Solyc04g0491604
Solyc0590526104
Solyc0590552404
Solyc0590565704
Solyc0690653804
Solyc06g076770
Solyc079026680
Solyc0790646104
Solyc08g008170]
Solyc089065380
Solyc09g0055504

Solyc10g079130

ly
Solyc1090817404
Solyc119006720
Solyc11g018610
Solyc119065660
Solyc129005030
Solyc1290050404
Solyc129008800- I

Solyc1290997904

Figure S4.1. FR response of cytokinin, ethylene and strigolactone-related genes in tomato.
Heatmap generated from RNA-seq data illustrates the log fold change in gene expression
associated with (a) Cytokinin, (b) Ethylene, (c) Strigolactone. Upregulation is represented in red,
while downregulation is depicted in blue. FR-responsive DEGs are boxed in red.
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Figure S4.2. FR response of SA, JA and ABA-related genes in tomato. Heatmap generated
from RNA-seq data illustrates the log fold change in gene expression associated with (a) salicylic
acid (SA), and (b) jasmonic acid (JA), (c)ABA. Upregulation is represented in red, while
downregulation is depicted in blue.
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Figure S4.3. Stem responses to 100 pM IAA brushing treatments applied either on leaf 1
or internode 1. We treated 14 day-old tomatoes with 100 uM TAA by brushing onto leaf 1 and
internode 1. Brushing was applied 3 times over one-week treatment period. The data include
measurements of (a) stem length, (b) hypocotyl length, (c) hypocotyl diameter. The data are
presented as mean + SEM, and different letters indicate significant differences between treatments
based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There were 12 biological replicates,
and the experiment was repeated twice.
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Figure S4.4. Stem responses to different IAA concentration by brushing treatments applied
on internode 1. We treated 14 day-old tomatoes with different concentration of IAA by brushing
onto internode 1. Brushing was applied 3 times over one week treatment period. The data include
measurements of (a) stem length, (b) hypocotyl length, (c) hypocotyl diameter. The data are
presented as mean + SEM, and different letters indicate significant differences between treatments
based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There were 12 biological replicates,
and the experiment was repeated twice.
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Figure S4.5. Stem responses to different IAA treatments. We treated 14 day-old tomatoes with
25 uM or 100 pM TAA by whole plant spray, or by brushing onto leaf 1 and internode 1. Spray and
brush were applied 3 times over one week treatment period. The data includes measurements of (a)
stem length of 25 uM TAA treatment, (b) hypocotyl length of 25 uM TAA treatment, (c) hypocotyl
diameter of 25 pM TAA treatment, (d) stem length of 100 pM TAA treatment, © hypocotyl length of
100 uM TAA treatment , (f) hypocotyl diameter of 100 uM TAA treatment, (g) stem length of brushing
100 uM IAA on internode or leaf 1, (h) hypocotyl length of brushing 100 uM IAA on internode or
leaf 1, (i) hypocotyl diameter of brushing 100 uM IAA on internode or leaf 1,. The data are presented
as mean + SEM, and different letters indicate significant differences between treatments based on
ANOVA analysis with Tukey’s post hoc test (P<0.05). There were 6-9 biological replicates, and the
experiment was repeated twice. Picture (a) was created with Biorender.
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Figure S4.6. Stem response to different NPA concentrations. We treated the first internode of
13 dag tomatoes with 25, 50, 125 uM NPA (or mock) in WL conditions one day prior to the start
of the one week FR treatment. The data include measurements of (a)stem length, (b) hypocotyl
length, (c) hypocotyl diameter. Data are presented as mean = SEM, and different letters indicate
significant differences between treatments based on ANOVA analysis with Tukey’s post hoc test
(P<0.05). There are 12 biological replicates, and the experiment was repeated twice.
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Figure S4.7. Stem response to different BBo concentrations by spray. We treated the first
internode of 13 dag tomatoes with BBo (or mock) in WL conditions one day prior to the start of
the one-week FR treatment. The data include measurements of The data includes measurements of
(a) Stem length (b). Hypocotyl length (c) First internode length (d) Hypocotyl diamete©(e) First
internode diameter. Data are presented as mean = SEM, and different letters indicate significant
differences between treatments based on ANOVA analysis with’Tukey’s post hoc test (P<0.05).
There are 12 biological replicates, and the experiment was repeated twice.
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Figure S4.8. Stem response to different GA concentrations. We brushed the first internode of
14 day-old tomatoes with different concentration GA (or mock) in WL or FR conditions over
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and the experiment was repeated twice.
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Figure S4.9. Stem response to different concentration PBZ. We brushed the first internode of
13 dag tomatoes with different concentration PBZ (or mock) in FR conditions one day in advance
of one week FR treatment. Brushing was applied 3 times over one week treatment period. The
data include measurements of (a) Stem length, (b) Hypocotyl length, (c) Hypocotyl diameter, (d)
Hypocotyl diameter, (e) Internode 1 diameter. Data are presented as mean + SEM, and different
letters indicate significant differences between treatments based on ANOVA analysis with Tukey’s
post hoc test (P<0.05). There are 6 biological replicates.
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Figure S4.10. Stem response to different concentration BZ. We brushed the first internode of
13 dag tomatoes with different concentration BZ (or mock) in FR conditions one day in advance
of one week FR treatment. Brushing was applied 3 times over one week treatment period. The
data include measurements of (a) Stem length, (b) Hypocotyl length, (c) Hypocotyl diameter, (d)
Hypocotyl diameter, (e) Internode 1 diameter. Data are presented as mean + SEM, and different
letters indicate significant differences between treatments based on ANOVA analysis with Tukey’s
post hoc test (P<0.05). There are 6 biological replicates.
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Figure S4.11. Stem response to 100 pM BBo, PBZ, BZ. We drained the soil three days before
FR treatment, and applied BBo, PBZ and BZ directly to the soil one day before FR treatment in FR
conditions. The data include measurements of (a) Stem length, (b) Hypocotyl length, (c)Hypocotyl
diameter. The data are presented as mean + SEM, and different letters indicate significant
differences between treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05).
There are 12 biological replicates, and the experiment was repeated twice.
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ABSTRACT

This chapter explores the diversity of internode elongation responses to supplemental
far-red light, delving into pith cell elongation, and the regulatory roles of specific GATA,
TCP, and bZIP transcription factors (TFs). First, we extended our phenotypic investigation
from tomato to eight dicots and found that they are diverse in responsiveness to treatment
with supplemental far-red (FR) light. We also revealed quantifiable pith elongation
happening in species with strong response to the FR signal. We followed up with the
expression of three candidate transcription factor genes that had FR-responsive pattern in
pith and/or internode in tomato. We identified the homologs for the genes encoding these
transcription factors from each of the species, quantified their FR-responsive expression
in internodes and piths, and found that the expression patterns were conserved within
Solanaceae. In our study into pith in shade avoidance in these species, we saw the gene
expression patterns that differed from the whole internode, indicating that the pith
responses are distinct, likely cell-type-specific. Looking ahead, the pursuit of insights
into transcriptional regulation, evolutionary conservation, and molecular mechanisms
governing FR responses across dicots remains an interesting line to follow. Our work
has started to shed light on the functional divergence and conservation of the factors that
respond during shade avoidance.
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5.1 INTRODUCTION

Shade avoidance syndrome is a prevalent response observed in various species such as
tomato, as described at length in Chapters 2 to 4. Shade tolerance levels differ among
species, but the full extent of diversification remains unclear. In this Chapter. we expanded
our work to include a broader spectrum of dicotyledonous species and investigate the
conservation of transcription factor responsiveness to far-red (FR), unveiling some
underlying conserved mechanisms of the shade avoidance syndrome response.

Plants display shade avoidance responses that help them reach the light at high planting
density, upon light-mediated detection of neighbors. Plants have evolved mechanisms to
sense changes in light quality and adjust their growth strategy accordingly. Phytochromes
serve as key indicators by measuring the ratio of red to far-red light, allowing plants to
detect whether they are, or soon will be, in the shade of neighboring plants (Green-
Tracewicz et al., 2011; Pierik and De Wit, 2014; Ranade et al., 2019). In response to FR
enrichment, plants adopt various common and well-studied growth strategies, termed
shade avoidance syndrome (SAS). This response involves a suite of morphological
changes, including the elongation of petioles and stems, alterations in flowering time,
and a reduction in chlorophyll content (Green-Tracewicz et al., 2011; Pierik and De
Wit, 2014; Ranade et al., 2019). The SAS represents a strategy of considerable adaptive
significance in plants, particularly in dense natural communities, where increased shoot
elongation can enhance relative fitness (Schmitt, 1997). However, it can also result in
reduced crop productivity as plants invest their resources to growth in non-harvestable
parts of the plant at the cost of the harvestable parts.

In the preceding chapters, we delved into the cellular (Chapter 2) and transcriptomic
changes (Chapter 3) occurring in the stem, with a focus on the transcription factors (TFs)
associated with these changes. In this chapter, we will compare the FR-responses of
different dicotyledonous species and look into the conservation of the FR-responsiveness
of the transcription factors that we identified from tomato RNAseq data in Chapter 3.
To provide a better framework to consider shade avoidance in an evolutionary context,
we will first provide an overview of relevant background, starting with the ecological
aspects of playing into shade avoidance and its adaptive value in different environments.

5.1.1 Shade avoidance, shade tolerance and their evolution

Exploring the dynamic strategies of plant species in different ecosystems reveals
contrasting approaches to competing for light. Pioneer species and shade-tolerant species
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showcase distinct lifestyles and evolutionary insight into shade responses. They are
case studies with varied responses into how plants adapt and compete within diverse
environmental contexts. Pioneer plant species are adapted to colonize harsh, sterile and
sun-exposed environments and grow quickly to take advantage of available resources
before larger competitors arrive (Miyazawa et al., 2014; Sottosanti, 2023). However,
as the environment changes and the intermediate species grow taller, the shade they
cast can deprive the pioneer species of adequate sunlight (Sottosanti, 2023). In response
to this shade, the species composition undergoes a transition from pioneers to a mixed
ecosystem with dominant plants favoring high light and understory species thriving in
the shade of the forest canopy (Hagen et al., 2015; Avalos and Avalos, 2019). For these
shade-tolerant species, it is not beneficial to produce shade avoidance responses in deeply
shaded habitats, such as forest understory, as they would suffer reduced performance
without any benefit to be gained. In contrast, shade-tolerant species have a slower
growth rate and a more restricted capacity to respond to sudden environmental changes
(Coverdale and Agrawal, 2021). Shade-tolerant species tend to have larger seeds, high
wood density, high leaf specific mass, low photosynthetic rates, and slow growth (Taiz
et al., 2010; Coverdale and Agrawal, 2021). Shade tolerance appears to involve efficient
light harvesting at constant low irradiance and efficient harvesting of sunflecks (Henry
and Aarssen, 1997).

Shade avoidance responses have possibly evolved with shade, as early as the Devonian
period, and are possibly more ancient than shade tolerance in plants (Casal, 2012).
In contrast, the evolution of shade tolerance is associated with attenuation of shade
avoidance and reduced phenotypic plasticity in certain plant species such as milkweeds
and Geranium robertianum (Gommers et al., 2017; Coverdale and Agrawal, 2021).
Therefore, is evidence that in these lineages, shade avoidance responses predate the
evolution of shade tolerance in plants.

5.1.2 Stem evolution and diversity

The evolution of terrestrial life ushered in a period of intense competition for sunlight
among plants, where the ability to grow taller and reach the canopy ahead of competitors
conferred a distinct advantage. However, as plants increased in height and expanded
along their primary axis, they encountered new challenges. These challenges included
the need for innovative structural support for aerial organs and an efficient mechanism to
transport water and nutrients to greater heights, beyond the limitations of capillary forces
(Hetherington et al., 1998; Parra et al., 2010).
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To address these challenges, certain seed plants evolved an additional stem cell
population known as the vascular cambium. This remarkable adaptation gave rise to
a hollow cylinder within the plant’s stems, facilitating radial growth of primary axes
(Venning, 1949). This phenomenon, termed secondary growth, independently evolved
multiple times in seed plants, suggesting that factors governing primary growth were
repurposed to coordinate secondary growth (Melzer et al., 2008). Mechanical strength
was not solely achieved through stem thickening via vascular cambium activity; it also
involved specialized cell types with thickened cell walls found within the two tissues—
the phloem and xylem—that the vascular cambium generates (Etchells et al., 2012). This

growth flexibility serves as a crucial survival strategy in diverse stressful conditions.

The detailed study and reporting of pith cell elongation (Chapter 2) in the context
of the SAS is relatively unexplored territory. Pith, a tissue located in the center of
dicotyledonous stems and composed of undifferentiated parenchyma cells (Zabel and
Morrell, 2020). While pith is found in dicots, monocots also have pith, which extends in
the center of monocot roots, composed of parenchyma (Roodt et al., 2019). The diversity
of pith in vascular plants can provide insights into their evolution. Medullary bundles,
which are vascular units in the pith, have evolved multiple times in vascular plants
(da Cunha Neto et al., 2020). The development of the primary vascular system within
Nyctaginaceae has been studied, and it was found that medullary bundles diversified
within the family (da Cunha Neto et al., 2020). In the Early Devonian euphyllophyte
Leptocentroxyla, a protoxylem pathway to the evolution of pith has been hypothesized
(Tomescu and Mcqueen, 2022). The delayed and shortened protoxylem differentiation
hypothesis explains the evolution of pith by delaying the onset of differentiation and
lengthening cell growth duration in a central protoxylem strand, and shortening the
interval of differentiation of those tracheids, leading to the evolution of pith (Tomescu
and Mcqueen, 2022). Here, we are able to limit our investigation of pith inside of dicots,
where diversity of pith patterns was also observed. By exploring the relationship between
SAS and pith elongation, we hope to query the conservation of pith elongation within
dicots’ adaptation strategies.

5.1.3 Target dicot species for studying evolution of FR-
responses in the stem

In this chapter, our aim is to see how conserved the internode FR-responses are within
dicots with stem growth habit. We subjected seven plant species from four families
(Figure 5.1) —Pisum sativum (Pea) and Glycine max (Soybean) from Fabaceae,
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Brassica nigra (Black mustard) from Brassicaceae, and S. lycopersicum Moneymaker
(Tomato), Capsicum annuum (Pepper), and Solanum melongena (eggplant) from the
Solanaceae family, and Ocimum basilicum (Basil) from Lamiaceae family—to either
white light (WL) or white light with supplemental far-red (WL+FR) conditions for
one or two weeks, assessing the presence of the shade avoidance response. We found
some conservation in the pith responses, but not across all dicots, and family-specific
conservation of transcription factor response in SAS. This research can help us develop
a further understanding of morphological and molecular regulation in SAS and how it
has evolved across dicots.

Ocimum basilicum

Solanum melongena

Solanum lycopersicum

Capsicum annuum

Pisum sativum

Glycine max

Brassica nigra

Arabidopsis thaliana

20

Figure 5.1 Species included in this study. This taxonomy common tree was generated by https://
www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi.

We also wanted to explore if our hypotheses could be addressed in the model species
Arabidopsis thaliana Col-0 that has rosette growth habit instead. Arabidopsis has long
served as a model system for exploring the shade avoidance response (SAS), so we
explored the responses of the Arabidopsis inflorescence stem, which exhibits secondary
growth and pith development. Using Arabidopsis for addressing questions related to SAS
is advantageous due to the availability of mutants and the ease of conducting transgenics
in this model plant. However, regrettably we found that the inflorescence stem proved to

be suboptimal for this purpose.

