PALACKY UNIVERSITY OLOMOUC
Faculty of Science

Laboratory of Growth Regulators

Interaction of blue light and brassinosteroid signalling

in plant growth

MASTER’S THESIS

Author: Bc. Lucie Pilarova
Study Programme: N1501 Plant Physiology
Supervisor: doc. RNDr. Martin Fellner, Ph.D.

Year: 2016



Bibliographical identification

Author’s first name and surname

Title of thesis

Type of thesis

Department

Supervisor

The year of presentation

Abstract

Keywords

Number of pages
Number of appendices
Language

Lucie Pilarova

Interaction of blue light and brassinosteroid
signalling in plant growth

Master

Laboratory of Growth Regulators, Group of
molecular physiology

doc. RNDr. Martin Fellner, Ph.D.
2016

The presented Master's thesis focuses on the
interaction  between blue light and the
brassinosteriod signalling pathway in the growth of
tomato mutant 7B-1. The subject of the thesis was
based on a previous study where the altered
responses of the 7B-1 mutant to an exogenous
brassinosteroid were reported for the first time
(Pilafova, 2014). The theoretical part of this work
consists of a literature review summarising the
research on the mutant 7B-1, brassinosteroid and
light signalling and their interactions. The
experimental part presents the results obtained by
the method RT-gPCR in a series of experiments
which  examined the expression of the
brassinosteroid receptor BRI1 in 7B-1 and wild-type
tomato seedlings. The results suggest that the
BRI1 expression level is affected by blue light and
that 7B-1 hypocotyls may express less BRI1
compared to the wild-type.

tomato, 7B-1, brassinosteroids, BRI/1, RT-gPCR
24-epibrassinolide, blue light, BRI1 expression

44
0
English



Bibliograficka identifikace

Jméno a pfijmeni autora Lucie Pilafova

Nazev prace

Typ prace

Pracovisté

Vedouci prace

Rok obhajoby prace

Abstrakt

KliGova slova

Pocet stran
Pocet pfiloh
Jazyk

Interakce  signalnich drah  modrého svétla a
brassinosteroidd v rdstu rostlin

Magisterska

Laboratof rlstovych regulatori, Skupina molekularni
fyziologie

doc. RNDr. Martin Fellner, Ph.D.
2016

Pfedkladana magisterskd prace se vénuje interakci
modrého svétla a brasinosteroidni signalni drahy v rastu
mutanta rajCete 7B-1. Téma vychazi z bakalafské prace,
ve které byly poprvé popsany zmény v reakcich mutanta
7B-1 k exogennimu brassinosteroidu (Pilafova, 2014).
Teoreticka €ast prace nabizi pfehled odborné literatury,
tykajici se vyzkumu mutanta 7B-17, signalni drahy svétla,
brassinosteroidni signalni drahy a jejich interakce.
Experimentalni ¢ast predstavuje vysledky ziskané
metodou RT-qPCR v fadé experimentl, které se zabyvaly
expresi  brassinosteroidniho  receptoru  BRI1 v
semenaccich mutanta 7B-1 a standardniho genotypu.
Vysledky naznacuiji, Ze hladina exprese BRI1 je ovlivnéna
modrym svétlem, a Ze hypokotyly mutanta 7B-7 mohou
exprimovat méné BRI/1 v porovnani se standardnim
genotypem.

rajce, 7B-1, brassinosteroidy, BRI, RT-gPCR
24-epibrassinolid, modré svétlo, exprese BRI1

44
0
Anglicky



| hereby declare that the work presented in this Master’'s thesis is my own and it was
carried out under the supervision of doc. RNDr. Martin Fellner, Ph.D. All the primary
and secondary sources are listed in the References section.

In Olomouc, on



Acknowledgements

I would like to thank several people for their kind support. | am most grateful to my
supervisor, doc. RNDr. Martin Fellner, Ph.D. for his invaluable guidance. | also would
like to thank other members of the Group of Molecular Physiology, especially
Mgr. Jana Balarynova for discussing the experiments with me. Finally, | want to thank
K. B. for his great help, for being mad as a March hare and making me laugh.



Contents

1
2

INTRODUGCTION. ...ttt ettt e e ettt e e e estte e e e esneeeeannneeaeanann 7
LITERATURE REVIEW ...ttt e e enaee e 8
2.1 Tomato MUant 7B-7 ..o 8
2.1.1  0rigin of MULANT 7B-7 .....coiiiiiiiiiiiiiiieieeeeee ettt 8
2.1.2 Responses of 7B-1 mutant to abiotic and biotic stresses...................... 9
2.1.3 Level of phytohormones in 7B-1 mutant ...............cccc 10
2.1.4 Responses of 7B-1 mutant to light............ccooooii s 12
2.1.5 Role of 7B-1 mutation in accumulation of pigments ..............ccccccuunees 13
2.1.6 Changes in gene expression level in the 7B-1 mutant ........................ 14
2.2 Light perception and signalling in plants.............cccce 14
2.2.1 REA TIght ... e 15
2.2.2 BIUE TGt ... 15
2.3 Brassinosteroids..........coooiiiiiiii i, 16
2.3.1 Bioactivity of brassinosteroids............oooooiiii 16
.3.2 Brassinosteroid Signalling ............eeeeeiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeee e 17
2.4 Interaction of light and BRs pathway ..., 19
MATERIAL AND METHODS ..ottt 22
3.1 Plant material ..... ... 22
3.2  Seed SteriliSation.... ... 22
3.3 Medium Preparation ... 22
3.4 Brassinosteroid treatment ...........ccoooiiiiii e 23
3.5 Growing CONAItIONS. .. ... 23
3.6 Measurement of hypocotyl and root length............cccccooiiiiiiiiiiiie 23
3.7  Hypocotyl Narvesting ........cccooo e 24
3.8 RNA XIraCtion ... .. e 24
3.9 CDINA SYNINESIS ... e 26
3. 10 Analysis Of ENe eXPreSSION .....ccccoiiii e s 27
RESULTS .ottt ettt e e ettt e e e et e e e s st e e e e nnsaeaeeeeannneeaeas 28
4.1 Growth responses to 24-epibrassinolide..............cccooiiiiii 28
4.2 Expression of tomato BRI1 under blue light...............ccc 30
4.2.1 Seven-day-0ld hYPOCOLYIS..........euiiiiiiiiiiiiiiiiiiiciiiieeeeeeeeeeeeeeeeeee 30
4.2.2 Three-day-old NYPOCOLYIS .........uuuiiiiiiiiiiiiiieeeieeiii e 31
4.2.3 Response to exogenous 24-epibrassinolide .............ccoooiiiiiiiiciiiiennenn. 32
DISCUSSION . ...ttt e e e e e s e e e e e e e e e nnnr e e e aeeeaaeennnes 34