In this chapter, we also delved into the conservation of transcription factor (TFs) gene
expression within the context of SAS across multiple plant species. For the analysis of
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conservation of FR-responsiveness, we used an interspecies analysis with the homologs
of three FR-responsive TFs we discovered in tomato in Chapter 3. First, Solyc01g090760
encodes a GATA TF, belonging to the zinc finger DNA binding protein family. A GATA
homolog in humans is vital for development and cell differentiation (Gao et al., 2015;
Lu et al., 2021; Hou et al., 2022). Second, Solyc08g080150, or SITCP20, encoding
for a TCP transcription factor, exhibits diverse functions in leaf development, flower
symmetry regulation, shoot branching, and senescence (Cubas et al., 1999; Parapunova
et al., 2014). Third, Solyc07g053450, encodes a bZIP transcription factor which plays a
pivotal role in various biological processes, particularly abiotic stress responses (Liu et
al., 2023a). We carried out an homology analysis and qPCR analysis to see if the FR-
induced expression in internodes was conserved. The investigation strived to illuminate
the connection between TFs, SAS, and the development of essential plant structures,
providing insights into how various plant species acclimate and thrive in response to
shifting light condition.

5.2 RESULTS

5.2.1 Arabidopsis inflorescence stem elongates in response to
lower R:FR ratio in long day conditions

Arabidopsis thaliana accession Col-0 is widely used to study petiole elongation and
leaf hyponasty in SAS (Kohnen et al., 2016b; Muller-Moulé et al., 2016; Michaud et
al., 2017; Pantazopoulou et al., 2017). However, there is limited information on the
clongation of inflorescence stem, that undergoes major secondary growth, in response
to environmental cues such as FR enrichment. We wanted to test if the tomato stem
FR responses were conserved in Arabidopsis and if we could use the wide Arabidopsis
genetic resources for dissecting our tomato radial growth and pith findings. In tomato
supplemental FR treatment, a long day condition of 16 hours of daylight and 8 hours
of darkness with 200 PAR is typically used. In Arabidopsis experiments in our group,
a lower light level ranging from 120 PAR to 150 PAR before flowering is used, and
plants are usually subjected to short day conditions. Therefore, we needed to test if
specific conditions, if any, were suitable for inducing stem elongation FR-response in
Arabidopsis. We conducted a FR treatment with bolted inflorescence stems measuring
0.5-1.5 cm.

We first tested the effect of day length: long day (LD, 16h light, 8h dark) or short day
(SD, 8h light, 16h dark). We started with R:FR (“WL+FR”) of 0.2 in SD with 150
PAR, same R:FR ratio as we tested tomato. Inflorescence stem elongation response was
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observed in the WL+FR, although the response was mild (Figure 5.2a). Next, later we
subjected Arabidopsis to LD with 150 PAR with same R:FR=0.2, and the result was
stronger (Figure 5.2a).

We then continued with test LD and SD with R:FR=0.11 to see if lower R:FR ratio would
increase the response (Figure 5.2b). In LD, the response was significant already at 5 days
with 150 PAR, accompanied by a significant increase in inflorescence stem diameter
(Figure 5.2b, ¢).

Then we tested the effect of light intensity and if it could induce a stronger or a more
robust response (Figures 5.2d, €). With higher light intensity of 200 PAR and R:FR
0.20 in LD, we observed FR-induced elongation also at 5 days, with the diameter first
narrowing before the radial growth was observed (Figure 5.2d, e). All in all, we concluded
that the robustness of the FR-induced elongation in the Arabidopsis inflorescence stem
was highly dependent on light level and the day length, and observable only in a brief
window of time.

5.2.2 Infloresence stem elongation in SAS is not associated to
pith elongation in Col-0

We investigated the cellular morphology, including the pith cell elongation response
in Arabidopsis inflorescence stems in response to low R:FR. Previous literature
(Franklin, 2008) had reported consistent elongation of inlorescence stem structures in
such conditions. Inspired by the phenomenon that we observed in Chapter 2 in tomato
cultivars Moneymaker and M82, where pith cells exhibited elongation, we applied a
similar sectioning method to assess pith cell response in Arabidopsis Col-0. We used 200
PAR in LD with R:FR=0.11 for further work.

The pith cell sizes appear heterogeneous already by eye (Figure 5.3a), so we quantified
them from different locations within the pith cylinder. We measured the length of
pith cells in the outermost two layers and the middle layers, comparing different light
treatments in Col-0 (Figure 5.3). Surprisingly, pith cell length in either location did
not exhibit significant elongation in the WL+FR treatment. However, we observed a
significant increase in pith thickness in WL+FR, and radial diameter, suggesting some
level of cell expansion in the radial dimension. So, the pith cell response in Col-0 was not
consistent with our expectations but the radial growth aligned with tomato data.

Given that the radial growth phenotype was observed, we wanted to test what would
happen to the FR-responsive influorescence stem elongation in radial growth mutants
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(pxy, pxy pxI1 pxI2 er erl, all in the Col-0 background))(Etchells et al., 2013). However,
our exploration of mutants with impaired secondary growth in Arabidopsis was difficult
in achieving alignment during bolting. These mutants exhibited minimal germination
and struggled to thrive, leading to a vulnerable system that ultimately rendered the
pursuit of this trait in Arabidopsis impractical. Thus, we still include Arabidopsis for
gene expression analysis later in this chapter, but we did not pursue further genetics
directions in Arabidopsis.

5.2.3 Pith elongation is a conserved behavior in shade avoiding
species

In chapter 2 we observed the responses to FR light in tomato, a species within the
Solanaceae family. We wanted to explore if these responses were conserved across
species, and we tested other dicots with stem growth habit, starting with other species
from the Solanaceae family; Capsicum annuum (commonly known as bell pepper,
Figure 5.4) and Solanum melongena (eggplant, Figure 5.5). As we had been testing if
Arabidopsis could be used as a stem-response model, we also wanted to test a species
with stem growth habit from the Brassicaceae family, so we tested Brassica nigra
(Figure 5.6). We also tested species from the Fabaceae (legume) family, Glycine max
(soybean, Figure 5.7) to expand our understanding in dicot crops. For this set of species,
we identified a strong elongation response specifically in internode 1 when these plants
were exposed to supplemental far-red light (Figures 5.4-5.7). Furthermore, another
common characteristic that emerged across these species was the elongation of pith
cells in all species, except for the Arabidopsis inflorescence. These findings collectively
establish tomato, bell pepper, eggplant, B. nigra, and soybean as notable examples of
FR-responsive species in our diversity panel.
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Figure 5.2. Col-0 inflorescence elongation in response to FR-enrichment in different light
settings. (a) Effect of day length on Col-0 inflorescence stem elongation over 9 days of WL+FR
treatment in both Short Day (SD: 8h day light, 16h dark) and Long Day (LD: 16h day light,
8h dark) conditions at 150 PAR with an R:FR ratio of 0.2. The study included 2 independent
replicates with a sample size of n=12. (b) Col-0 inflorescence stem diameter after 9 days of
WL+FR treatment in SD and LD conditions at 150 PAR with an R:FR ratio of 0.11. The study
comprised 30 biological replicates and was repeated three times. (c) Col-0 inflorescence diameter
after 7 days of WL+FR treatment in LD or SD at 150 PAR, R:FR=0.11. (d) Effect of R/FR ratios
on Col-0 inflorescence stem elongation after 7 days of WL+FR treatment in LD at 200 PAR. The
study included 20 replicates with 2 repeats. (¢) Col-0 inflorescence stem elongation after 7 days
of WL+FR treatment in LD at 200 PAR, R:FR=0.2. The study for (d,e) comprised 12 biological
replicates and was repeated twice. Significance between WL and WL+FR is denoted by asterisks
(* p<0.05, ** p<0.01). Error bars represent + SE.
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Figure 5.3. Pith and xylem responses to FR treatment in Arabidopsis inflorescence stems.
Microscopy analysis results comparing different cell types in 4-week-old Col-0 under LD conditions
with 200 PAR R:FR=0.20, specifically focusing on the effects of one week of WL versus WL+FR.
(a) Presents a representative picture illustrating various cell types in Col-0, obtained from a cross-
section. The study investigated the following aspects: (b) length of pith cells from longitudinal
sections, (c) thickness of the pith layer from cross sections, (d) count of pith cell layers from cross
sections, (e) pith cell radial diameter from cross section, and (f) thickness of the cambium layer
from cross sections. Asterisks in the figure indicate the significance of differences between WL
and WL+FR treatments, with the following significance levels: * p<0.05; ** p<0.01; *** p<0.001.
Error bars represent the standard error (SE), and the sample size for each measurement is n=40.
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» Figure 5.4. Bell pepper (Capsicum annuum) stem elongation in response to FR. C. annuum
seedlings were subjected to one week of WL+FR treatment versus WL treatment. (a) Phenotype
of pepper in WL and WL+FR. The phenotyping data include measurements of (b) stem length, (c)
hypocotyl length, (d) internode 1 length, (e) hypocotyl diameter, and (f) internodel diameter. The
data are presented as mean + SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 12 biological
replicates, and the experiment was repeated twice. The following microscopy analysis results
aspects are examined: (g) cell layers thickness from cross sections, (h) number of cell layers from
cross section, and (i) cell length from longitudinal section. Asterisks in the figure indicate the
significance of differences between WL and WL+FR treatments, with the following significance
levels: * p<0.05; ** p<0.01; *** p<0.001. Error bars represent the standard error (SE), and the
sample size for each measurement is n=40. (j) Negative logarithm of p values for cell type feature
comparison of WL vs WL+FR measurement in pepper.
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» Figure 5.5. Eggplant (Solanum melongena) stem elongation in response to FR. S. melogena
seedlings were subjected to one week of WL+FR treatment versus WL treatment. (a) phenotype
of eggplant in FR or WL. The phenotyping data include measurements of (b) stem length, (c)
hypocotyl length, (d) Internodel length, (e) hypocotyl diameter, and (f) internodel diameter. The
data are presented as mean + SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 12 biological
replicates, and the experiment was repeated twice. The following microscopy analysis results
aspects are examined: (g) cell layers thickness from cross sections, (h) number of cell layers from
cross section, and (i) cell length from longitudinal section. Asterisks in the figure indicate the
significance of differences between WL and WL+FR treatments, with the following significance
levels: * p<0.05; ** p<0.01; *** p<0.001. Error bars represent the standard error (SE), and the
sample size for each measurement is n=40. (j) Negative logarithm of p values for cell type feature
comparison of WL vs WL+FR measurement in eggplant.
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» Figure 5.6. Black mustard (Brassica nigra) stem elongation in response to FR. B. nigra
seedlings were subjected to one week of WL+FR treatment versus WL treatment. (a) Phenotype
of B. nigra in FR or WL. The phenotyping data include measurements of (b) stem length, (c)
hypocotyl length, (d) internodel length, (e) hypocotyl diameter, and (f) internodel diameter. The
data are presented as mean + SEM, and different letters indicate significant differences between
treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 12 biological
replicates, and the experiment was repeated twice. The following microscopy analysis results
aspects are examined:(g) cell layers thickness from cross sections, (h) number of cell layers from
cross section, (i) cell length from longitudinal sections, and (j) vasculature bundle area from cross
section. Asterisks in the figure indicate the significance of differences between WL and WL+FR
treatments, with the following significance levels: * p<0.05; ** p<0.01; *** p<0.001. Error bars
represent the standard error (SE), and the sample size for each measurement is n=40.Microscoping
data of P. sativum after one week of treatment. (k) Negative logarithm of p values for cell type
feature comparison of WL vs WL+FR measurement in basil.
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» Figure 5.7. Soybean (Glycine max) stem elongation in response to FR. G. max seedlings
were subjected to one week of WL+FR treatment versus WL treatment. (a)Phenotype of soybean
in FR or WL. The phenotyping data include measurements of (b) stem length, (c) hypocotyl length,
(d) internodel length, (e) hypocotyl diameter, and (f) internodel diameter. The data are presented
as mean + SEM, and different letters indicate significant differences between treatments based on
ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 12 biological replicates, and the
experiment was repeated twice. The following microscopy analysis results aspects are examined:(g)
cell layers thickness from cross sections, (h) number of cell layers from cross section, (i) cell
length from longitudinal sections, and (j) vasculature bundle area from cross section. Asterisks in
the figure indicate the significance of differences between WL and WL+FR treatments, with the
following significance levels: * p<0.05; ** p<0.01; *** p<0.001. Error bars represent the standard
error (SE), and the sample size for each measurement is n=40. (k) Negative logarithm of p values
for cell type feature comparison of WL vs WL+FR measurement in soybean.

5.2.4 Minimal FR responsiveness in basil and pea

We also tested the FR-responsiveness of species that did not have such clear FR
responses. Firstly, O. basilicum (basil) from Lamiaceae (mint family) exhibited a mild
internode elongation response to FR light, though this response did not manifest at the
cellular level (Figure 5.8). When treated with WL+FR, basil plants displayed differences
only after two weeks of FR treatment; no noticeable elongation occurred after one week.
Notably, there were also no disparities in the diameter of the first internode (Figure 5.8).
Regarding basil’s cellular characteristics, pith cell elongation in response to FR light was
not observed either.

Secondly, another legume, pea (Pisum sativum) showed no significant differences in stem
length or diameter between the two treatments (Figure 5.9). Diameter measurements
were taken from at least three locations along the stem’s length and the average was
calculated. Pea stem cross-sections revealed a tetrarch symmetry leading to an X-shaped
pith, necessitating specific measurement directions (Figure 5.9). Pith measurements
focused on the pith area, predominantly composed of cells stained with dense red color,
inside of the X-shaped area between vascular bundles (Figure 5.9h). We found no
differences between treatments for the measured cell types (Figure 5.9 i,k,1,m).
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» Figure 5.8. Basil (O.basilicum) stem elongation is slow in response to FR. O. basilicum
seedlings were subjected to two weeks of WL+FR treatment versus WL treatment. (a) Phenotype
of O.basilicum in FR or WL. The phenotyping data include measurements of (b) stem length,
(c) hypocotyl length, (d) internodel length (e) hypocotyl diameter, and (f) internodel diameter.
The data are presented as mean + SEM, and different letters indicate significant differences
between treatments based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 18
biological replicates, and the experiment was repeated twice. The following microscopy analysis
results aspects are examined: (g) pith thickness from cross sections, (h) number of cell layers from
cross section, (i) cell length from longitudinal sections, and (j) vasculature bundle area from cross
section. Asterisks in the figure indicate the significance of differences between WL and WL+FR
treatments, with the following significance levels: * p<0.05; ** p<0.01; *** p<0.001. Error bars
represent the standard error (SE), and the sample size for each measurement is n=40.
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» Figure 5.9. Pea (P. sativum) has mild stem elongation in response to FR. P. sativum seedlings
were subjected to one week of WL+FR treatment versus WL treatment. (a) A comparison of pea
growth phenotypes between WL and WL+FR conditions after 7 days of treatment. (b) lllustration of
P. sativum growth after one week of treatment. This figure provides insights into each internode and
leaf, revealing stem bending and a tendency for plants in both treatments to tip over. Phenotyping
data for P. sativum is presented as follows (c) stem length, (d) internode 1 length, () internode 2
length, (f) internode 3 length, (g) internode 4 length, and (h) stem diameter. The data is expressed
as mean values + SEM, with different letters indicating significant differences between treatments
based on ANOVA analysis with Tukey’s post hoc test (P<0.05). There are 6 biological replicates.
The following microscopy analysis results aspects are examined: (i) microscopy example of each
cell type from cross section in pea, (j) vasculature area from cross sections, (k) pith total area from
cross sections, (1) ratio of pith area/total area from cross section, and (m) pith cell length from
longitudinal sections. Asterisks in the figure indicate the significance of differences between WL
and WL+FR treatments, with the following significance levels: * p<0.05; ** p<0.01; *** p<0.001.
Error bars represent the standard error (SE), and the sample size for each measurement is n=40.

5.2.5 FR-responsive tomato TFs have family-specific and tissue-
specific expression patterns

To investigate the molecular events underlying the internode and pith elongation
responses, we delved into the behavior of the transcription factor (TF) encoding genes
that we identified as our TFs of interest in Chapter 3, Solyc08g080150, Solyc01g090760,
Solyc07g053450, across various species. In Chapter 3, we identified these three genes
not only as DEGs (Table S3.5) upregulated in response to FR in the entire internode
1, but they also exhibited a significant upregulation in the pith after 30 hours of FR
treatment (see Figure 3.18). We wanted to test if the FR-responsive gene expression,
especially in pith, was conserved in our species panel. This approach aims to uncover
the broader similarities and differences in TF expression patterns among dicot relatives.

For this section, we selected species from our previous experiments (Figures 5.2-5.9)
based on genome sequence availability. Hence, we worked with tomato, Arabidopsis,
pepper, eggplant, black mustard, soybean, and pea to construct an expression analysis of
TF homologs.

First, we needed to identify homologs of the three TFs in each species to conduct an
interspecies qPCR analysis. We conducted ortholog searches using default BLAST
searches on various websites (details in methods) (Fernandez-Pozo et al., 2015; The
Arabidopsis Information Resource, 2015; Chenetal., 2022a). For the other two Solanaceae
species, pepper and eggplant, the top result was a single hit for each of the three genes
(with one exception). In the case of Arabidopsis, we considered not only the BLAST
result but also literature annotations to identify a homolog with a potentially conserved
function. For pea, soybean, and black mustard, we selected genes based on the highest
similarity results (85% and up), and we found the chosen genes closely resembled each
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other. We visualized the relationships of these homologs based on sequence similarities
by generating maximum likelihood phylogenies (Figures 5.10-5.12). The phylogenies of
the three TFs tend to align with the relationships between the plant species (Figure 5.1).
The phylogenies also reflect the recent gene or even whole genome duplication events
with occurrences of two closely related paralogs, for example in pea for each gene.

For the qPCR quantification of gene expression, we collected whole internode and pith
samples simultaneously at 6 h and 24 h time points for WL and WL+FR for all species
except pea, where we harvested only the whole internode due to the challenging pith
morphology (as depicted in Figure 5.9i). For the orthologs of Solyc07¢g053450 and
Solyc089080150, we observed a uniform FR-upregulation in both internode and pith
in each member of the Solanaceae family (Figures 5.10, 5.12, S5.1, S5.3). Notably, for
Solyc01g090760, we identified two bell pepper homologs (Figure 5.11). The homolog
with lower sequence similarity had stronger correlation in expression patterns with
tomato, while the other ortholog, we observed a non-FR-responsive expression pattern
(Figure 5.11, S5.2). This indicates that even with high sequence similarity, homologs can
have diverged function, especially if another homolog has retained its role.

Then, outside of the Solanaceae family, we looked at two Brassicaceae species, Arabidopsis
and Brassica nigra, and two legumes, pea and soybean. In these families, we found a
prevalent downregulation of TF homologs in most instances (Figures 5.10-5.12).

In pea we had observed limited stem growth under FR and different stem morphology that
made it difficult to get pith data, and there we observed that the expression of three TF
homologs consistently decreased. We identified multiple best homologs in pea, and none
of them exhibited the expected FR-responsive function. This would indicate that during
evolution these TFs potentially gained their FR-responsive behavior within the Solanaceae
lineage, or lost it in the lineage leading to pea despite the expansion of the TF family.

In the FR-responsive soybean, while there is not such a clear downregulation in FR,
there is also no clear homolog that would match the tomato patterns. For the two soybean
homologs of Solyc08g080150 we observed a strong FR-induction specifically in pith at
6h (Figure 5.12), so potentially the role of these two homologs is retained to some extent
in soybean.

So, we found that the FR-responsive expression patterns for these genes resembles each
other in Solanaceae, and it is distinct from Brassicaceae and Fabaceae. Even though some
Brassicaceae and Fabaceae species exhibit similar elongation responses to Solanaceae,
the TF expression pattern is not conserved.

184



Exploring conservation of cellular-level traits in shade avoidance syndrome among species

To also benefit from existing Arabidopsis gene expression data, we examined
the expression patterns of homologs AT5G51910, AT2G45050, AT2G45680, and
AT2G42380 in Arabidopsis using the eFP browser (Winter et al., 2007)(Figures S5.4-
5.8). The homolog of Solyc08g080150 in Arabidopsis, AT5G51910, reveals heightened
expression in inflorescence and seed, hinting at a role in later developmental stages.
AT2G45680 shows high expression in leaves and second internode of inflorescence stem.
Then, the homolog of Solyc01g090760 in Arabidopsis, AT2G45050, displays its peak
expression in petals, while the homolog of Solyc079g053450, AT2G42380, shows strong
expression in mature pollen. Together, these distinct expression patterns suggest specific
involvement of each homolog in later stages of Arabidopsis development. Additionally,
AT2G45050, AT2G45680, and AT2G42380 were also reported to be upregulated in FR
response in Arabidopsis leaf tip (Kipers et al., 2023), these three genes were found in
differentially expressed in hypocotyl after FR seedling treatment (Kohnen et al., 2016b),
indicating that they have FR-responsive regulation in other parts of Arabidopsis than
what we profiled.

This lack of conservation of FR-responsive expression patterns between the Solanaceae
and Brassicaceae/Fabaceae families sparks intriguing questions about the underlying
genetics and evolution of the FR-response. This disparity prompts the hypothesis that the
observed transcription factor behaviors—upregulation in Solanaceae and downregulation
in Brassicaceae/Fabaceae—may signify a family-specific FR-induced function for these
TFs. An alternative hypothesis would be these transcription factors are not functionally
related to shade avoidance it is very specific upregulated in our qPCR and RNA-seq results
due to tissue/timepoint limitations. This finding opens avenues for deeper investigation
into the unique regulators in shade avoidance syndrome in Solanaceae family compared
to other diverse families.

When TF expression is not conserved across different species, it indicates that the
regulatory mechanisms inducing these TFs may have diverged during evolution, resulting
in differences in gene expression patterns. Studies have shown that the conservation
of TF binding events is associated with the conservation of gene expression at the
individual gene level (Hemberg and Kreiman, 2011). However, it is important to note
that the conservation of TF binding events and gene expression can vary across different
species and tissues (Diehl and Boyle, 2018). Therefore, the lack of conservation in TF
expression across species suggests that the regulatory control of gene expression by these
TFs has evolved differently, potentially leading to species-specific or tissue-specific gene
expression patterns.
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Figure 5.10. Phylogeny and FR-responsive gene expression of Solyc07g053450
homologs. Genes are Tomato: Solyc07g053450, Pepper: CA00g71840:1-921, Eggplant:
SMEL4.1_07g019740.1.01, Arabidopsis: AT2G42380, Mustard1: BniB06g001480.2N.1, Mustard
2: BniB08g027470.2N.1, Mustard3: BniB08g072820.2N.1, Mustard4: BniB06g055220.2N.1,
Soybean: Gm06:49537899..49539195, Peal: XM_051027770.1, Pea2: XM_051045459.1. On
the left: phylogenetic relationship by maximum likelihood, constructed by software Mega X,
using a Tamura Nei model generating the ML tree. Bootstrap analysis (1000 replicates) enhances
reliability, with values above each branch reflecting robust bootstrap support. On the right:
expression heatmap demonstrating log fold change from gPCR for WL+FR vs. WL expression in
internode or pith at 6h and 24h FR treatment. Red signifies upregulation in WL+FR, blue denotes
downregulation, while a baseline of white is established when logFC=0.

186



Exploring conservation of cellular-level traits in shade avoidance syndrome among species

Tomato 0
@ -1
Eggplant 2
-3
[ Pepper 2 -log10(F©
[{

Arabidopsis

Mustard

Pea 1

L]
Soybean=
Pea 2
w
Pea 3

— Pepper 1=

1 1 1
Internode 6h Pith 6h Internode 24h Pith 24h

Figure 5.11. Phylogeny and gene expression patterns of Solyc01g090760 homologs. Genes are:
Tomato: Solyc01g090760, Pepperl: chr3:267174801-267176100 (CA00g71840:1-921), Pepper2:
chr8:35902201-35904000, Eggplant: chr8:35902201-35904000, Arabidopsis: AT2G45050,
Mustard: BniB07g039570.2N.1, Soybean: GlysoP1483463.06G078800.1, Peal: XM_051027377,
Pea2: XM_051030552.1, Pea3: XM_051038772.1. On the left: phylogenetic relationship by
maximum likelihood, constructed by software Mega X, using a Tamura Nei model generating
the ML tree. Bootstrap analysis (1000 replicates) enhances reliability, with values above each
branch reflecting robust bootstrap support. On the right: expression heatmap demonstrating log
fold change from gPCR for WL+FR vs. WL expression in internode or pith at 6h and 24h FR
treatment. Red signifies upregulation in WL+FR, blue denotes downregulation, while a baseline of
white is established when logFC=0.
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Figure 5.12. Phylogeny and gene expression patterns of Solyc08g080150 homologs.
Genes are Tomato: Solyc08g080150, Pepper: TCP19, Eggplant: chr8:85852001-85853900,
Arabidopsisl: AT2G45680, Arabidopsis2: AT5G51910, Mustard: BniB08g029800.2N.1,
Soybeanl: Glyma.07G080300.1, Soybean2: Glyma07g08710.2, Peal: XM_051030490.1, Pea2:
XM_051030491.1. On the left: phylogenetic relationship by maximum likelihood, constructed by
software Mega X, using a Tamura Nei model generating the ML tree. Bootstrap analysis (1000
replicates) enhances reliability, with values above each branch reflecting robust bootstrap support.
On the right: expression heatmap demonstrating log fold change from qPCR for WL+FR vs. WL
expression in internode or pith at 6h and 24h FR treatment. Red signifies upregulation in WL+FR,
blue denotes downregulation, while a baseline of white is established when logFC=0.
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5.2.6 The similarity among TFs is linked to similarity in their
expression

The exploration of conservation of TF gene expression patterns in Solanaceae not only
highlights distinctive traits in these transcription factors but also prompts questions about
their functions and evolutionary dynamics compared to counterparts in other plants.
Investigating if the function of these TFs is conserved between the dicot families opens
avenues to uncover nuanced aspects of TF evolution and gene regulation.

To grasp conservation of TF molecular structure, we employed mVISTA to identify
conserved sequences in lengthy alignments (Frazer et al., 2004). We used Muscle (Edgar,
2004) to align the transcription factor (TF) homologs. The resulting alignments are
visually represented by mVista (Mayor etal., 2000) in Figures 5.13-15, with a red color to
denote regions of conservation compared to the tomato gene. Unsurprisingly, the tomato
genes are mostly conserved in other Solanaceae, but interestingly, the conservation is
quite restricted outside the family.

The similarity in TF sequences among tomato, eggplant, and pepper extends beyond
the Solanaceae family (Figures 5.13-5.15). In pepper, there are two homologs of
Solyc01g090760: pepperl homolog has very low conservation (~76% of 169bp, Figure
5.14), but its expression pattern is similar to the tomato homolog (Figure 5.11), while
pepper2 homolog has high similarity (86% of 703 bp) and non-conserved response to
FR. This could be a showcase of functional divergence and co-option of homologs.

This insight into the conservation patterns of TFs within S. lycopersicum not only sheds
light on the unique characteristics of these particular transcription factors but also raises
questions about their functional roles and evolutionary dynamics in comparison to their
counterparts in other plant species: Has the evolutionary path in Solanaceae driven both
the FR-responsive expression and the SAS function of these TFs? Further exploration
of these patterns would have potential to unravel nuanced aspects of TF evolution and
gene regulation.
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Figure 5.13. Conservation patterns of homologs of Solyc07g053450. The alignment shows regions
of conservation highlighted in red, illustrating >50% identity, white indicates <50% identity.
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Figure 5.14. Conservation patterns of homologs of Solyc01g090760. The alignment shows regions
of conservation highlighted in red, illustrating >50% identity, white indicates <50% identity.
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Figure 5.15. Conservation patterns of homologs of Solyc08g080150. The alignment shows regions
of conservation highlighted in red, illustrating >50% identity, white indicates <50% identity.

5.3 DISCUSSION

5.3.1 Shade avoidance elongation is most likely conserved but
with exceptions

In the preceding chapters, we explored the mechanism of stem elongation and the associated
radial growth in tomato, which prompted us to try and transfer this question to be studied in
Avrabidopsis (Figures 5.2, 5.3). The rationale behind this transfer was rooted in the rich genetic
resources already established in Arabidopsis, presenting an ideal foundation for further
investigation. However, our experimentation revealed that the FR-responsive stem elongation
in Arabidopsis was not experimentally robust, highlighted by the lack of the response under
short-day conditions. Under long-day conditions and relatively low photosynthetically active
radiation (150 PAR), we employed a very low red to far-red light ratio (R:FR) of 0.11 to elicit
aresponse. When we tested a higher R:FR ratio of 0.25 in this setting, the elongation response
vanished. Inflorescence stem elongation in response to FR in long day was observed also at
200 PAR. Integrating both sets of conditions, we hypothesize that the actual amount of far-red

light and its duration of exposure play pivotal roles in inducing inflorescence stem elongation.

In Arabidopsis, the radial expansion of the stem is influenced by various factors, including
light quality, genetic interactions between receptor kinases, and the activity of multiple
transcription factor genes (Génard et al., 2001; Greb, 2019; Spaninks et al., 2023). The stem
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diameter appears to be unresponsive or even reduced in FR in our set up, leading to a fragile
long stem (Figure 5.2 c), which is a common problem in SAS that plants become very
vulnerable to lodging. Meanwhile, Arabidopsis also shows limitations in secondary growth
(Turneragl and Somervilleb, 1997; Oh et al., 2003; Paul-Victor and Rowe, 2011). This could
be a plausible explanation for the weak FR-response of stem elongation in Arabidopsis.

After investigating Arabidopsis, we then sought to unravel whether the FR-induced stem
elongation and associated cellular changes would be conserved in other dicot species with
stem growth habit. Overall, we sampled S. lycopersicum, C. annuum, P. sativum, G.max, S.
melongena, B. nigra, and O. basilicum. Most of the species we looked at were responsive to
FR in their internode elongation (Figures 5.4-5.9). In contrast, we also found that P. sativum
and O. basilicum were only mildly or not responsive to FR, and neither showed secondary
growth despite the development of lateral meristem (Ko et al., 2004; Skubisz et al., 2007).

Is there a relationship between radial growth, elongation growth and pith cell expansion
and elongation? We still don’t have a clear answer. Herbaceous (non-woody) plants
mostly undergo primary growth, with very little secondary growth, However, some
nonwoody plants, such as potato tubers, carrot taproot, and sweet potato tuberous root,
do undergo remarkable secondary growth (Hardwick and Elliott, 2016; Groover, 2023).
Therefore, the occurrence of secondary growth in plants varies depending on the species,
and it is not a universal feature of all plants. Recent studies have explored the genetic
space of radial plant growth in Arabidopsis thaliana (Greb, 2019), but the question
remains of how conserved it is among dicot species.