CONCLUSIONS AND PERSPECTIVES .....ooiiiii e 36



7
8

ABBREVIATIONS ...t

REFERENCES



1 INTRODUCTION

The presented Master’s thesis focuses on the interaction between blue light and the
brassinosteriod signalling pathway in growth of the tomato mutant 7B-7 which was
isolated for its male-sterility depending on the photoperiod (Shawhney, 1997). It is a
single-gene recessive monogenic spontaneous mutation which has a pleiotropic effect
on the 7B-1 phenotype. The mutation also changes the level of endogenous hormones
and stress responses (Fellner and Sawhney, 2001; Fellner and Sawhney, 2002; Fellner
et al., 2005; Bergougnoux et al., 2009; Bergougnoux et al., 2012). The 7B-1 mutant has
an altered de-etiolazation and blue-light responses such as hypocotyl and epidermal
cell elongation which suggests that the product of non-mutated 7B-7 gene is an
element involved in the blue light signalling, likely in the phototropin pathway (Fellner
and Sawhney, 2002; Bergougnoux et al., 2012; Hlavinka et al., 2013)

This work is based on a previous study where the altered responses of the 7B-1
mutant to an exogenous brassinosteroid were reported for the first time (Pilafova,
2014). The aim of this work was to test the 7B-1 growth responses to low
concentrations of 24-epibrassinolide and to compare the expression levels of
brassinosteroid receptor BRI1 in the wild-type and 7B-1 hypocotyls under different light
conditions.

The experiments were carried out in the Group of Molecular Physiology which is
a part of the Laboratory of Growth Regulators at Palacky University Olomouc and
Institute of Experimental botany AS CR. The work was supported by the Laboratory of
Growth Regulators.



2 LITERATURE REVIEW
2.1 Tomato mutant 7B-1

2. 1.1 Origin of mutant 7B-1

The tomato (Solanum lycopersicum L.), a member of the Solanaceae family, is one of
the most economically important crops. It is also very often used as model organism in
plant research and therefore the functions of tomato genes are intensively studied.
Using mutants with severe defects is one of the powerful tools for studying genes
involved in molecular mechanisms of the particular signalling pathways.

The spontaneous recessive monogenic tomato mutant 7B-1 was isolated from
cv. Rutgers background for its photoperiod-dependent male-sterility (Sawhney, 1997).
Plants of the 7B-1 mutant grown under conditions of long day (LD, 16-h light/ 8-h dark,
Figure 1A) were male-sterile. The flowers contained shrunken stamens (Figure 1D)
which produced non-viable pollen; style and stigma were extruded from the corolla
(Figure 1C). In short days (SD, 8-h light/ 16-h dark, Figure 1B), the plants were fertile
with normal stamens and viable microspores, producing fruits containing seeds
(Sawhney, 2004). The 7B-1 seeds are bigger, darker and heavier than the wild-type
(WT) seeds (Fellner et al., 2001).

7B-1

Figure 1: A: Wild-type (WT) flower grown in LD; B: 7B-1 flowers grown in SD with enclosed stigma; C:
7B-1 flowers grown in LD, arrow indicates extruded stigma (from Sawhney, 2004); D: Stamens from buds
of WT and 7B-1 tomato grown in LD (from Sheoran et al., 2009)

According to the Sheoran’s proteomic study, a large number of proteins, which
have important roles in tapetum and microspore mother cells (MMCs), are differentially
presented in the 7B-1 anthers during meiosis (Sheoran et al., 2009). One of the
strongly up-regulated proteins in 7B-1 anthers is cystatin.

Similarly, other study focused on the regulatory role of miRNAs in the 7B-1
anther development showed that there are differences in the miRNA expression
between WT and 7B-1 (Omidvar et al., 2015a). The strongest changes take place in
the anther developmental stage where the MMCs are about to undergo meiosis. These



miRNAs guide the RNA-induced silencing complex, which causes a cleavage or
transcriptional repression to their targets which have a potential role in
microsporogenesis. Also, it was found out that the 7B-1 anther development is not
synchronized among anthers. In some anther lobes, the newly formed microspores are
not separated while in the others the microspores are free.

The wild-type and 7B-1 plants grown in a growth chamber do no differ in their
height until approximately 65 days after seed sowing but later on, the 7B-7 plants are
significantly taller (Figure 2) (Fellner et al., 2005).

Figure 2: Three-months-old WT and 7B-1 plants grown under 16 h photoperiod (from Fellner et al., 2005).

2. 1. 2 Responses of 7B-1 mutant to abiotic and biotic stresses

Male-sterile tomato mutants are very useful for hybrid breeding programmes
(Sawhney, 1997) but some of them can be sensitive to abiotic stress, which causes a
limitation for their usage in the crop breeding. The 7B-1 mutant is the opposite case,
according to the results obtained by Fellner and Sawhney the 7B-1 seeds are highly
resistant to osmotic, salt and low temperature stress. Osmotic stress induced with 5%
polyethylene glycol drastically affected wild-type germination, whereas the 7B-1
germination rate was almost four times higher (Fellner and Sawhney, 2001). Equally,
the 7B-1 seeds were resistant to 100 mM mannitol and the same concentration caused
80 — 95% inhibition of the WT seeds. Similarly, the 7B-1 seeds were germinating much
better in the presence of salts such as NaCl, KCI, Na,SO, in the growth medium. The
germination of WT seeds was strongly inhibited with the same salts. At optimal
temperatures (25/23°C, light/dark), the germination rate of WT and 7B-1 was not
different but the germination of 7B-1 seed was more tolerant to lower temperatures
(16/13°C, light/dark) (Fellner and Sawhney, 2001).



In plants, the resistance to abiotic stress linked with the accumulation of
abscisic acid (ABA), since its levels are known to be increased in stressed plants
(Goldbach and Michael, 1976; Daie and Campbell, 1981; Mantyla et al., 1995). In the
light, especially in LD conditions, 7B-1 seeds were more sensitive to exogenous ABA
than WT and the inhibitor of ABA biosynthesis, fluridone, suppressed the effect of low
temperature on the germination rate more in the 7B-1 mutant (Fellner and Sawhney
2001, Fellner et al., 2001). Under blue light (BL), the 7B-1 seeds were strongly
resistant to ABA relative to the WT (Fellner and Sawhney, 2002).