Pith cell elongation is one of the clearest responses we found in our shade avoiding
species whose stems elongated. While specific information regarding the conservation of
pith cell elongation in Arabidopsis and other plants is not readily available, it is known
that the expansion of stem tissues, including pith cells, is influenced by various factors
such as hormonal signaling and genetic regulation (Nagata et al., 2004; Ye et al., 2021).

5.3.2 The responsiveness of the three TFs to FR is unique to the
Solanaceae family

In addition to investigating the conservation of plant architectural and cellular traits in
response to FR, we also wanted to see if some of the TFs we found as novel FR-responsive
genes that are regulated in the tomato internode (Chapter 3) were conserved across FR-
responsive dicots. Understanding the extent of the conservation of these TFs’ expression
patterns can shed light on evolution of the regulatory networks of stem elongation and
potentially help us understand the cell activities in SAS.

192



Exploring conservation of cellular-level traits in shade avoidance syndrome among species

FRresponse | TF1:Solyc07g053450 |

TF2:Solyc01g090760 | TF3:Solyc08g080150 |

Basil
Eggplant|
Solenum melongena | Tomato

Pepper

Solanum fycopersicum

Capsioum annuum Pea No

Pisum satinm Soybean Yes

ol

Gycine max

Brssica igr Mustard Yes

 I— Arabidopsis thafiana

Gene 2:Mild

Arabidopss Mild

Figure 5.16. Summary of gene expression in response to FR.

Discovering the FR-responsiveness of these transcription factors exclusive to Solanaceae
is interesting. This finding not only highlights a distinctive regulation within this family
but also implies that their elongation mechanisms or other downstream processes likely
diverge from those observed in other plant families. Our findings revealed a consistent
expression pattern within the family and a clear downregulation observed in Fabaceae
species, underscoring that the opposite behaviour of the TF homologs was conserved
within legumes (Fig 5.10-12, 5.16). We found that the regulatory network governing
elongation or other SAS-induced processes appears to vary between dicots.

Additionally, the observation that auxin does not play as clear a role in tomato shade
avoidance as it does in Arabidopsis (Chapter 4) suggests a fundamental difference in
the wiring of shade avoidance responses between tomato and Arabidopsis. This nuanced
understanding opens up exciting avenues for exploring the unique dynamics of plant
growth and regulatory pathways within the Solanaceae family.

So why is Solanaceae special? With the limitation of our species selections, we could not
find a clear pattern, so expanding our method to more species and families to construct a
detailed evolutionary picture might help to answer this question.

5.3.3 Summary

In conclusion, our species diversity approach has underscored the diverse responsiveness
to supplemental FR light with respect to internode elongation, expression of transcription
factor genes and cellular dynamics between a panel of dicotyledonous plant species. We
are paving the way for future inquiries into SAS regulation in different species with the
potential to understand how these responses became wired at the molecular level through
the course of evolution.
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5.5 MATERIALS AND METHODS
5.5.1 Germination

We initiated the germination for S. lycopersicum seeds cv Moneymaker, Capsicum
annuum, Solanum melongena, Ocimum basilicum (obtained from Intratuin B.V),
Pisum sativum Cameor (obtained from Dr. Judith Burstin lab) and Glycine max (cv
green shell) (obtained from https://www.dehobbytuinder.nl/) by placing them in sealed
plastic containers lined with paper towels soaked in tap water for one week. After this
germination period, seedlings of uniform size were transplanted into 7 cm square pots
filled with sieved Primasta® soil. Approximately one week following the transfer, we
randomly allocated the plants into two distinct groups and subjected them to either white
light (WL) or supplemental far-red light (WL+FR) treatments.

Arabidopsis thaliana seeds of the Colombia-0 (Col-0) accession, as well as Brassica nigra
seeds provided by Dr. Chrysoula K. Pantazopoulou, were used in this study. These seeds
were sown directly into soil, underwent a stratification period of 3 days in darkness at
4°C, and were subsequently transferred to controlled growth rooms. These growth rooms
had the conditions: LD: 16 hours of light, 8 hours of darkness, SD: 8 hours of light, 11
hours of darkness a photosynthetically active radiation (PAR) of 150 wmol-m2-s%, an R/
FR ratio of 2.0, a temperature of 20°C, and a relative humidity of 70%. Following a 7-day
growth period, the seedlings were transplanted into 70 mL pots containing Primasta® soil.
At the age of approximately 2 months, these plants were employed in inflorescence stem
elongation experiments, commencing when the inflorescence reached approximately 0.5
cm to 2 cm in length. All experimental procedures were initiated at 10:30 AM.

5.5.2 Light conditions

The seedlings were cultivated at a temperature of 20°C, maintaining a humidity level of
70%, under a 16-hour light/8-hour dark cycle. The experiment incorporated two different
light conditions: white light (WL) and far-red (WL+FR). In the WL conditions, the light
intensity measured 200 PAR (photosynthetically active radiation). In contrast, the WL+FR
conditions involved a light intensity of 200 PAR in white light supplemented with additional
far-red light to achieve a specific red-light to far-red light ratio (R:FR) of 0.20.
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5.5.3 Phenotyping

To conduct plant phenotyping, a digital caliper was employed to measure specific plant
attributes, which varied depending on the plant species. For the phenotyping of O. basilicum,
P. sativum, S. lycopersicum Moneymaker, Capsicum annuum, Solanum melongena
and Brassica nigra each sample had 8 replicates and experiments were repeated twice.
Arabidopsis measurement was conducted with 12 replicates and three times replication.

5.5.4 Microscope analysis

To stain the samples, we utilized a 0.1% (w/v) safranin solution, exposing the internode
samples to it for two minutes. Subsequently, the samples underwent rinsing with 70%
ethanol until the ethanol became clear. The samples were then returned to a 70% ethanol
solution for storage.

For microscope analysis, we employed the Leica 700 Microscope in conjunction with
analyzeD software to capture images. Subsequently, ImageJ was utilized to measure
specific components as outlined for each species in Table 1. The images were captured
at a 10X magnification. Regarding data analysis and graph generation, we employed
GraphPad Prism 9. Additionally, statistical analysis, including the Student t-test, was
conducted using Microsoft Excel.

5.5.5 RNA Extraction and cDNA Synthesis

In the initial gPCR experiment, plants were subjected to two conditions: exposure to white
light (WL) or a low R/FR ratio of 0.2 (WL+FR). The plants were harvested for whole
internode or pith after 6h or 24h light treatment. Each experimental condition was replicated
four times, with each replicate consisting of 8 to 12 plants. Technical replicates for gPCR
were performed three times. For each biological replicate, three internodes were placed
in a tube, snap-frozen using liquid nitrogen, and stored at -80 degrees Celsius. Total RNA
was extracted using the RNeasy kit (Qiagen), and the RNA concentration was determined
using a nanodrop spectrophotometer (Thermo Fisher Scientific). Reverse transcription was
carried out using random hexamer primers with RevertAid H Minus reverse transcriptase.
To facilitate comparison, the Log,FC (Logarithm of Fold Change) was employed.

5.5.6 Quantitative RT-PCR

Real-time PCR was conducted using the Bio-rad CFX opus 384 system with the Bio-rad
CFX Maestro software. Primers listed in Table 1 were employed along with SYBRgreen
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super mix dye (Thermo Fisher Scientific). Relative transcript abundance was determined
using the comparative 2/t method, with ACTIN2 serving as the reference gene. Statistical
analysis of the gPCR data was performed using R, involving an ANOVA followed by
a Tukey post hoc test. Data visualization was accomplished using GraphPad software
(Version 9.5.1, released on January 24, 2023).

5.5.7 Homolog analysis

We conducted an homolog search involving several plant species from distinct families
and utilized the default BLAST search various websites: for cDNA sequences of
Arabidopsis, we sourced them from TAIR (The Arabidopsis Information Resource,
2015), while soybean Pisum sativum and Glycine max sequences were obtained from
Phytozome (Goodstein et al., 2012). Additionally, we accessed Solanaceae sequences
from Solgenemics (Solgenomics.net) (Mueller et al., 2005) with ITAG4.0 for Solanum
lycopersicum, Capsicum annuum UCD 10X genome chromosome v1.0 for Capsicum
annuum, eggplant V4 for Solanum melongena. Orthologs for Brassica nigra were
obtained from http://brassicadb.cn/#/BLAST/ as part of our comprehensive ortholog
search methodology. We keep the highest score of similarity over 70%, only similarity
difference less than 10% would lead to keeping multiple homologs

5.5.8 Alignment, sub-sampling, and phylogenetic analyses

Homologs of all transcription factors (TFs) were aligned using Muscle v3.8.31 (Edgar,
2004). Subsequently, the phylogeny were generated using the Maximum likelihood
constructed by software Mega X (Kumar et al., 2016), with a Tamura Nei model
generating the ML tree. Bootstrap analysis utilized 1000 rapid bootstraps. The consensus
tree method was then applied to select the genes for each species. Resulting output file
was subsequently employed to construct a consensus tree using a majority rule consensus,
ensuring that only nodes with bootstrap support values exceeding 50 were incorporated.
The outcomes of the ML analysis were visualized and adjusted using Figtree v1.4.3
(Rambaut, 2012).

5.5.9 Conservation analysis

We carried out conservation analysis with mVista (Mayor et al., 2000; Frazer et al.,
2004), alignment was carried out by LAGAN (Brudno et al., 2003), and conservation
area was denoted with red color.
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Table 5.1. Primer sequences used in multispecies qPCR.

Oligo Name Seq (5°-3’) Target gene Species
Bnigra-3450ref-L1 CTCCCTCAAGCAACGAATCG BniB06g001480.2N.1 Brassica
nigra
Bnigra-3450ref-R1 ATGTCAACGGCCGAATTAGC BniB06g001480.2N.1 Brassica
nigra
Bnigra-3450ref-L2 GACTGCTTCTCAACGTCGAC BniB06g055220.2N.1 Brassica
nigra
Bnigra-3450ref-R2 CTGCTCTTTCTCAACGGACG BniB06g055220.2N.1 Brassica
nigra
Bnigra-3450ref-L3 GAGTCGCGTTCTTGGATCAC BniB08g027470.2N.1 Brassica
nigra
Bnigra-3450ref-R3 ACTCCCGTCTCTGGTGAATG BniB08g027470.2N.1 Brassica
nigra
Bnigra-3450ref-L4 GACGACGAGCAGTTCATGTC BniB08g072820.2N.1 Brassica
nigra
Bnigra-3450ref-R4 GACGGTGGCTGTTCTTTGTT BniB08g072820.2N.1 Brassica
nigra
Bnigra-0150ref-L1 CTCATCAACGGCGTCAGAAG BniB08g029800.2N.1 Brassica
nigra
Bnigra-0150ref-R1 CTTCAACCTTGGTGTGACGG BniB08g029800.2N.1 Brassica
nigra
Bnigra-0760ref-L1 CTCCAGCCTCTTCCTGTCTC BniB07g039570.2N.1 Brassica
nigra
Bnigra-0760ref-R1 ACGCCCTGATTTGTACCTCA BniB07g039570.2N.2 Brassica
nigra
Brassinactin-L AGCAACTGGGATGACATGGA BniB05g027120.2N.1 Brassica
nigra
Brassinactin-R TCACCAGAGTCGAGCACAAT BniB05g027120.2N.1 Brassica
nigra
TCP19-0150ref-L.  CGCGCTGAAAATTCCTACGA XM_016712397.2 Capsicum
annuum
TCP19-0150ref-R CAGTATCTGCTGTTGTCGCC XM_016712397.2 Capsicum
annuum
Cannuum- TGTCTTCCAACGCTGAGCTA chr8:35902201-35904000  Capsicum
0760ref-L1 annuum
Cannuum- CCCCTCCCCAATTGGTAGTT chr8:35902201-35904000  Capsicum
0760ref-R1 annuum
Cannuum- TTCCTCGACGGTGCTTTACT chr3:267174801-267176100 Capsicum
0760ref-L2 annuum
Cannuum- AGCTCTCCACTTGTCTTCCC chr3:267174801-267176100 Capsicum
0760ref-R2 annuum
Cannuum- ACCGAAACAATCACCACTGC CA00g71840:1-921 Capsicum
3450ref-L annuum
Cannuum- TCGGCATTCTTCGACCATTG CA00g71840:1-921 Capsicum
3450ref-R annuum
Capsiumactin-L ~ ACACCCTGTTCTCCTAACGG CA03g11540 Capsicum
annuum
Capsiumactin-R ~ TCACACCATCACCAGAGTCC CA03911540 Capsicum
annuum
AT5G51910-g-L.  GGCAACGCGATACAAGTGAT AT5G51910 Col-0
AT5G51910-g-R  AATTGAAAGACCCGAGCAGC AT5G51910 Col-0

197



Chapter 5

Oligo Name Seq (5’-3%) Target gene Species
AT2G45680-g-L CTTCCTCCGGTTTAGCTCCA AT2G45680 Col-0
AT2G45680-g-R CAAGAAGAAAGCTCCGACCG AT2G45680 Col-0
AT2G45050-L CGGAAAGTGATGGAGCTTCG AT2G45050.1 Col-0
AT2G45050-R GTTACCCAAAACCCAACCCC AT2G45050.1 Col-0
AT2G42380-L TGCAAGATGGAGCCAGAAGA AT2G42380 Col-0
AT2G42380-R TAACACTGACACTTCCGCCT AT2G42380 Col-0
UBQ10_F GGCCTTGTATAATCCCTGATGAATAAG Col-0
UBQ10 R AAAGAGATAACAGGAACGGAAACATAGT Col-0
Soy0150ref-L1 TGTCTCTTCCCTGGTCACAC Glyma.07G080300.1 Glycine max
Soy0150ref-R1 ACTCAATGCTTGGAAGACGC Glyma.07G080300.1 Glycine max
Soy0150ref-L2 CAACCACTTCACCTTCCGAC Glyma07g08710.2 Glycine max
Soy0150ref-R2 TCGTTGCTGCGTTTTGGTTA Glyma07g08710.2 Glycine max
Soyactin-L AGGTGATGAAGCCCAGTCAA Gm04:51853938..51855330  Glycine max
Soyactin-R ACATGGCAGGCACATTGAAG Gm04:51853938..51855330  Glycine max
Soy3450ref-L TCTGCGCAAAGATCAAGAGTG Gm06:49537899..49539195  Glycine max
Soy3450ref-R CGGCCTTCATTGGTCAACAT Gm06:49537899..49539195  Glycine max
Soy0760ref-L AATTTGCCCTCCTCCTCCTC GlysoP1483463.06G078800.1 Glycine max
Soy0760ref-R GACACTTGCGGGTTGAACAT GlysoP1483463.06G078800.1 Glycine max
Pea0150ref-L TTCCAAGCCCAAACTCAAGC XM_051017346.1 Pisum
sativum
Pea0150ref-R GGCGGAAATAATGGCAGGTT XM_051017346.1 Pisum
sativum
Pea0150ref2-L GACCCTCTCTTCCAGACGAC XM_051030491.1 Pisum
sativum
Pea0150ref2-R GAGCTCTTCTTTCATCGCCG XM_051030491.1 Pisum
sativum
Pea0150ref3-L CGGCGATGAAAGAAGAGCTC XM_051030490.1 Pisum
sativum
Pea0150ref3-R GATTTGTGACCAAGCTCCCG XM_051030490.1 Pisum
sativum
Pea3450ref-L GCCAACCTCCTTTTCAACCA XM_051027770.1 Pisum
sativum
Pea3450ref-R TTTTCACCATCTTTCCCGCG XM_051027770.1 Pisum
sativum
Pea3450ref2-L ATTCCCTCTGGCTCCTTCAC XM_051045459.1 Pisum
sativum
Pea3450ref2-R GGCCAAGGTTGTGTCATGTT XM_051045459.1 Pisum
sativum
Pea3450ref3-L AAGTGGTGGTGATGGAGAGG XM_051026994.1 Pisum
sativum
Pea3450ref3-R CAACCGCTTCATCCTTAGGC XM_051026994.1 Pisum
sativum
Pea0760ref-L CGACAGCAGCAGGGATTTAC XM_051030552.1 Pisum
sativum
Pea0760ref-R AGGCAGCTTTGGTTTCTTGG XM_051030552.1 Pisum
sativum