Moreover, the mutant seeds accumulate higher amount of nitric oxide, which is
not only the antioxidant participating in the responses to stress caused by infection, but
it also plays a positive role in the tomato seed germination induced by light, especially
BL (Piterkova et al., 2012). Nitric oxide is a part of the ABA-dependent pathway which
controls stomata movement together with BL by inhibiting an unknown signalling
component between phototropins and plasma membrane (Zhang et al., 2007).

Similarly, in BL the mutant 7B-1 had less symptoms and was less sensitive to a
biotic stress induced by coronatine (COR), the phytotoxine, produced by Pseudomonas
syringae strains, which causes alterations in plant metabolism (Bergougnoux et al.,
2009).

2.1. 3 Level of phytohormones in 7B-1 mutant

The data obtained during the germination experiments in abiotic stress conditions
suggested that the 7B-1 seeds may have elevated level of ABA and that is why they
can be more sensitive to exogenous ABA than the WT seeds are (Fellner and
Sawhney, 2001). Moreover, the 7B-1 roots were ten times more sensitive to ABA than
the WT roots in LD (Fellner et al, 2001). In LD, the WT shoots show higher
transpiration rate than 7B-1 that could be also connected with higher level of ABA
because the stomata closure induced by ABA was documented in many studies (e.g.
Jones and Mansfield, 1970; Kriedemann et al., 1972).

The analysis of endogenous levels of phytohormones proved that the 7B-1
mutant is an ABA-overproducer. In contrast, the levels of indole-3-acetic acid (IAA) and
gibberellins (GAs) were lower than in the control WT 7-day-old hypocotyls (Fellner et
al., 2001).

Ethylene, other plant hormone, was studied in the 7B-1 mutant. The hypocotyl
was more sensitive to ethylene precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) in light, whereas the etiolated 7B-1 seedlings showed the same triple response
(Figure 3) as WT (Fellner et al., 2005). The 7B-1 plants also produce a lower level of
ethylene which is most likely connected with the elevated level of ABA (Fellner et al.,
2005) because it is known that ethylene biosynthesis is affected by other plant
hormones, including ABA (Spollen et al., 2000).
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Figure 3: Triple response assay for exogenous ethylene in wild-type tomatoes after 6 days of germination
in the dark (from Yokotani et al., 2009).

Interesting results were also obtained in the case of another important group of
phytohormones — cytokinins (CKs) which plays role in the establishment of
photomorphogenesis in tomato (Bergougnoux et al., 2012). The biggest difference
between the 7B-1 and WT genotypes in the amount of CKs were in isopentenyladenine
(iP). Whereas, its content was very low in the dark-grown seedling of both genotypes,
BL induced a strong accumulation of iP in WT but not in 7B-1.

The analysis of endogenous brassinosteroids (BRs) in the hypocotyls and roots
grown in the dark, BL or RL showed that the mutant 7B-1 has five times lower
concentration of brassinolide in the etiolated hypocotyls compared to WT (Pilafova,
2014). The 7B-1 and WT hypocotyls grown in RL and BL and the roots did not differ
essentially in the amount of analysed BRs. Interestingly, neither the 10-day-old 7B-1
seedlings nor the WT showed altered hypocotyl growth response to tested
concentrations of exogenous 24-epi-brassinolide in growth medium if they grew in the
dark or RL. However, in blue light, 24-epi-brassinolide stimulated cell elongation and
hypocotyl growth in the WT seedling. In BL and on the basal medium, the 7B-1
hypocotyl was longer than that in WT and its length was not affected by adding
24-epi-brassinolide in the medium (Figure 4; Figure 5).

11
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Figure 4: Effect of 24-epi-brassinolide on 10-day-old-hypocotyl length of Solanum lycopersicum L.
cv. Rutgers (wild-type, WT) and mutant 7B-1 grown in continuous blue light. Values represent mean + SE
(n =4) (from Pilafova, 2014).

24-epiBL

Figure 5: Effect of 24-epi-brassinolide on phenotypes of 10-day-old tomatoes Solanum lycopersicum L.
cv. Rutgers (wild-type, WT) and mutant 7B-1 grown in continuous blue light (from Pilafova, 2014).

2. 1. 4 Responses of 7B-1 mutant to light

Inhibition of the WT seeds germination by abiotic stresses was stronger in the light than
in the dark (Fellner and Sawhney 2001). Interestingly, pronounced difference between
the 7B-1 and WT in the ability to overcome abiotic stress and germinate was observed
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only in the light, especially in white or BL but not in red light (RL) (Fellner and Sawhney
2002).

The light-induced reduction of hypocotyl growth in 7B-1 mutant is noticeable
less than in WT in LD condition, and it was observed that the 7B-1 epidermal cells are
longer than those in WT (Fellner et al., 2001, Bergougnoux et al., 2012). In the dark
and RL, the hypocotyls of WT and 7B-1 mutant do not show any differences in their
length, however, the 7B-1 hypocotyls were much less de-etiolated compared to WT in
BL (Fellner and Sawhney 2002). Based on these results, Fellner and Sawhney first
formulated the hypothesis that 7B-1 gene is involved in BL reception or signal
transduction.

One of the processes tightly connected with photomorphogenesis is the
endoreduplication which is characterized by chromosomal DNA synthesis without
mitosis and cytokinesis (Traas et al., 1998). In the tomato hypocotyls developed under
continuous BL, there is more of 2C cells and less 4C than in the dark grown hypocotyls
but the 7B-1 mutant contains higher portion of 4C cells and lower of 2C (Bergougnoux
etal., 2012).

An obvious question was whether photosynthesis and transpiration are
somehow altered in the 7B-1 mutant. The measurements of the net photosynthetic rate
(Pn) and stomatal conductance (gs) suggested that the 7B-17 leaves distinctly differ from
those in WT if they are older and if they grow under BL (JeZilova et al., 2012). Detected
Pn and gs were slower increased by light in the 7B-1 leaves compared to WT. In
contrast, the intrinsic water-use efficiency (WUE;) was higher in 7B-1 genotype. These
dissimilarities are probably connected with the elevated ABA level (Jezilova et al.,
2012) as it is known that WUE; rises with the increasing endogenous ABA level (Zhang
et al., 2004).

Hlavinka et al. examined the BL-induced stomata opening in the 7B-1 mutant.
They revealed that 7B-1 gene is somehow involved in the early BL-induced signalling
pathway involved in stomatal opening because the younger plants of the 7B-1
genotype were almost resistant to BL-opening and in the 5-week-old 7B-1 plants, the
stomatal aperture was reduced (Hlavinka et al., 2013).

Several facts leads to conclusion that 7B-7 mutant is not affected in
cryptochrome 1 (Sheoran et al., 2006, Omidvar and Fellner 2015) but it may be
affected in phototropin signalling pathway because 7B-1 mutant shows defects in other
phototropin-specific responses (Bergougnoux and Fellner, unpublished data).

2.1. 5 Role of 7B-1 mutation in accumulation of pigments

The accumulation of photosynthetic pigments also differs between WT and the 7B-1
mutant. The chlorophyll content in the mutant hypocotyls and leaves is higher
compared to WT (Fellner et al., 2005, Jezilova et al., 2012). In contrast, the
accumulation of anthocyanins, secondary metabolites of the flavonoids biosynthetic
pathway, is reduced in the 7B-1 mutant and it is likely connected with the ABA
overproduction as well (Sheoran et al., 2006). The lower activity of phenylalanine
ammonia-lyase (PAL), which is an enzyme involved in the anthocyanin biosynthesis,
was reported in the 7B-1, even though there was not any alteration in the expression of
PAL. This implies that the anthocyanin accumulation is regulated at the
posttranslational level and it could be one of the factors that control male-sterility in the
7B-1 mutant.
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2.1. 6 Changes in gene expression level in the 7B-1 mutant

Several studies examined interesting changes in expression levels of various genes in
the 7B-1 mutant (Sheoran et al., 2006; Bergougnoux et al., 2009; Sheoran et al., 2006;
Omidvar et al., 2015a; Omidvar et al., 2015b, Omidvar and Fellner, 2015).

Whereas the quantification of COI1 (CORONATINE-INSENSITIVE1) gene
expression, which is involved in jasmonic acid (JA) signalling, did not show any
difference between the two genotypes, the expression pattern of NPR71 (NON-
EXPRESSOR OF PATHOGENESIS-RELATEDT) gene involved in salicylic acid (SA)
signalling pathway revealed that the 7B-1 hypocotyls contained more of the NPR1
transcript than those in WT (Bergougnoux et al., 2009). The difference was noticeable
in the dark and BL.

The expression of the key regulators of pollen cell wall and pollen tube
development, pectinmethylesterase (PME) and pectinmethylesterase inhibitor (PMEI),
was altered in the 7B-1 anthers (Omidvar et al., 2015b). PMEI is up-regulated and it
may suppress the PMI activity and impaired the enzymatic degradation of pectin. It
could consequently lead to the failure of the proper separation of tetrades in the 7B-1
anthers. Omidvar et al. also created two mRNA libraries from 7B-7 and WT tomato
seedlings grown in BL and under abiotic stress conditions (Omidvar et al., 2015a).
There were identified miRNAs which regulate expression of several genes that might
be associated with the enhanced tolerance of the 7B-1 mutant to abiotic stress under
BL.

A crucial finding for the exploration of the 7B-1 mutant was also the fact that BL
receptors (cryptochromes and phototropins) are not affected by the 7B-1 mutation at
transcriptional level, but the mutation most probably affects a down-stream component
of the BL signalling pathway (Sheoran et al., 2006; Omidvar and Fellner, 2015).
Omidvar and Fellner (2015) concluded that DNA methylation remodelling is an active
epigenic response to abiotic stresses and showed that there are significant differences
in the genomic methylation level in dark-grown stressed 7B-1 and WT seedlings. There
was not any clear difference between the BL-grown seedlings.

Two experiments studying the expression of gene coding brassinosteroid
receptor BRI1 (BRASSINOSTEROID INSENSITIVE1) in the WT and 7B-1 hypocotyls
were carried out (Pilafova, 2014). The results suggested that BL may affect BRI1
expression level in both genotypes and the 7B-1 mutant could express less BRI1 in the
dark than WT. The level of BRI1 transcript was established based on the intensity of
band obtained by semiquantitative reverse transcription PCR and the expression was
not related to any housekeeping gene.

2.2 Light perception and signalling in plants

Light is electromagnetic radiation which is one of the main environmental stimuli for
plants and it controls two very important processes — photomorphogenesis and
photosynthesis. Whereas in photosynthesis light serves as the source of energy for
green plants, in photomorphogenesis it represents a signal which causes switching
from development in the dark — skotomorphogenesis — to development in light. Light

14



perception is provided by several types of photoreceptors which have a specific range
of wavelengths that they are able to recognise.

2. 2.1 Red light

Phytochromes recognise red and far-red part of the light spectrum and control an
essential processes in plants e.g. photoperiodism, flowering, leaf expansion and seed
germination (Parihar et al., 2016). In low amount, they also absorb blue light (Parihar et
al., 2016). Based on experiments with lettuce seeds which germination is
photoreversible, two conformations of phytochromes were proposed — inactive red light
absorbing form Pr and active far-red absorbing Pfr (Borthwick et al., 1952).

In Arabidopsis thaliana, five phytochromes (Phy A-E) have been identified
(Sharrock and Quail, 1989). Their chromophores are open-chain tetrapyrroles; the
phytochrome’s N-terminal part is the input site for the signal and the C-terminal end
represents the output part (Parihar et al., 2016). Li et al. (2010) found out that
phytochrome proteins build homodimers.

Phytochromes change their localisation in the cell; after light irradiation they
move from the cytoplasm into the nucleus where directly or indirectly activate the
transcription (Kircher et al., 2002). Studies reported that PhyA and Phy B interacts with
transcription factor PIF3 (Phytochrome Interacting Factor 3) and basic helix-loop-helix
(bHLH) (Ni et al., 1998). Under light irradiation, PhyA co-localises with the central
regulator of light signalling E3 ubiquitin ligase COP1 (CONSTITUTIVE
PHOTOMORPHOGENESIS 1) in the nucleus and their interaction was shown in-vitro
by Seo et al. (2004).

2. 2. 2 Blue light

The blue part of light spectrum is detected in plants by three types of photoreceptors:
cryptochromes, phototropins and the most recently discovered Zeitlupe family (Parihar
etal., 2016).