198



Exploring conservation of cellular-level traits in shade avoidance syndrome among species

Oligo Name Seq (5’-3’) Target gene Species
Pea0760ref2-L CACCGCCGTTTAAACTTCCA XM_051038772.1 Pisum
sativum
Pea0760ref2-R GCCGCACAAATCAAACGATG XM_051038772.1 Pisum
sativum
Pea0760ref3-L CACCCTCCTCAAGTGTCTGT XM_051027377.1 Pisum
sativum
Pea0760ref3-R GGTGTTTTATCAGTGGCGCA XM_051027377.1 Pisum
sativum
Peaactin-L CGGGTATCCATGAGACGACA X90378.1 Pisum
sativum
Peaactin-R CCTCTCTGGTGGTGCTACAA X90378.1 Pisum
sativum
Eggplant0150ref-L. TGTCACCGGAGCAAATTGTG 8:85852001-85853900 S. melongena
Eggplant0150ref-R CTGTTCGGTGGTTGCTTGAA 8:85852001-85853900 S. melongena
Eggplant0760ref-L. AACACTCTGCAATGCCTGTG 1:18346701-18348500 S. melongena
Eggplant0760ref-R GATGGCGGCATTTGTTGTTG 1:18346701-18348500 S. melongena
Eggplant3450ref-L. GGGCGCTGAATTCGAGAAAT 079019740.1.01 S. melongena
Eggplant3450ref-R GCTGCTCCGTAGACACATTG 07g019740.1.01 S. melongena
Eggplant-ubi-L TCCTATCTCTGCCCTGACCT 4:327201-328500 S. melongena
Eggplant-ubi-R CCTGGCAAGCAACACATACA 4:327201-328500 S. melongena
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5.6 SUPPLEMENTARY DATA
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Figure S5.1. Solyc07g053450 transcript abundance in response to FR treatment. Analysis
was conducted using gPCR to examine the transcript abundance in internode 1 and its pith at two
different time points: 6 hours, and 24 hours on top homologs in multiple species. The expression
levels were obtained by comparing the response to WL and WL+FR conditions. The following genes
were investigated: (a) Tomato: Solyc07g053450, (b) Pepper: CA00g71840:1-921, (c) Eggplant:
SMEL4.1_079019740.1.01, (d) Arabidopsis: AT2G42380, () Mustardl: BniB06g001480.2N.1,
(f) Mustard2: BniB08g027470.2N.1, (g) Mustard3: BniB08g072820.2N.1, (h) Mustard4:
BniB06g055220.2N.1, (i) Soybean: Gm06:49537899..49539195, (j) Peal: XM_051027770.1, (K) Pea2:
XM_051045459.1. The experiment included 4 biological replicates, each consisting of 8-12 plants.
Additionally, 4 technical replicates were performed to ensure the accuracy of the measurements.
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Figure S5.2. Solyc01g090760 transcript abundance in response to FR treatment. Analysis
was conducted using qPCR to examine the transcript abundance in internode 1 and its pith at two
different time points: 6 hours, and 24 hours on top homologs in multiple species. The expression
levels were obtained by comparing the response to WL and WL+FR conditions. The following
genes were investigated: (a) Tomato: Solyc01g090760, (b) Pepperl: chr3:267174801-267176100
(CA00g71840:1-921), (c) Pepper2: chr8:35902201-35904000, (d) Eggplant: chr8:35902201-
35904000, (e) Arabidopsis: AT2G45050, (e) Mustard: BniB07g039570.2N.1, (f) Soybean:
GlysoP1483463.06G078800.1, (g) Peal: XM_051027377, (h) Pea2: XM_051030552.1, (i) Pea3:
XM_051038772.1. The experiment included 4 biological replicates, each consisting of 8-12 plants.
Additionally, 4 technical replicates were performed to ensure the accuracy of the measurements.

201



Chapter 5

(a) (b) (c)
Tomato: Solyc08g080150
Pepper Hm Internode

10+ 10
10, Bl Pith

Eggplant

BN nternode B Internode

== Pith == Pith

Expression
1
Expression
Expression

0T 1
6h 24h 6h 24h 1

(d) (e) (f) Mustard Bl Internode

Hm Pi
Arabidopsis 1 Arabidopsis 2 10 Pith
10+ 10+ Bl nternode
El Internode = Pith

mm Pith
1_‘,;!],
0.14

[ T pm ot 0.1 . .
6h 24n 6h 24h 6h 24h

Expression
T
Expression
Expression
-

(h)
Soybean 1 Soybean 2

B Internode
10

m Pith El Internode

mm Pith

Expression

0.1

Expression

0.1

0.01

0.01 : r
6h 24h

Pea 1

Em Internode AL

100 EN Internode

Expression

Expression

0.1

6h 24h 0.01
6h 24h

202



Exploring conservation of cellular-level traits in shade avoidance syndrome among species

» Figure S5.3. Solyc08g080150 transcript abundance in response to FR treatment. Analysis
was conducted using gPCR to examine the transcript abundance in internode 1 and its pith at two
different time points: 6 hours, and 24 hours on top homologs in multiple species. The expression levels
were obtained by comparing the response to WL and WL+FR conditions. The following genes were
investigated: (a) Tomato: Solyc08g080150, (b) Pepper: TCP19, (c) Eggplant: chr8:85852001-85853900,
(d) Arabidopsis1: AT2G45680, (e) Arabidopsis2: AT5G51910, (f) Mustard: BniB08g029800.2N.1, (g)
Soybeanl: Glyma.07G080300.1, (h) Soybean2: Glyma07g08710.2, (i) Peal: XM_051030490.1, (j)
Pea2: XM_051030491.1. The experiment included 4 biological replicates, each consisting of 8-12
plants. Additionally, 4 technical replicates were performed to ensure the accuracy of the measurements.
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Figure S5.4. Expression pattern of AT2G42380 in Arabidopsis development (Nakabayashi et
al., 2005; Schmid et al., 2005).
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Figure S5.5. Expression pattern of AT2G45050 in Arabidopsis development (Nakabayashi et
al., 2005; Schmid et al., 2005).
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Figure S5.6. Expression pattern of AT2G45680 in Arabidopsis development (Nakabayashi et
al., 2005; Schmid et al., 2005).

Figure S5.7. Expression pattern of AT5G51910 in Arabidopsis development (Nakabayashi et
al., 2005; Schmid et al., 2005).
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Chapter 6

This thesis explores the interplay between plants and their environment, with a specific
focus on shade avoidance syndrome (SAS). This behavior in plants is triggered by
the detection of a shift in the red (R) to far-red (FR) light ratio, typically indicating
competition and impending shading by neighboring plants.

Plants are sessile organisms; they are unable to walk away from an unfavorable situation.
Because of their inability to move, they have evolved to acclimate to changes in their
environment. Plants convert sunlight into energy that can be used by cellular processes,
and it is the main source of energy for the plant. So, light is an environmental factor that
influences a plant’s function to a great extent. Light availability and composition can
alter a plant’s phenotype and photosynthetic capabilities (Kami et al., 2010). A changing
light environment can be detected directly via light intensity, or by far-red or blue light
enrichment depending on environmental circumstances and the plant species (Navratil
etal., 2007), and a widely researched of these is the supplemental far-red (FR) response.
The FR response is initiated when plants grow with an increased abundance of FR light
about red light, which happens when a plant grows near or underneath a canopy of
leaves, creating a change in light composition (Navrétil et al., 2007). Overviews of this
response are widely available as it has been researched extensively (Bongers et al., 2014;
Courbier and Pierik, 2019; Wang et al., 2020) and will therefore only be touched upon
briefly in this thesis.

This thesis expands the knowledge of SAS into the crop species tomato, as understanding
shade avoidance mechanisms outside of model species is important to see if findings
are translatable to support global food production, in this case, tomato cultivation. In
Chapter 2 we characterized the phenotypic changes in juvenile tomatoes in response to
FR supplementation. We identified the 1% internode as a region that responded strongly
by both elongation and radial growth. We then zoomed into its cellular morphology
to discover strong changes in the pith parameters. We wanted to identify molecular
processes underlying this phenotypic plasticity, so in Chapter 3 we carried out RNAseq
profiling of internode 1 and its pith in response to FR treatment. We discovered gene
expression changes that could be auxin-induced, so in Chapter 4, we delved into
the hormone dynamics governing neighbor detection responses. While we started
with a focus on auxin (IAA), we also explored the roles of gibberellins (GA), and
brassinosteroids (BR). While auxin exhibited a role in stem elongation, its full impact
required the involvement of other actors, potentially GA or BR, to achieve far-red (FR)-
like elongation. GA and BR treatments in tomato FR-response induced comparable stem
elongation, emphasizing their potency, and both also turned out to be necessary for FR-
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induced elongation. Then, finally in Chapter 5, we expanded our research from tomato
to other dicots and explored the diversity of internode elongation in the shade avoidance
response and the putative regulatory roles of specific GATA, TCP, and bZIP transcription
factors identified in Chapter 3. The multi-species study unveiled diverse responsiveness
to supplemental FR light across dicots, with quantifiable pith elongation observed in the
species strongly responsive to the FR signal. The conservation of expression patterns of
candidate TFs within Solanaceae suggests functional significance in this family. Distinct
pith responses, indicated by cell-type-specific gene expression patterns of these TFs in
some dicots (e.g. Solyc08g080150 homologs in Soybean, Figure 5.13), also indicate
that pith responses are regulated differently to the rest of the internode, and that pith
plays a specific role in SAS. Overall, this thesis offers novel insights into transcriptional
regulation, evolutionary conservation, and molecular mechanisms shaping FR responses
across dicots.

Building on this, the thesis delves into the transcriptional regulation, evolutionary
conservation, and molecular mechanisms governing FR responses across dicots.
While the primary focus is on SAS in the physiological response of tomato crops, the
evolutionary content enriches the scope of this study. In this general discussion chapter,
I will bring together a number of topics that have emerged in the experimental chapters.
Firstly, I will discuss the role of pith cells for stems, and what our findings in Chapters
2, 3 and 5 suggest as the relevance of pith in SAS. Then, | will discuss the role of
different hormones in tomato SAS (Chapter 4), and how these might play integrate into
the expression patterns of SMALL AUXIN UPREGULATED RNAs (SAUR)s we observed
in Chapter 3. Finally, | will discuss TF evolution (Chapters 3 and 5) and conclude with
general evolutionary hypothesis.

6.1 PITH IN SAS
6.1.1 What is pith?

The pith is the central, often spongy, tissue found in the stems of vascular plants. It
consists of large, loosely packed parenchyma cells, and its primary function is to store and
transport nutrients throughout the plant. The pith is encircled by a ring of xylem, which
is in turn encircled by a ring of cambium, and then a ring of phloem. In some plants, the
pith may play a role in providing structural support to the stem (Venning, 1949; Esau,
1953; Hardwick and Elliott, 2016). The pith can vary in size, shape, and composition
among different plant species, and often it faces programmed cell death, leaving a
hollow internal cylinder. The pith’s cellular structure, specifically the arrangement and
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characteristics of its cells, contributes to its functions in nutrient storage, transport, and
support within the plant, but the molecular mechanisms underlying these pith functions
remain largely uncharacterized.

Recent research has unveiled new roles for pith. Firstly, the intercalation of the xylem
with the pith to separate xylem strands from each other decreases the risk of cavitation
(Bouda et al., 2022), making complex pith patterns an evolutionary advantage in arid
environments. Secondly, pith drives primary thickening growth (the diameter and
strength of the stem structure) and culm size in bamboo underground shoots (Wei et
al., 2017). The spiral growth of bamboo internodes, a manifestation of shoot wall cell
expansion, exerts anisopleural force on the internal pith tissue, ultimately leading to the
asymmetrical formation of the pith, this is an example of the unique growth niche of
pith (Guo et al., 2019; Long et al., 2023). In this thesis, we saw radial pith divisions in
FR-treated tomato stems, hand in hand with radial thickening of the elongating internode
(Figures 2.6, 2.16), potentially linking pith with radial growth also in tomato.

The pathway of pith growth remains elusive, raising questions about its origin. It is
commonly assumed that pith cells originate from the rib meristem, located at the top of
the shoot and in close proximity to the shoot apical meristem (SAM). In this thesis, local
treatment of SAM with far-red light induced a similar elongation effect as the overall far-
red treatment (Figure 3.2). This observation suggests that the rib meristem, particularly
in the early stages of growth, could serve as a trigger for pith generation.

In Chapter 2, we found that pith elongated and thickened radially in response to FR in
tomato stems, and in Chapter 3 we generated pith-specific transcriptome data. When
comparing the transcriptomes of pith and the whole internode in our data, we saw pith-
specific pattern of multiple transcription factor (Sasidharan et al., 2010)(Table S.3.5
red color) encoding genes and EXPANSINS. This same observation can be made from
Arabidopsis pith transcriptome (Shi et al., 2020). This suggests a noteworthy pattern that
does not effectively prove pith function but does has an evolutionary significance of pith-
related processes conserved across Species.

An early study on testing the presence of CAMP in plants actually utilized excised tobacco
pith tissue on auxin-containing media (Lundeen et al., 1973). In this setup, auxin induced
both cell enlargement and DNA replication phases of the cell cycle, along with cytokinesis
(Lundeen et al., 1973). Similarly, our Gene Ontology (GO) analysis (Figure 3.7) revealed
a substantial upregulation in DNA replication and cell activities upon FR treatment in pith,
offering molecular support to the cell divisions and elongation observed in Figure 2.16.
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As the tissue ages in some plants, the pith in the middle of the stem may dry out and
disintegrate, resulting in a hollow stem (Abercrombie et al., 1968; Kutschera and
Kohiler, 1992; Brown et al., 1995b). The formation of the pith cavity, intricately linked to
programmed cell death and governed by diverse physiological and molecular processes,
is caused by stress conditions (Guo et al., 2019; Wang et al., 2022). Pith cavities in
plant stems, such as those found in bamboo, are not unexpected, as they can form due
to various factors, including disease, aging, and environmental conditions (Wei et al.,
2017). Wheat stems typically exhibit solidity in the nodal region, with the formation
of an internodal cavity occurring as pith cells undergo programmed cell death during
internode elongation. The genes influencing stem pith thickness are likely associated
with pith cell death and cell wall composition. For instance, modulating pith thickness
can be achieved by either activating or inhibiting programmed cell death (which is also
observed in sorghum) (Fujimoto et al., 2018) or altering cell wall composition, leading
to increased stem cell wall thickness and lignin content (Kong et al., 2013; Liu et al.,
2023b) (Kong et al., 2013).The significance of the pith and its programmed cell death
extends beyond monocots, as evidenced by the presence of pith cavities also in dicots. In
Figure 6.1, we observed a dicot Vicia faba forming a pith cavity early in the development
of the third internode, while the older internodes remained filled with pith. This could
offer a dicot model to study the role of pith cavity in phenotypic plasticity of the stem.