Cryptochromes are blue/UV-A receptors (Parihar et al., 2016). Cryptochrome 1
(cry1) was described thanks to the Arabidopsis hy4 mutant, which had a defect in
CRY1 and showed elongated hypocotyl in white and blue light only. In the dark, CRY1
is localised in the nucleus and upon irradiation in the cytoplasm. Other two
cryptochrome isoforms are known to be in Arabidopsis thaliana. It was suggested that
cryptochrome require dimerization for their functionality (Yang et al., 2000).

Phototropism, chloroplast movement and stomatal opening are regulated by
blue light through the plasmamembrane associated receptors — phototropins (Parihar
et al., 2016). The parts of photropin that can perceive light are two N-terminal light,
oxygen and voltage domains — LOV1 and LOV2 which regulate cofactor binding and
contain flavinmononucleotide as phototropin chromophore. After irradiation phot1 and
phot2 are autophosphorylated which is dark-reversible process (Christie et al., 1998).
Two types of phototropins are known: phot1 and phot2; which were originally called
NPL1 and NPH1 (Kagawa et al., 2001).

LOV domain is also part of Zeitlupe photoreceptor molecule, the last group of
blue light photoreceptors (Parihar et al., 2016). Zeitlupes are localised in cytosol and
nucleus and their chromophore is also flavinmononucleotide. They influence mainly
circadian clock (Mas et al., 2003).
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2.3 Brassinosteroids

Brassinosteroids (BRs) are a group of phytohormones with a polyhydroxysteroid
structure (Figure 6) similar to the animal steroid hormones (Grove et al., 1979). The
first part of their name comes from Brassica napus L. because brassinosteroids were
isolated from its pollen and the compound with the highest bioactivity was named
brassinolide (Mitchell et al., 1970).

OH

! Brassinolide
H (BL)

Figure 6: Brassinosteroid chemical structure represented by the most bioactive member of the group —
brassinolide (from Noguchi et al., 2000).

2. 3. 1 Bioactivity of brassinosteroids

The brassinosteroid bioactivity could be studied thanks to BR-deficient and
BR-insensitive mutants which had been identified in Arabidopsis (Clouse et al., 1996; Li
et al., 1996; Szekeres et al., 1996). BR-deficient mutant de-etiolated-2 (det2) (Figure 7)
and constitutive photomorphogenesis and dwarfism (cpd) mutants showed strong
fenotype i.e. presence of photomorphogenesis in the dark and extreme dwarfism,
respectively. It suggested the molecular pathways where BRs plays an essential role:
light-regulated development, cell elongation, seed germination, stomata formation,
flowering and fertility and vascular development (Wang et al., 2012).

]
bR

Figure 7: Fenotypes of brassinosteroid-deficient Arabidopsis mutants; de-etiolated-2 (det2) and wild-type
(WT) plant grown in the dark (left), constitutive photomorphogenesis and dwarfism (cpd) and WT (right)
(from Taiz and Zeiger, 2006)

Brassinosteroids have a large effect on the plant growth and development even in very
low concentrations (Wang et al., 2012). To compare the bioactivity of different BRs,
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several bioassays were developed, for example the rice lamina inclination test (Wada
et al., 1981) (Figure 8) and the bean second internode bioassay (Thompson et al.,
1981) (Figure 9).
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Figure 8: The effect of brassinosteroid on Oryza sativa in the rice lamina inclination bioassay (from
Kutschera and Wang, 2012)

Figure 9: The bean second internode brassinosteroid bicassay. First, BR promotes elongation. In the
higher concentration stimulates cell expansion and the highest concentration causes splitting of the
internode (from Taiz and Zeiger, 2006).

2.3.2 Brassinosteroid signalling

Brassinosteroid signalling pathway was studied extensively. The Arabidopsis dwarf
mutant named brassinosteroid insensitive 1 (bri1) (Figure 10) was isolated and the
studies suggested that the mutation affects receptor kinase BRI1 which is crucial for
the BR-response (Clouse et al., 1996; Li and Chory, 1997).
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Figure 10: Phenotypes of Arabidopsis mutant bri1 and BRI1 overexpression seedling (from Fridman and
Savaldi-Goldstein 2013).

It was shown that BRI1 is membrane localised BRs receptor with 25 leucin-rich
repeats (LRRs) arranged into a super helix shape on the extracellular domain (Wang et
al., 2001; Hothorn et al., 2011). Between the LRR21 and LRR22 there is a 70-amino
acid island which forms BR binding site (Kinoshita et al., 2005; She et al., 2011). The
ligand binding does not cause overall conformational change in the extracellular
domain backbone, it just creates a hydrophobic surface that may provide a docking
platform for unknown protein. Upon BR binding, BRI1 gains its kinase activity and it can
interact with co-receptor kinase BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE1)
(Wang et al., 2005; Wang and Chory, 2006). The data supported the hypothesis that
there is a sequence of transphosphorylation between BAK1 activation loop and BRI1
juxtamembrane domain to enhance BRI1 signalling (Wang et al., 2008; Clouse 2011).
Inactive BRI1 associates with BKI (BRI1 KINASE INHIBITOR) and prevent BAK1
binding (Li et al., 2002; Nam and Li, 2002). The presence of BRs causes dissociation of
BKI from BRI1 and from plasma membrane which is probably connected with BKI's
interaction with 14-3-3 protein.

BRI1 phosphorylates two subclasses of RLCKs (receptor-like cytoplasmic
kinases): BSK (BR/SIGNALING KINASE) and CDG1 (CONSTITUVITE DIFFERENTIAL
GROWTH1) (Tang et al, 2008; Kim et al, 2011). They activate BSU1
(BRI1-SUPRESSOR1) which is autophosphorylated and causes BIN2
(BRASSINOSTEROID-INSENSITIVE 2) degradation (Kim et al., 2009) (Figure 11).

BIN2 is a negative regulator and it is active in the absence of BRs (Figure 11 A)
(He et al., 2002). It causes inactivation of transcription factors BRZ1 and BES1/BRZ2
which leads to their proteosomal degradation (He et al., 2005; Sun et al., 2010; Yin et
al., 2002; Yin et al., 2005). In the presence of BR ligand (Figure 11 B), BINZ2 is
degraded, BRZ1 and BES1/BRZ2 are massively dephosphorylated by phosphatase 2A
(PP2A), so they can move to the nucleus to bind genomic DNA and regulate gene
expression.