6.1.2 Pith cell elongation, a key contributor to stem elongation
in multiple species within SAS

We observed a range of pith responses exhibited by different plant species when
it comes to shade avoidance. We first noticed a pronounced pith cell elongation and
radial divisions in FR in S. lycopersicum cultivars Moneymaker and M82 (Chapter
2). In the 8 species we selected (Chapter 5), most of them demonstrated typical stem
elongation and similar to tomato, pith cell elongation in response to reduced R:FR. In
SAS, the persistent correlation between pith elongation and stem elongation underscores
its conservation across the panel. While radial growth of pith was observed in several
species, its significance varied, leading us to hypothesize that pith activities during rapid
growth primarily emphasize longitudinal direction.

The presence or absence of pith in plant stems is influenced by various factors related to
the plant’s growth habit, evolution, and ecological niche. One key reason for its presence
in herbaceous plants, such as the species in our panel, is its role in nutrient storage and
transport. Herbaceous plants often require the capacity to store nutrients and water for
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rapid growth and seasonal fluctuations. On the other hand, (semi-)woody plants invest
heavily in the development of secondary tissues, such as wood and bark, to support
their height and withstand environmental stressors. Consequently, (semi-)woody plants
often have reduced or absent pith, as their primary structural support comes from the
surrounding tissues (Esau, 1965). The linkage of pith elongation and radial division with
SAS is still unknown, but from our current data, we did observe that pith cell elongation
is conserved in shade-responsive species’ stem elongation, thus suggesting a potential
connection between pith cell behavior and shade adaptation strategies in these plants.

Unlike the woody layers responsible for structural support, pith cells may have lower
lignin content and they exhibit larger, rounder shapes (Gunning and Steer, 1996). Their
differentiation and development from meristematic cells during growth set them apart,
as they become specialized for nutrient and water storage, whereas other cell layers
differentiate into cells dedicated to transport and structural support. Furthermore, in
woody plants, secondary growth primarily occurs in the vascular cambium and cork
cambium, distinct from the pith region, which generally does not directly contribute to
secondary growth processes (Venning, 1949; Lovell et al., 1971). We hypothesize that
their elongation in SAS is facilitated by relatively thinner cell walls and lower lignin
content, allowing them to expand and store larger volumes of materials (Esau, 1953).
Given the inherent capacity of pith cells for elongation, they are poised to play a role as
key drivers in the elongation of differentiated vascular tissues.

212



General discussion

No middle pith cell

Start pith cells exist

Vascular bundle

Interfascicular cambium

Parenchyma
Epidermis

Middle pith cells exist

The first internode

Figure 6.1. Vicia faba stem morphology shows a developmental trajectory of pith cells
across internodes. The older internodes (first and second) are filled with live pith, while the third
internode onwards we observed a pith cavity forming through middle pith programmed cell death.

6.1.3 The relationship between SAS and secondary growth is
not resolved yet

In chapter 2, we observed a consistent promotion of cambium thickness in tomato
during far-red (FR) analysis. The vascular cambium serves various functions, with a
possible role in facilitating secondary growth. Secondary growth is a vital process in
the growth and development of many plants, especially woody species. It involves the
production of secondary tissues, such as wood and bark, in plant stems and roots. These
secondary thickened tissues provide structural support, increase the girth of the plant,
and allow it to grow taller and more robust over time. The two key meristematic tissues
responsible for secondary growth are the vascular cambium and cork cambium. The
vascular cambium generates a secondary xylem (wood) towards the inside of the stem
and secondary phloem towards the outside, contributing to the plant’s water transport
and nutrient distribution. The cork cambium produces cork cells that form the protective
outer bark layer. Secondary growth is critical for plants to attain sufficient height, access
resources, and adapt to changing environmental conditions.
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Shade avoidance is a well-documented plant response to low light conditions, where
plants adjust their growth patterns to compete for sunlight. In shade conditions, plants
often exhibit traits like elongated stems and increased apical dominance, focusing on
reaching light sources. While shade avoidance primarily affects primary growth (the
lengthening of stems and roots), our data in S. lycopersicum in Chapter 2 showed it can
also influence secondary growth — either directly, or indirectly by altering the allocation
of resources. However, the extent to which shade avoidance directly impacts secondary
growth can vary among plant species. In Chapter 5 we observed diameter increase also
in Arabidopsis inflorescence stems in response to FR, but no radial growth in response to
FR for any other species in our panel. While there is evidence that shade avoidance can
influence resource allocation and growth patterns, more research is needed to understand
the precise mechanisms and consequences of this relationship on secondary growth
across different plant species and environments.

6.2 HORMONAL REGULATION OF TOMATO SAS
IN ABROADER CONTEXT

6.2.1 Interplay of hormone signals in Arabidopsis SAS

The perception and signaling of low R:FR in Arabidopsis involve complex interactions
between photoreceptors, hormones, and transcription factors. In response to low R:FR,
auxin concentrations increase rapidly, but this increase is often transient and lost on
the second day of treatment (Bou-Torrent et al., 2014; de Wit et al., 2015; Pucciariello
et al., 2018). A subsequent increase in auxin sensitivity is required to maintain auxin
signaling for a longer duration in low R:FR. Arabidopsis senses low red:far red (R:FR)
light conditions in the leaf lamina, which triggers PIF-regulated gene expression and
auxin biosynthesis. The auxin signal then travels to the petiole/hypocotyl, where
brassinosteroids (BRs) are involved in the elongation responses (Leivar and Monte,
2014; Galvao et al., 2019; Zhang et al., 2020). Additionally, other hormones may further
stimulate growth beyond the first day, such as the increased synthesis of gibberellic acid
(GA) through enhanced GA20-OXIDASE (Hisamatsu et al., 2005; Bou-Torrent et al.,
2014; Gommers et al., 2017). Increasing GA concentrations promote the degradation of
growth-repressive DELLA proteins, which are nuclear-localized repressors that inhibit
the activity of many transcription factors, including the BR-responsive growth promoter
BZR1 (BRASSINAZOLE-RESISTANT 1) and BES1 (BRI1-EMS-SUPPRESSOR 1),
but also ARFs (AUXIN RESPONSE FACTOR) and PIFs. These transcription factors,
together with their DELLA repressor, constitute the BZR-ARF-PIF/DELLA (BAP/D)
module (Oh et al., 2014). BZR1, ARF6, and PIF4 stimulate cell growth through the
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induction of many shared target genes and reinforce each other’s activity at those targets
(Oh et al., 2012; Oh et al., 2014). The interactions between these transcription factors
explain why PIFs and BZR stimulate auxin sensitivity. However, each member of the
BAP module also has its specific targets, indicating a complex growth-promoting network
of interacting transcription factors stimulated by auxin, gibberellin, and brassinosteroid
signaling, while being repressed by active phy and cry photoreceptors (Fu and Harberd,
2003; Ishida et al., 2010; Holalu and Finlayson, 2017; Galvao et al., 2019). This interplay
is important to keep in mind as a reference when interpreting the tomato data in the
following sections.

6.2.2 SAURSs are responsive during FR-triggered elongation of
internode 1 and pith

In Chapter 3, focused on RNA-seq analysis of cell elongation, the most enriched pathway
emerged as the auxin response Gene Ontology (GO) category, specifically comprising
SMALL AUXIN UP RNA (SAUR)s. This finding underscores the significance of SAURS
in SAS. Auxin regulates hypocotyl growth in Arabidopsis (Gray et al., 1998; Zhao et
al., 2001), and many SAURs are highly expressed in elongating hypocotyls (Franklin
et al., 2011; Chae et al., 2012; Chalivendra et al., 2013; Stamm et al., 2013), and it has
long been hypothesized that SAURs may be involved in auxin-regulated cell expansion
(Stortenbeker and Bemer, 2019). Experimental results supporting a positive role for
SAURs in cell expansion were obtained from several recent studies in Arabidopsis.
Overexpression of SAUR36, SAURA41, or stabilized fusion proteins of SAUR19 or
SAURG63 promotes hypocotyl elongation by enhancing cell expansion. Conversely,
seedlings expressing artificial microRNAs targeting SAUR19 or SAURG3 exhibit slightly
shorter hypocotyls with smaller epidermal cells, indicating a positive regulatory role for
these SAURs in cell expansion (Knauss et al., 2003; Park et al., 2007; Narsai et al., 2011;
Qiu et al., 2013).

SAURs are key elements of the auxin growth mechanism to facilitate cell expansion
that was established for more than 50 years (Spartz et al., 2014). Originating in the
1970s, the acid growth theory was initially introduced to elucidate auxin-mediated
cell expansion (Rayle and Cleland, 1970; Rayle and Cleland, 1992; Hager, 2003). The
auxin-mediated cell elongation response to various signals depends on the enhanced
expression of SAUR19-24 (Ishida et al., 2010). This response involves the stimulation
of H*-ATPase proton pumps, leading to rapid apoplast acidification and acid growth.
In shade-exposed Arabidopsis petioles, apoplast acidification happens within minutes.
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According to this theory, auxin induces proton release in susceptible cells, lowering
apoplastic pH, increasing membrane potential, and activating cell wall-loosening
proteins like EXPANSINSs (Sasidharan et al., 2008; Sasidharan et al., 2010; Arsuffi and
Braybrook, 2018), also upregulated in our data (Figure 4.22-23).

Intriguingly, certain SAURs have been suggested to exert a negative regulatory influence
on cell expansion. For example, transgenic seedlings overexpressing SAUR32 exhibit
reduced hypocotyl elongation in conditions of darkness or red light exposure (Park et
al., 2007). Conversely, a potential negative regulatory role of SAUR36 in inhibiting leaf
growth is hinted by saur36 T-DNA loss-of-function plants displaying larger leaves with
expanded epidermal cells (Hou et al., 2013). However, SAUR36 overexpression results
in seedlings displaying an extended hypocotyl phenotype (Stamm et al., 2013). This
indicates that SAURs can have both promoting or inhibiting effects on cell expansion,
and this might be also indicated in our data from RNAseq (Figure 4.2a). This interplay
among SAURs, with their potential dual roles, adds layers of complexity to our
understanding of their functions. These nuanced regulatory mechanisms underscore
the need for comprehensive investigations to unravel the diverse roles played by SAUR
family members in tomato SAS.

Roig-Villanova et al., 2007 proposed a connection between SAURs and SAS in
Arabidopsis. The atypical bHLH proteins, PHYTOCHROME RAPIDLY REGULATED1
(PAR1) and PAR2, lacking a basic domain for DNA-binding, are upregulated by shade,
inhibiting SAS. PAR1 interacts with PIF4 to suppress its DNA-binding activity,
resulting in the inhibition of SAUR15 and SAURG7, potential direct targets of PIF4; this
interaction, coupled with the transient induction of SAUR15 and SAURG67 by shade,
suggests a feedback mechanism through PAR1 and PAR2 to mitigate shade-induced
SAUR expression (Oh et al., 2014). Hornitschek et al., 2012 also supported the role
of SAURs in shade-stimulated elongation growth, identifying SAUR19 subfamily genes
and additional SAUR genes as potential direct targets of PIF5. The rapid induction of
specific SAUR genes in elongating hypocotyls under far-red enrichment indicates their
involvement in cell elongation, contributing to the increased growth observed in shade
avoidance. In Chapter 3, we showcase the shade avoidance syndrome induction of SAUR
in the stem of S. lycopersicum. Despite limited annotation in S. lycopersicum, in the
expression analysis of IAA-related genes (Fig 4.2a), we performed ortholog search for
SAURSs, and revealed a significant upregulation of many SAURSs.
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6.2.3 SAUR regulation is not limited only to auxin

SAUR genes, in addition to being influenced by auxin, are regulated by brassinosteroids
(BR) and gibberellins (GA), suggesting their involvement in diverse hormone-mediated
aspects of plant growth (Ren and Gray, 2015). BR, a growth-promoting hormone, shares
extensive crosstalk with auxin, converging at the transcriptional level to regulate common
target genes, including various SAUR genes (Fabregas and Cafio-Delgado, 2014; Wang et
al., 2014). BES1 and BZR1 transcription factors in the BR signaling pathway have been
identified as potential regulators of SAUR gene expression. Chromatin immunoprecipitation
studies confirm the binding of BZR1 and BES1 to SAUR promoters, implicating SAURS as
downstream effectors in BR-mediated expansion growth (He et al., 2005; Yin et al., 2005;
Gory Vert et al., 2011). Similarly, GA, another growth-promoting hormone, impacts SAUR
gene expression, with DELLAs, central regulators in the GA pathway, influencing SAUR
promoters (Claeys et al., 2014; Xu et al., 2014). GA-induced degradation of DELLAs leads
to enhanced ARF, PIF, and BZR1/BES1 transcription factor binding to SAUR promoters.
Notably, SAUR36 is upregulated by RGA-LIKE2 (RGL2), a major DELLA protein in seed
germination regulation, with further research needed to elucidate its specific role in other
processes (Feng et al., 2008; De Lucas et al., 2008; Bai et al., 2012).

The interaction between BR and auxin signaling is complex and involves overlapping gene
activation, synergistic effects, and interdependent interactions. Microarray analyses have
shown that BR and auxin activate similar sets of genes, and genetic and physiological
studies have demonstrated their collaboration in various developmental processes,
including hypocotyl elongation and vascular bundle patterning (Ibafies et al., 2009;
Depuydt and Hardtke, 2011; Nemhauser and Torii, 2016). Several molecular mechanisms
have been proposed to mediate BR-auxin interactions. BZR1, a key regulator in the BR
pathway, controls genes involved in auxin synthesis, transport, and signaling (Sun et al.,
2010). Auxin, in turn, activates BR biosynthetic genes and increases BR levels. The protein
BIN2 phosphorylates an auxin-response factor (ARF2), and both BZR2 and ARF5 bind
to the same promoter involved in BR and auxin responses (Vert et al., 2008; Walcher and
Nemhauser, 2012). Additionally, the actin cytoskeleton, regulated by both BR and auxin,
plays a role in integrating their responses and feedback regulating auxin transport and BR
signaling (Lanza et al., 2012). However, further evaluation is needed to fully understand
the physiological implications of these mechanisms in BR-auxin interactions.

In chapter 3, we found SAUR upregulation and in chapter 4, we explored the role of
hormones, specifically auxin (IAA), gibberellins (GA), and brassinosteroids (BR),
in regulating stem elongation during SAS in tomato plants. In our RNAseq analysis,
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SAUR upregulation was the main component of the auxin response Gene Ontology
(GO) category enrichment, and we also assumed SAUR upregulation reflected TAA
signaling. However, our findings revealed that while IAA alone had a limited effect on
stem elongation and we observed no IAA change in the stem in response to FR. GA and
BR, on the other hand, had a more pronounced impact on stem elongation compared to
IAA. It might be that SAUR upregulation was not a reflection of IAA, but instead either
GA or BR signaling. These findings highlight the restrictions of GO annotations and the
complications coming from the multifaceted regulatory networks, in this case, of SAUR
regulation by 1AA, BR and GA pathways.

6.2.4 Limitations of GO annotation in tomato

To investigate the limitations of the GO analysis in tomato, we carried out a comparative
analysis, to identify ratios of genes belonging to different categories in the well-annotated
Arabidopsis and our model tomato (Table 6.1). With a focus on Brassinosteroid (BR),
Gibberellic Acid (GA), auxin and far-red GO categories, it is clear that tomato annotations
are severely lacking. Arabidopsis currently has annotations for 63 BR genes and 23 GA
genes, while S. lycopersicum lacked BR annotations and had 5 GA annotations. The ratios
highlighted the absence of BR annotations in tomato (0) and minimal GA annotations in
both species. Poor GO annotation in S. lycopersicum will be a key limitation to our GO
enrichment in Chapter 3, which we then overcame by plotting the FR-responsive behavior of
tomato homologs of known hormone-related and -responsive genes (Figure 4.2, S4.1, S4.2).
Also, should SAURs be only annotated as response to auxin? Since Auxin and BR signaling
pathways are hugely overlapped, we assume the annotation might need to expand. Based on
our experimental results from Chapter 4, we now assume that SAUR upregulation is not only
from 1AA signaling, but can be an outcome of GA, BR and IAA crosstalk in response to FR.

Table 6.1. Annotation ratio (GO category : total number of genes) in Arabiodopsis and S.
lycopersicum for GO categories of interest.

Arabidopsis (TAIR10 genome) S. lycopersicum (ITAG4.0,)

Total number of genes 25500 34075
Brassinosteroid 63 0
GA 23 5
Auxin 124 115
Far-red light 7 0
Ratio of BR annotation 0.25% 0.00%
Ratio of GA annotation 0.09% 0.01%
Ratio of Auxin annotation 0.49% 0.34%
Ratio of far-red light annotation 0.03% 0.00%
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To overcome the limitations of the GO enrichment and to gain insight into the hormonal
signatures in the transcriptome data, we curated lists of hormone responsive and related
genes, identified their tomato homologs, and visualized these as heatmaps (Figures 4.2).
Specifically in the case of GA and BR that are missing from tomato GO, we identified
several genes, which show more pronounced FR effects on gene regulation in GA
genes compared to BR-related genes, with up to a 4-fold change. BR-related genes
show no significant change. Notably, GA oxidase genes, crucial in GA biosynthesis,
are significantly upregulated. In other words, IAA and GA-related genes exhibit a
remarkably similar expression pattern, with numerous genes showing high upregulation
and downregulation, indicating that that IAA and GA play roles in the FR response in the
stem, while BR response is not evident.

When we consider these results in the light of the hormone treatments, a new nuance
emerges. GA and BR are necessary and sufficient for the internode elongation (Figures
4.13,14,16), while the role of IAA remains unsolved. Looking at the hormone treatment
gPCR data (Figure 4.22-4.23), the story is complicated even further. IAA and GA give
more similar responses, resembling that of FR-response, while BR application also leads
to a substantial gene expression alteration, however with opposing effects to IAAand GA.
Note that BR effects are clear in genes that are not annotated as BR-related, indicating
that looking at proposed BR-related genes to infer BR function (e.g. GO enrichment,
Figure 4.2b BR-heatmap) is not very effective.

In conclusion, the gene expression responses of IAA and GA demonstrate an increase
in response to FR, whereas BR exhibit no alteration. Regarding the recapitulation of
FR effects with exogenous hormone treatments, IAA has a minor impact, while GA and
BR fully recapitulate the effect. From our inhibitor work, we saw that blocking GA and
BR also blocks the FR response, indicating them being necessary for the FR-induced
elongation. These effects are different from Arabidopsis SAS where auxin plays a core
role, being the mobile signal, necessary and sufficient, to induce the petiole and hypocotyl
elongation responses. It is likely that the relative hormonal regulation balances in SAS
has diverged between tomato and Arabidopsis, and this will complicate translation of
Arabidopsis SAS findings to crop applications.
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Table 6.2. Summary of IAA, GA, and BR results in our FR experiments (Chapter 4).

I1AA GA BR
Signaling i 1 =
concentration =
Sufficiency to recapitulate FR little full full
Necessity yes yes

6.3 DIVERSITY OF SAS AND FR-RESPONSIVE TFS

Discovering transcription factors (TFs) important for shade avoidance is crucial for
unraveling the intricate regulatory networks in plant responses to varying light conditions.
These TFs, previously unknown for SAS could play a vital role as key regulators,
influencing adaptive strategies in shade-exposed plants. Moreover, comprehending
tissue-specific expression patterns is essential since different plant tissues may exhibit
distinct responses to light conditions. The identification and characterization of these TFs
with tissue-specific expression brings precision to our understanding of the molecular
dynamics underlying the complex phenomenon of shade avoidance.

In our study on the conservation and evolution of FR-induced transcription factor
genes in tomato, identified in Chapter 3 and followed up in Chapter 5, we focused on
Solyc01g090760 (GATA TF), Solyc08g080150 (TCP TF), and Solyc07g053450 (bZIP
TF). The conservation of the FR-induced patterns of these TFs within Solanaceae provides
insights into their potential roles during SAS. We observed divergence of Solanaceae
FR-responsive expression patterns of these TFs from Fabaceae and Brassicaceae. This
adds another layer of support to FR-responsive Solanaceae regulatory networks having
diverged from e.g. Arabidopsis, and again indicates that translation of results from model
organisms to non-closely-related crop species could be challenging and would require
more focus on diversifying research strategies towards different plant families.

Notably, our findings in Chapter 5 also reveal expression in pith, sometimes exclusively,
in response to supplemental FR. This finding might be consistent with a role of pith in
stem elongation, but overall, our data are limited by the lack of a direct link between
pith function and shade avoidance elongation. We have observed that internode
elongation goes together with pith elongation in all of the species we looked at, and that
typically transcriptionally inactive pith shows upregulation of these TFs in Solanaceae
(summarized in Table 6.2). However, we were unable to establish stronger support for
the connection between pith function and shade avoidance.
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A promising avenue for subsequent research involves extending the investigation to
additional species. Firstly, expanding to the sister families of Solanaceae, and continuing
outwards until the FR-responsive behaviour of the three TFs is lost. However, it
would be very helpful to also establish the functionality of these three genes in shade
avoidance, by for example making knockout lines and testing their FR-responsiveness.
Alternatively, we could explore plants with different pith morphologies, or preferably a
species lacking pith in its internodes. An example of different pith structure is the legume
Vicia faba (Figure 6.1). This species exhibits a distinctive developmental pattern where
pith development in different internodes progresses through different developmental
stages, namely undergoing programmed cell death in the younger internodes. It would be
also interesting to see if we can identify if FR-responsive pith elongation and internode
elongation are uncoupled in any dicot species.

Table 6.3 Summary of the evolutionary analysis of multiple species in SAS. Y means Yes, N
means No, Up means upregulation.

Species S. C. S. B. A. P. G.
lycopersicum annuum melongena nigra thaliana sativum max

Elongation in FR Y Y Y Y Y N (slow) Y

Pith elongation Y Y Y Y N N Y

TF expression in FR Up Up Up

TF conservation (reference point)  High High

6.4 CONCLUSION

In summary, this thesis has delved into diverse facets of shade avoidance in non-model
dicots. We covered the phenotypic changes including cellular morphology, tissue-
specific transcriptome changes, hormonal regulation of internode elongation and SAURS
in tomato. Then, we studied the conservation of FR-responsive behaviour of transcription
factors and the pith elongation in dicots. Our examination highlighted unique growth
patterns, underscoring the significance of such nuances in various plant species. It appears
that tomato hormonal and TF regulatory networks in SAS have diverged from those of
Arabidopsis. Looking forward, the pursuit of a deeper comprehension of transcriptional
regulation, evolutionary conservation, and molecular mechanisms governing growth
responses remain key foci in SAS research.
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General Summary

GENERAL SUMMARY

In a quest to unravel the intricate dance of plants with light, our journey begins with
the pivotal role of light and plant growth general introduction. The competition among
neighboring vegetation sparks the phenomenon of shade avoidance syndrome (SAS),
driven by far-red light enrichment. Armed with a foundation of molecular insights from
prior research on shade avoidance syndrome, our thesis sets sail into uncharted territory.

Chapter 1 delves into the shade avoidance syndrome (SASs) in tomato cultivars M82
and Moneymaker, dissecting cellular developmental plasticity under white light and
far-red supplemented conditions. Microscopy-based quantification zooms into the first
internode, revealing significant cellular anatomy responses, setting the stage for deeper
exploration in subsequent chapters.

Chapter 2 explores the molecular mechanism with tissue specific signally in SAS. A time
series RN Aseq sheds light on auxin’s early role in internode elongation and identification
of transcription factors, paving the way for Chapter 4’s exploration of hormones,
identifying potential key regulators.

The hormonal dynamics take center stage in Chapter 4, as we probe into auxin,
gibberellins, and brassinosteroids during SAS. The study unveils complex interactions
governing stem elongation, highlighting the nuanced influence of auxin, while GA and
BR emerge as potent players. The intricate interplay of these hormones shapes plant
responses to shade, emphasizing their crucial roles.

Chapter 5 encapsulates a multidimensional exploration, examining cell expansion,
the regulatory roles of transcription factors, and the dynamics of shade avoidance
responses across 8 dicots. Pith elongation patterns, transcriptional regulation, and
motif distribution offer a nuanced understanding of conserved regions, showcasing the
interdisciplinary nature of plant biology.Our journey concludes with a spotlight on the
distribution of dissimilar transcription factors across plant families, paving the way for
future investigations.

In the final chapter, we cast a broad perspective on the constraints of RNAseq analysis,
hormone analysis, and evolutionary considerations. The discovery of a general conservation
pattern between pith-specific expression in far-red across diverse species and transcription
factor conservation opens avenues for deeper research. While our proposed linkage model
awaits further confirmation, this ongoing exploration promises to unveil the molecular

intricacies of plant responses to light, enriching our understanding of adaptation strategies.
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GENERAL SUMMARY (DUTCH)

In een zoektocht om de ingewikkelde dans van planten met licht te ontrafelen, begint
onze reis met de cruciale rol van licht en de algemene introductie van plantengroei.
De concurrentie tussen naburige vegetatie veroorzaakt het fenomeen van het
schaduwontwijkingssyndroom (SAS), aangewakkerd door verrijking met verrood licht.
Gewapend met een basis van moleculaire inzichten uit eerdere onderzoeken naar het
schaduwontwijkingssyndroom, zet onze scriptie koers naar onontgonnen gebied.

Hoofdstuk 2 duikt diep in het schaduwontwijkingssyndroom (SAS) bij tomatencultivars
M82 en Moneymaker, waarbij de cellulaire ontwikkelingsplasticiteit onder wit licht
en verrood aangevulde omstandigheden wordt ontleed. Microscopie-gebaseerde
kwantificatie zoomt in op het eerste internode en onthult significante reacties in de
cellulaire anatomie, wat een opmaat vormt voor verdere verkenning in de daaropvolgende
hoofdstukken.

Hoofdstuk 3 onderzoekt het moleculaire mechanisme met weefselspecifieke signalering
in SAS. Een RNA-seq op verschillende tijdsstippen werpt licht op de vroege rol van
auxine in de internode elongatie en de identificatie van transcriptiefactoren, waarmee
de weg wordt bereid voor de verkenning van hormonen in hoofdstuk 4, waar potentiéle

sleutelregulatoren worden geidentificeerd.

De hormonale dynamiek staat centraal in hoofdstuk 4, waarin we dieper ingaan op auxine,
gibberellines en brassinosteroiden tijdens SAS. De studie onthult complexe interacties
die de stengelongatie reguleren, waarbij de genuanceerde invloed van auxine naar voren
komt, terwijl GA en BR als sterke spelers opkomen. Het gecompliceerde samenspel van
deze hormonen vormt de plantenreacties op schaduw en benadrukt hun cruciale rollen.

Hoofdstuk 5 omvat een multidimensionale verkenning, waarbij celuitbreiding, de
regulerende rollen van transcriptiefactoren en de dynamiek van reacties op schaduw
worden onderzocht bij 8 dicotyllen. Patronen van pithelongatie, transcriptieregulatie
en de conservatie-analyse bieden een genuanceerd begrip van geconserveerde regio’s,
waarbij de interdisciplinaire aard van plantenbiologie wordt benadrukt. Onze reis eindigt
met de verdeling van verschillende transcriptiefactoren binnen plantenfamilies in de
schijnwerpers, wat de weg opent voor toekomstige onderzoeken.

In het laatste hoofdstuk werpen we een brede blik op de beperkingen van RNA-seq-
analyse, hormoonanalyse en evolutionaire overwegingen. De ontdekking van een

algemeen geconserveerd patroon tussen pith-specifieke expressie in verrood over diverse
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General Summary (Dutch)

soorten en de conservatie van transcriptiefactoren opent deuren voor diepgaander
onderzoek. Terwijl ons voorgestelde koppelingsmodel wacht op verdere bevestiging,
belooft dit voortdurende onderzoek de moleculaire complexiteit van plantenreacties op
licht te onthullen en ons begrip van aanpassingsstrategieén te verrijken.
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GENERAL SUMMARY (CHINESE)

N T RIHEY SV Z ARG E ARG R, FATRIARAE MY A K B G e it
TER T 4T R FEAH LT (Y Z B B TR i35 R 7RISR E9E (SAS)
MR, X—BRHEDEERS NER™E. HATEIRSCPART A B SR &
SEAI > IR FON R, FFRITR T ARSI R R .

BB — B IR ATEDT F Al 5 FIM8 2 FIMoneymaker FHIFBERH 27 & (SAS) FRALAE(L,
MrrE EDEANE LR e S S AL B T8 J TR T BB & B oA 3R
BT DR ARBEAA R, X — AR R 220 R E AR 2 22 i o B
HTHBMRARR ST

FUERR TSASHRHGUR REE SR TS . TR TRE T — &5
IS [E P AIRNAINY , 487R T AERRAEW R RaEEER, %2 LA G5
FsR AT, T R IR SR NI S B A 7[R B TR 0 P i

EIFER, MENELAAEF AR RBOVE L, FATR 7@ P Er &P £
KE. FERMEEERENLE. s TERZMRIERHEER,  FER
MR A TRE AR I, MAREEH R . X Z )
SR EAEREE T AV TR R, 98 TR SR E .

FHEST T D ZHERRR, B8 7R R SHRE TR RIA, 7£8
OB IR HORE R S B2 A PR < ARBEFR RSN Fesr iRt T ¢ TR X 8
AU SRR, FRATATRRAR DAY R R R Fe Sk N 120K 7T G R, AR KA
B 7 I

fEf e —F o, FATIRNAME 047« S0ER AT MIE (L5 18 5 T B BRI T 7T
TZ R oA o FEREZLE T RF R T AR 2 A YO PR ~F A AORTA [l P o e o
B PR IER R BN E R AR ST RE 7 i 4. BTN H Ik R AR ALL fr it
— A, EX R R G BN EY RN R A, FEERATE
S SR 0 ERAR o

250



About the author

ABOUT THE AUTHOR

Linge Li, originating from the Yitong Manchu Autonomous County in Jilin Province
grew up in the coastal city of Dalian, Liaoning Province. She is the daughter of a food
chemistry professor and a governor. Her interest in biology was kindled early on when
collecting shells on the beaches of her hometown. This budding passion was nurtured
and amplified in high school, thanks to the inspiring influence of her teacher, Ms. Yanhua
Gao, who encouraged her to delve deeper into the world of biology.

Linge’s academic journey took a significant turn during her Bachelor’s studies at
Northeastern Forestry University. Here, she embarked on an internship that involved
identifying plant species in the vast expanses of the Maoer Mountain campus, the largest
in Asia. This experience brought her into a close relationship with the wild plants,
transforming them from mere study subjects into friends and companions in her quest
for knowledge.

Her passion for plant biology led her to pursue a Master’s degree at Leiden University,
fully funded by a CSC scholarship and this period marked a significant transition in
her life, as she was introduced to Dr. Kaisa Kajala by Professor Dr. Ren Voesenek.
Seizing this opportunity, Linge began her PhD study, delving into the intriguing world of
tomato plants and their shade avoidance behavior, under the guidance of both Kaisa and
Professor Dr. Ronald Pierik.