BRZ1 and BES1/BRZ2 target genes have a function in the BR biosynthesis
pathway and BR signalling (Wang et al., 2012). Other genes regulate cell wall
synthesis, cytoskeleton, inhibition of chloroplast development and
photomorphogenesis. A big group of BRZ1 and BES1/BRZ2 target genes are involved
in interactions pathways with other phytohormones as GAs, auxin or ABA.
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Figure 11: Brassinosteroid signal transduction pathway. A) In the absence of brassinosteroid (BR); B) In
the presence of BR. Active components are marked by red outlines, P and red arrows means
phosphorylation or dephosphorylation, black arrows indicate protein movement (Wang et al., 2012).

The functional analysis of tomato BRI1 and BAK1 showed that they are active in
autophosphorylation and they can also transphosphorylate each other as well as BRI1
and BAK1 in Arabidopsis (Bajwa et al., 2013).

2.4 Interaction of light and BRs pathways

Brassinosteroids and light play very important roles in many similar physiological
processes such as photomorphogenesis, elongation, flowering or shade-avoidance,
and therefore they have to somehow interact or to be connected (Wang et al., 2012)
(Figure 12). As it was described above, BR-mutant’s phenotype in the dark is similar to
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WT phenotype in light (Li et al., 1996). WT plants treated with BR inhibitors grown in
the dark have short hypocotyls (Clouse and Sasse, 1998).

Plants react to changes of environment by adjusting the levels of
phytohormones and light is one of the environmental factors. Some studies identified
several cytochromes P450 that inactivate or degrade BRs, e.g. BAS1 (Neff et al.,
1999), SOB7 (Turk et al., 2005) or CYP72B1 (Turk et al., 2003). Symons et al. (2008)
did not measure any significant difference in endogenous BRs levels between plants
growing under continuous light and dark. Luo et al. (2010) did not notice any change in
BZR1 activation between dark-grown and light-grown Arabidopsis seedlings. It means
that light does not influence BR signalling pathways through enhancing the activity of
the BZR1 transcriptional factor (Wang et al., 2012). However, in some other plant
species, higher BR levels were found if they grew in light, e.g. peas seedlings in light
had a higher expression of the DWF4 gene, which is involved in BRs synthesis
(Symons et al., 2002).

Microarray experiments suggested that there is a relationship between
light-regulated genes and genes affected by BZR1. Many genes encoding the
components of light signalling pathways are also targets for BZR1, e.g. PIF4 (Oh et al.,
2012, Bai et al., 2012). BRs regulate transcription of the light-signalling components
and decrease the plat response to the light signal (Wang et al., 2012). Kim et al. (2014)
suggested that light may control BRs signalling through COP1 which degrades BZR1 in
the dark.

Another key transcriptional regulator that mediates crosstalk between BR and
light signalling is called GATAZ2 (Luo et al., 2010). GATAZ2 directly regulates genes that
respond to BR and light and which are involved in de-etiolation. BRs repress
expression of GATAZ2 through transcriptional factor BZR1. Light causes accumulation
of GATAZ2 through the inactivation of COP1 which ubiquitinates GATA2 and marks it for
proteasomal degradation.

Brassinosteroids also play a role in shade-avoidance responses which is a
response of plants in dense vegetation where the growth can be affected by light
competition with the neighbours (Keuskamp et al., 2011). The proximity of other plants
causes the reduction in the red/far-red ratio controlled by phytochromes and it is
depended on auxin biosynthesis but it can be also induced by blue light (Keller et al.,
2011). The BR response is required to elicit the phenotype of shade-aviodance under
blue light as well as PIF4 and PIF5. Under blue light, the response is fully inhibited only
if auxin and BR are blocked (Keuskamp et al., 2011). These hormones both regulate
cell elongation through XTH (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDRO-
LASE) genes. The activation of phyA and cry1 leads to the activation of enzyme ROC1
(ROTAMASE CYCLOPHILIN1) which inhibits BES1 (Trupkin et al., 2012; Vriet et al.,
2013).

Blue light is involved in rice lamina bending and unrolling (Asahina et al., 2014).
It is mediated via castasterone, an endogenous BR, which biosynthesis is enhanced in
BL. The analysis of Arabidopsis mutant elg (elongated) showed that BRs also influence
another BL specific reaction — phototropism, through BAK1 (Whippo and Hangerter,
2005).

Choi et al. (2014) used iNID (Network models delineating Interplays among
Developmental signalling) to investigate the auxin—-BR-blue light interplays and they
experimentally verified two of them: BME3 and TEM1, which modulate germination and
flowering.
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Figure 12: Schematic summary of BR and light-signalling pathways which control physiological
responses. Arrows indicate activation, bar-ended lines inhibition; BR-activated and BR-repressed genes
are in red and blue, respectively; TFs — transcription factors (from Wang et al., 2012).
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3 MATERIAL AND METHODS

3.1 Plant material

Solanum lycopersicum L. cultivar Rutgers (wild type, WT) and its mutant 7B-1 were
used as plant material for this study. The mutant 7B-1 shows male sterility depending
on the length of the photoperiod. Pollen grains of the 7B-7 mutant plants growing under
long day conditions (LD; 16 hours of light / 8 hours of dark) are often defective resulting
in 7B-1 sterility. In contrast, 7B-1 plants grown in short day conditions (SD; 8 hours light
/ 16 hours dark) are fertile (Sawhney, 1997; Omidvar et al., 2015).

The tomato mutant 7B-1 is not fully genetically characterised but it is known that
the 7B-1 phenotype is caused by spontaneous mutation which is recessive and
monogenic (Sawhney, 1997). Previous studies suggest that the functional product of
the 7B-1 gene is somehow involved in the blue light signalling pathway (Fellner and
Sawhney, 2002; Bergougnoux et al., 2009; Hlavinka et al., 2013).

The seeds of both genotypes were provided by Prof. V. K. Sawhney based on the
licence from the University of Saskatchewan, Saskatoon, Canada.

3.2 Seed sterilisation

The seeds of each genotype were surface sterilised in plastic tubes (maximum volume
50 mL) by soaking in approximately 30 mL of 3% sodium hypochlorite (Savo,
Bochemie a. s., Czech Republic) and shaking continuously for 25 minutes. Then, the
solution was removed and the seeds were extensively rinsed in 30 mL of sterile
distilled water. The last step was repeated five times.

3.3 Maedium preparation

Solid basal MS medium (Murashige and Skoog, 1962) was used as the growth medium
in all experiments. It was prepared using the following procedure:

Sucrose (20.0 g, Lachner, cat. n. 40135-AP0O), MS medium powder (8.6 g; Caisson
LABS, US, cat. n. MSP01-50LT) and MES (Morpholinoethane sulfonic acid; 390.4 mg;
Serva, cat. n. 29834.04) were dissolved in 1 L of distilled water. Distilled water was
added to reach the total volume of 2 L. After that, the pH value of the solution was
adjusted to 6.1 by 1M solution of potassium hydroxide.

The solution was well mixed and divided into five pyrex bottles (capacity 500 mL).
To each bottle, 2.8 g of agar (Duchefa Biochemie, cat. n. P1001.1000) were added.
The caps were covered with an aluminium foil and the bottles with the medium were
sterilized in an autoclave. The pH value of the medium after autoclaving decreased
approximately to 5.7. After cooling off, the bottles containing the solid medium were
stored at 4'C. Before using, the medium was melted in a microwave oven for a few
minutes and poured into the plastic Petri dishes (diameter 90 mm, 20 mL of medium in
each) under sterile conditions in a laminar hood.
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3.4 Brassinosteroid treatment

For the experiments on brassinosteroid treatment, the required amount
of 24-epi-brassinolide (24-epi-BL; Mr = 480.68) stock solution was added into the cold
liquid medium. The stock solution (c =10°M) was prepared by dissolving powdered
24-epi-BL in 99.5% dimethyl sulfoxide (DMSO; Sigma-Aldrich, cat. n. 066K0173) and
distilled water was added to final volume. The final concentration of DMSO in the stock
solution was 25 vol. %.

In all experiments studying BRI/1 gene expression which included brassinosteroid
treatment, 10® M concentration of 24-epi-BL was used. In the last experiment which
included brassinosteroid treatment, a proper control was prepared by adding 99.5%
DMSO into the medium to reach the same final concentration of DMSO (0.025 vol. % in
the medium).

The 10® M concentration of 24-epi-BL was chosen because of the results from
previous experiments. These experiments showed that growth of hypocotyl and
epidermal cell elongation in WT tomato seedlings incubated under blue light was
stimulated by 10°M 24-epi-BL added to the medium (Pilafova, 2014). In the
experiments studying growth responses four different concentrations were included:
10°M, 107"°M, 10" M and 10" M concentration of 24-epi-BL in MS medium.

The 24-epi-brassinolide was provided by Dr. Jana Oklestkova from the Laboratory
of Growth Regulators at Palacky University in Olomouc, Czech Republic.

3.5 Growing conditions

The sterilized seeds were sown on the solid basal MS medium in Petri dishes. The
Petri dishes were twice wrapped around with textile tape SoftPore (BATIST s.r.o0.),
covered in aluminium foil and placed vertically in a growth chamber (Microclima 1000E,
Snijders Scientific B.V., The Netherlands) at a stable temperature of 23°C for 3 or
4 days to induce germination.

The germinated seeds were transferred on fresh MS medium supplemented or not
with 24-epi-BL or a corresponding amount of DMSO (for last experiment including
24-epi-BL treatment). The number of seeds was 7 seeds per each Petri dish. The
transfer was performed in sterile conditions under white light. The dishes were wrapped
around with textile tape and placed vertically in the growth chamber with continuous
blue light illumination or covered in aluminium foil (for growth in the dark) at a stable
temperature of 23 C. Blue or red light illumination was provided by fluorescent tubes
(TL-D36W/18-Blue and TLD36W/15-Red, Philips, respectively). The tomato seedlings
were grown under these conditions for 3 or 7 days depending on the type of
experiment.

3.6 Measurement of hypocotyl and root length
The plants were first visually evaluated and then, they were manually measured on a

graph paper with a ruler. The lengths were measured with 1 mm accuracy and the
mean * standard error (SE) values were calculated.
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3.7 Hypocotyl harvesting

The upper half of the 3 or 7-day-old tomato hypocotyls were harvested under blue light
or green light (for etiolated seedlings). The cotyledons were cut off with a scalpel, and
approximately 200 mg of hypocotyl tissue for each growth condition and genotype were
packed in aluminium foil and immediately frozen in liquid nitrogen. The harvested
samples were stored at -80°C until grinding.

3.8 RNA extraction

The frozen samples were manually grinded in sterilized mortars which had been cooled
down in liquid nitrogen. The fine powder was transferred to micro-centrifuge tubes
(volume 2 mL) and stored in a freezer (-20 C) until all samples were grinded.

For RNA extraction and purification, the Isolate Il RNA Plant Kit (Bioline, UK) was
used. The basic procedure of the used kit is shown in Figure 13.
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Figure 13: The basic procedure of RNA extraction using Isolate Il RNA Plant Kit (Bioline, UK).

The concentration of RNA was measured on spectrophotometer SmartSpec Plus
(Bio-Rad, US) and the purity of RNA was checked by polymerase chain reaction (PCR)
using following primers and procedure:
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Reaction mixture:
4.0 yL of 5x My Taq Buffer (Bioline, UK)
0.5 pL of each primer:

LeGAPDH-F primer: 5°— ATC CAT TTATTT CCACTG ATT ACAA-3’
LeGAPDH-R primer: 5" — CAT GGG AGC ATC TTT GCT A-3°

0.1 yL of My Taq Polymerase (Bioline, UK)
2.0 uL of isolated RNA sample as a template
RNA-free water up to final volume (20 uL per reaction)

Program:
94°C 3 min
94°C 30s
55C 30s 45 cycles
72°C 1 min
72°C 5 min
15C %

Gene LeGAPDH encodes tomato glyceraldehyde-3-phosphatedehydrogenase
(accession number: U97257; Chen, 1997) and it could be amplified during the reaction
only if the sample contained DNA. The presence of amplified product was checked by
performing horizontal electrophoresis in 1.5% agarose gel containing GelRed Nucleic
Acid Stain (cat. n. 41 003, Biotium, US). Samples were mixed with 6% loading Dye
(Biogen, US) before loading on a gel. The PCR products in gel were visualised by Gel
DOC EZ Imager (BioRad, US).