Linge’s journey was not just confined to the lab; she also played an active role in the
Utrecht University council for two years, contributing her insights and experiences to
the broader academic community. Her PhD journey was marked by unique challenges,
including navigating through the maternity leaves of Dr. Kajala, a lab breakdown, and
the global impact of COVID-19. Despite these hurdles, she persevered and completed
her PhD in November 2023.

251



Appendix

ACKNOWLEDGEMENTS

In a quaint coastal city Dalian, China, where | was born, the call of nature was a part of
my childhood. Surrounded by the magnificence of the sea and the mountains, my passion
for biology took root. This passion led me on an academic journey, starting at a university
nestled amongst welcoming trees, where the foundations of my future were laid.

First and foremost, | must express my profound gratitude to Prof. Dr. Ronald Pierik and
Dr. Kaisa Kajala. I was fortunate to have avoided difficulties, thanks to the introduction
by Prof. Dr. Rens Voesenek. Their guidance and support have been cornerstones of my
journey. Their help extended far beyond the scientific realm, offering wisdom and insights
that have profoundly shaped both my professional and personal life. Their mentorship,
especially Kaisa’s, is something I will never forget, and the lessons learned under their
tutelage are invaluable. Despite the challenges — the birth of Kaisa’s children, the shadow
of Covid, the breakdown of the phytotron, and numerous group changes — the support
and camaraderie here were unwavering.

| extend my deepest gratitude to Yorrit, Chrysa, Sara, Muthanna, Tugba, Emilie, and
Ankie. Your wisdom and support have been invaluable to me. The lessons I’ve learned
from each of you have been integral to my journey. A special acknowledgment to Yorrit,
whose assistance was crucial in bringing this book to fruition.

Reflecting on my past, my thoughts often wander back to my high school days. While
I don’t miss every aspect of that time, | am immensely grateful for the resilience and
determination | found in myself. It’s a period of my life that shaped me in more ways
than one. Special thanks go to my high school friends — Xiyuan, Ze, and Zhoudong.
Their presence at my defense ceremony was a poignant reminder of our 15 years of
friendship. Though our paths have diverged, their support, both in person and online, has
been a source of comfort and joy.

The Netherlands, with its inspiring landscapes and academic excellence, was my next
destination. Here, in the hallowed halls of Leiden, | pursued my dreams, fueled by the
wisdom and guidance of my mentors, Dr. Frederic Lens and Prof. Dr. Remko Offinga.
In my master’s study, | had friends like Jerry, Chao, and Huihen who understood
me, and together, we formed a close-knit team. Additionally, | was fortunate to have
exceptional mentors in the lab, namely Yao, Ivo, and Xiaoyu, who generously guided
and supported me as | completed my degree there.

252



Acknowledgements

Destiny then guided me to Utrecht, a place that soon felt like a second home. Kaisa’s
team, which initially comprised just Mariana and me, was a small but ambitious
endeavor. We spent countless hours building up our research, it was a time of learning
and adaptation, especially as we encountered unexpected challenges like not knowing
the presence of chemical manure while we navigated the nutrient solution of Arabidopsis
to the greenhouse for tomatoes.

These early days with Kaisa’s team were foundational. The experience taught us resilience
and adaptability, qualities that were vital in our scientific journey. The larger group at
Utrecht, including Sara, Chrysa, Sjon, Kasper, Sarah, Diederik, Hans, and Zeguang,
provided a supportive and collaborative environment, fostering both professional growth
and personal connections.

As | embarked on my PhD, the environment at Z304 became my sanctuary. This was
where |, alongside Sjon, Chrysa, Angelica, Gabriel, Muthanna, and Dani, delved
deeper into the mysteries of great food and unzipped the escape room, bonding over
culinary delights and the shared thrill of solving puzzles together. With many of you, we
developed a valuable relationship I will cherish for ever.

The Shady Group and Kaisa Weits Group have been instrumental in shaping my academic
path, serving as dynamic centers of innovation and fellowship. In these groups, | have
been blessed with the opportunity to forge deep connections with many friends, engaging
in meaningful dialogues and inspiring a multitude of ideas. The vibrancy of these groups
is largely due to the contributions of remarkable individuals such as Lisa, Nicole, Sanne,
Kyra, Pierre, Kasper, Sarah, Martina, Sara, Valerie, Andres and Shahram in the Shady
Team, and Leo, Rianne, Sara, Chrysa, Mariana, Yaron, Lucila in Kaisa’s Team, not to
forget Viktoriia, Gaberiel, and Liao in the Weits Group.

A heartfelt thanks is especially owed to Nicole, Lisa and Diederik. Your assistance with
the Dutch language aspects of the PhD graduation system has been vital. Without your
guidance and help, navigating this process would have been a daunting challenge.

My academic endeavors were not confined to laboratories and lecture halls. The entire
campus was a canvas for learning and friendship. From the Botanic Garden to the David de
Wied Building, from UMC to the Bestuurgebouw, every corner of Utrecht resonated with the
spirit of friendship and scholarship. My experience with Romy and Bridget in the University
Council was exceptionally enriching. It taught me not only about academia but also about the
broader aspects of life. Together, we endeavored to assist our colleagues and effect change.
While working with many great colleagues, we saw some of our efforts come to fruition and

253



Acknowledgements

others not, but from each experience, | learned invaluable lessons. I have no regrets about the
efforts we made, and | am deeply grateful for everything our team taught me.

Over the past two years, my involvement with Network (No ing): PROUT (Utrecht
PhD Network) has been a source of enrichment, balancing the rigors of PhD life with
meaningful support and camaraderie. This group’s dedication to easing the lives of fellow
PhD students extended beyond academics, incorporating fun activities, shared meals,
and outings. Moments spent with Ellen, Jelmer, Deborah, Daphne, Melissa, and Rianne,
were filled with great memories. These experiences, fostering a sense of community and
well-being, were integral to my journey, working together to achieve a common goal and

sharing our successes and challenges was an incredibly fulfilling experience.

The Institute of Environmental Biology (IEB) was a melting pot of brilliant minds from
various fields — Ecology, Plant-Microbe Interactions, and Microbiology. Here, I had the
fortune of meeting incredible friends like Violeta, Peter, Zhilei, and Jie from Ecology,
and Hao, Run, Dharani, and Giannis from PMI. Their genuine support and camaraderie
were invaluable. Each one of them, with their unique perspectives and insights, contributed
significantly to my journey. Their willingness to help, share knowledge, and engage in
thought-provoking discussions played a pivotal role in my academic and personal growth.

| also want to extend my heartfelt thanks to my dear friends JZ and Xuanxuan, who are
here today as my paranymphs. I began my PhD journey with JZ, and we finished it together.
JZ knows me better than anyone else and has been a genuine friend. My friendship with
Xuanxuan spans more than 11 years since university, | feel lucky to have you here and in
the past. Having both of you here, in this defining moment, means the world to me.

Last but not least, my deepest gratitude goes to my husband Song Guo, and my parents,
Prof. Dr. Wei Li and Mrs. Xiaofeng Ma. Their unwavering support and love have been
the bedrock of my journey. Growing up in such a warm and nurturing family has been a
blessing. To all my family members, your encouragement and belief in me have been my
greatest strength. Your love and support have been the guiding lights of my life, and I am
eternally grateful for having you all in my life.

As | stand at the threshold of a new chapter, ready to embark on another adventure, |
carry with me the lessons, the memories, and the relationships that have shaped me in
this incredible academic odyssey.

Writing this acknowledgment has been a challenge, as | am keenly aware of the many
names and contributions I must remember. If by any chance | have overlooked someone,
please accept my sincerest apologies.

254



EPS Educati

on Statement

Education Statement of the Graduate School e cmaescion

Experimental Plant Sciences

Issued to: Linge Li
Date: 27 March 2024

Group: Experimental Computional Plant Development

University:  Utrecht University

\

EXPERIMENTAL
PLANT
SCIENCES

N

a

1) Start-Up Phase date cp
» First presentation of your project
Fighting shade: tomato stem emongation in SAS Oct 12 2018 15
» Writing or rewriting a project proposal
» MSc courses
Subtotal Start-Up Phase 15
2) Scientific Exposure date cp
» EPS PhD days
EPS Get2Gether 2021, Online Febr 1, 2 2021 0.4
EPS Get2Gether 2022, Soest (NL) May 3, 4 2022 0.6
» EPS theme symposia
EPS theme 1 symposium ‘Developmental Biology of Plants’, Feb 52020 0.3
Wageningen (NL)
EPS theme 3 symposium ‘Metabolism and Adaptation’, Online Oct 30 2020 0.2
EPS theme 3 symposium ‘Metabolism and Adaptation’, Nov 1 2022 0.3
Nijmegen (NL)
EPS theme 1 symposium ‘Developmental Biology of Plants’, Oct 32023 0.3
Wageningen (NL)
» National platform meetings
Annual Meeting Experimental Plant Sciences, Lunteren (NL) Apr 8,9 2019 0.6
Annual Meeting Experimental Plant Sciences, Online Apr 12,13 2021 0.5
Annual Meeting Experimental Plant Sciences, Lunteren (NL) Apr 11,12 2022 0.6
Annual Meeting Experimental Plant Sciences, Lunteren (NL) Apr 17,18 2023 0.6
» Seminars (series), workshops and symposia
IEB Seminar: Fluxes of carbon through photorespiration. Jul 8 2020 0.1
IEB Seminar: Does conservation work and how do we know? Oct 21 2021 0.1
IEB Seminar: Chlorophyll and carotenoid pigments as Nov 25 2021 0.1
indicators of long-term dynamics in aquatic ecosystems
IEB Seminar: Desert microbes for boosting sustainable Mar 24 2022 0.1
agriculture in extreme environments.
IEB Seminar: Reaching out for the sun - Molecular mechanism Mar 28 2022 0.1
underlying growth adaptation in Arabidopsis thaliana
IEB Seminar: Molecular responses of Arabidopsis to insect eggs Jun 28 2022 0.1
IEB/ UU Plants Seminar: The function of plant specialized Jul 25 2022 0.1
metabolites in the assemblage of plant root microbiota
IEB Seminar: Be my guest - How legumes host endosymbiotic Jul 26 2022 0.1
rhizobia
IEB/ UU Plants Seminar: “TENURE TRACK SELECTION” Sep 12 2022 0.1

255



Appendix

256

IEB Seminar: How can plants stay in this world while their Sep 27 2022 0.1
pathogens can evolve much faster than plants?
IEB/ UU Plants Seminar: Bioinformatics approaches to Jun 23 2023 0.1
approach tandem gene breeding in solanaceae crops
IEB/ UU Plants Seminar: Regulation of vascular development Jun 29 2023 0.1
by light and more
IEB/ UU Plants Seminar: Learning the grammar of crop Jul 11 2023 0.1
regulatory dna for precise engineering of gene expression
IEB/ UU Plants Seminar: Surface receptor signaling in plant Jul 29 2022 0.1
immunity
IEB Seminar - On the occasion of the PhD defense of Violeta Sep 20 2023 0.1
Angulo Fernandez
» Seminar plus
» International symposia and congresses
Plant Biology Europe Virtual Conference (PBE), Online Jun 29-Jul 1 2021 0.9
CSHL - International Symposium on Plant Photobiology Jul 22-25 2021 1.2
(ISPP), Online
The 21st International Conference on Systems Biology (ICSB),  Oct 8-12 2022 1.2
Berlin (DE)
» Presentations
Poster presentation - Cell type view into tomato shade Oct 8-12 2022 1.0
avoidance response, ICSB
Presentation - Shed a light on SAR: Cell type view into tomato Nov 1 2022 1.0
stem shade avoidance response, EPS theme 3
Presentation - Unraveling the hormonal tango: How tomato Oct 3 2023 1.0
stems dance to avoid shade, EPS theme 1
Presentation - Shed a light on SAR: Cell type view into tomato Apr 18 2023 1.0
stem shade avoidance response, Annual Meeting EPS
» Interviews
Annual meetings with mentor first year May 21 2019 0.1
Annual meeting with mentor second year Jun 10 2020 0.1
Annual meetings with mentor third year Jul 52021 0.1
Annual meeting with mentor fourth year May 11 2022 0.1
» Excursions
BASF-Nunhems company visit by EPS PhD council Nov 23 2023 0.3
Subtotal Scientific Exposure 13.9
3) In-Depth Studies date cp
» Advanced scientific courses & workshops
Transcription factors and transcriptional regulation, Dec 10-12 2018 1.0
Wageningen (NL)
Microscopy and spectroscopy in food and plant science, May 7-9 2019 0.9
Wageningen (NL)
Gentle hands-on introduction to Python programming, Online Jul 2, 32020 0.6
» Journal club
Weekly journal club (Shady Group of Plant Environmental 2020-2023 1.0
Signalling)
» Individual research training
Subtotal In-Depth Studies 35




EPS Education Statement

4) Personal Development date cp
» General skill training courses
Mindfulness and stress reduction, Utrecht (NL) May 2019 3.0
Integrity in the workplace: how to do good research?, Utrecht (NL) Feb 2020 0.2
lllustrator, Utrecht (NL) Mar 2020 0.6
Digital Pictures: Data Integrity and Display, Utrecht (NL) May 7-8 2020 1.0
The Art of Presenting Science, Online Jun 23-26 2020 1.0
Supervising Research of MSc students at the Graduate School Sep 2- Dec 2 2020 1.2
of Life Sciences, Utrecht (NL)/Online
How to make a movie about your research, Online Mar 2, 30 2021 0.6
Introduction to Python for Life Sciences (6 days), Utrecht (NL) May 2023 3.0
» Organisation of scientific meetings, PhD courses or
outreach activities
» Membership of EPS PhD Council
Subtotal Personal Development 10.6
5) Teaching & Supervision Duties date cp
» Courses
» Supervision of BSc/MSc projects 3.0
BSc project’Growing thick:The relation of hormonal regulation May-Jul 2021
to abiotic stress-induced cambial responses”
BSc project “Investigation of the effect of Gibberellin 3 on Oct-Nov 2021
Arabidopsis thaliana inflorescence response”
BSc project “Effect of the shade avoidance response on pith Feb-Jul 2022
diameter in multiple dicot families”
BSc project’Investigation of auxin function in tomato stem Apr-May 2022
elongation of shade avoidance response”
BSc project’Understanding the Hormonal Dynamics and May-Jul 2023
Regulatory Mechanisms in Shade Avoidance Responses of
Dicot Species”
Msc mini project “Understanding hormonal trigger cell Jul 2023
elongation in tomato shade avoidance syndrome”
Msc mini project “Understanding brassinosteroid function in Jul 2023
tomato shade avoidance syndrome”
Subtotal Teaching & Supervision Duties 3.0
TOTAL NUMBER OF CREDIT POINTS* 325

Herewith the Graduate School declares that the PhD candidate has complied with the educational
requirements set by the Educational Committee of EPS with a minimum total of 30 ECTS credits.

* A credit represents a normative study load of 28 hours of study.
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Appendix

LIST OF PUBLICATIONS

Li, L., Wonder, J., Helming, T., Van Asselt, G., Pantazopoulou, K., Van de Kaa, Y.,
Kohlen, W., Pierik, R., & Kajala, K. (submitting). Brassinosteroid and gibberellin
signaling are required for tomato internode elongation in response to low red: far-red
light. Journal of Experimental Botanys.

Courbier, S., Snoek, B. L., Kajala, K., Li, L., Van Wees, S. C. M. M., & Pierik, R.
(2021). Mechanisms of far-red light-mediated dampening of defense against Botrytis
cinerea in tomato leaves. Plant Physiology, 187(3), 1250-1266. https://doi.org/10.1093/

plphys/kiab354
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