In the case, the RNA samples were contaminated by genomic DNA, the Dnase
treatment in solution followed. Dnasel and Reaction Buffer for Dnasel (both Bioline,
United Kingdom) were added into the RNA samples. This mixture was incubated for
10 min at 37°C and after that sodium acetate (3M, pH 5.2) and 96% ethanol was
added. Samples were precipitated overnight at -80°C. After that, they were centrifuged
for 10 min at 4'C at maximum speed and the supernatant was removed by inversing
the tube. RNA pellet was washed with 70% and then 96% ice-cold ethanol and then the
tubes were open to let RNA pellet dry out. RNA was then dissolved in RNase-free
water and its purity was checked once again.

3.9 cDNA synthesis

Synthesis of cDNA from isolated RNA was carried out using Prime Script 1% strand
cDNA synthesis kit (Takara, cat. n. 6110A, Japan). RNA was diluted with calculated
volume of nuclease free water (2 uyg of RNA in a total volume 8 pyL). Then 1 pL of
50 uM oligo dT Primer and 1 yL of 10mM dNTP was added. This mixture was kept in
thermo cycler for 5 min at 65 C and then it was immediately cooled down on ice. During
the cooling time a reaction mixture was prepared by adding 4.5 uL of Rnase-free water,
4 uyL of 5x PrimeScript Buffer, 0.5 yL of Rnase Inhibitor (40 U/uL) and 1 yL of
PrimeScript Rtase (200 U/uL), and then it was gently mixed with the cold mixture which
contained the RNA sample. Final volume of the reaction was 20 yL. The tubes
containing reaction mixture were kept in a thermo cycler at 42°C for 60 min and after
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that at 70°C for 15 min. To check the integrity of the synthesised cDNA, PCR with
LeGAPDH primers was performed in the same way as described above. The
synthesised cDNA was stored in the freezer at -20 C until performing gPCR to quantify
an expression of a gene of interest.

3. 10 Analysis of gene expression

The quantitative real-time polymerase chain reaction (QPCR) was used as a method for
studying the relative quantification of transcription levels of two genes. The gene of
interest was BRI1 (Brassinosteroid-Insensitive1; accession number: AY179606) which
encodes tomato brassinosteroid receptor. As the housekeeping gene Elongation-factor
1-a (EF1a, accession number: X14449; Bergougnoux et al., 2012) was used. For
amplification of these genes, primers of following sequences were used:

BRI1-F: 5-AGT TGA AGG ATG GGA GTG TTG-3"
BRIM-R: 5-GGT GCT TGA TCT TCC CTA TGG-3°
EF1a-F: 5°-CCC AAG AGG CCA TCA GAC AA-3°
EF10-R: 5-CAA CAG GGA CAG TTC CAATAC CA-3°

The gPCR was performed using the SensiFAST™ SYBR® Lo-ROX Kit (Bioline,
UK). The reaction mixture for one reaction was prepared by adding 10 yL of
2x SensiFAST™ SYBR® Lo-ROX Mix, 0.8 yL of 10uM forward primer, the same
amount of a reverse primer, 4.4 yL of water and 4 pL of template cDNA (4x diluted in
water). The final volume of the reaction was 20 uL. Three technical replicates were
performed for each sample. The amplification was carried out in a 2-step cycling
program, which consisted of the following steps: denaturation at 95°C for 2 min and
then 40 cycles of 95°C for 5 s followed by 15 s at 60°C. A dissociation curve was
obtained for each sample. All cycle threshold (Ct) values were normalized against
those for the EF71a gene and the efficiency of amplification. The results are presented
as an expression fold change. It was determined by comparing the differences in the
cycle numbers of the samples during linear amplification phase using the AACt
method. The relative quantification was related to the sample taken from the hypocotyls
of WT genotype grown in dark condition on the basal medium or medium containing
DMSO (for last experiment with BRs treatment). The values represent the mean
relative expressions obtained from two, three or four independent experiments.

For the analysis of the data, the program REST 2009 (Pfaffl et al., 2002, REST
2009 Software User Guide, 2009) was used to evaluate whether the differences in
BRI1 expression are statistically significant. The software is using the integrated
statistical randomization tests to determine whether a significant difference exists
between samples a control. It also takes into account the issues of primers efficiency
and reference gene normalization.
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4 RESULTS

The purpose of the present study was to contribute to the understanding of the 7B-1
gene function and the interaction between blue light and brassinosteroid signalling.
This study is partially based on previous research summed up in the bachelor’s thesis
(Pilafova, 2014) which reported the altered growth responses to BRs of the 7B-1
mutant hypocotyls compared to WT, and altered level of endogenous brassinosteroids.
Therefore, several experiments studying growth response to 24-epiBL and the
expression of BR receptor in different conditions were designed and carried out.

4.1 Growth responses to 24-epibrassinolide

Brassinosteroids are biologically active in very low concentrations and they are known
to be involved in processes such as photomorphogenesis and cell elongation (Wang et
al., 2012). The previous study showed that 24-ep/BL stimulates the WT epidermal cells
elongation under BL only and not the elongation of 7B-1 cells (Pilafova, 2014).
Therefore, responses to lower concentrations of 24-epBL (10"?M, 10" M, 10"°M and
10°M) were tested in 3 independent experiments to see if there is possible shift in
sensitivity to BRs could be observed in 7B-7 mutant. In each biological repeat, 5 plants
of each genotype were growing on selected low concentrations of BRs and under each
light condition. During the examined period, germination problems occurred and
therefore, one of the experiments did not include WT genotype.

As expected, in the dark no essential effect of 24-ep/BL on hypocotyl elongation
was observed in either genotype (Figure 14).
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140

=
o N
o o
1
|

(e}
o
1
|

60 - — BWT

40 - — 0O 7B-1

hypocotyl length (mm)

20 - -

0 107" 0™ 107 10~°
[24-epiBL] (mol - I'")

Figure 14: Length of the hypocotyls of Solanum lycopersicum L. cv Rutgers (wild-type, WT) and the
mutant 7B-7 grown in the dark. The seeds were germinating on the basal MS medium in the dark and then
they were transferred on a new basal MS medium (control) or on the medium containing
24-epi-brassinolide (in the 10"?M, 10" M, 10"Mor 10°M concentration) where they grew for 7 days.
Values represent mean + SE obtained from n independent experiments (for WT n = 2; for 7B-1 n = 3).

28



In RL, the 7B-1 hypocotyls were slightly shorter than those in WT and under
these light conditions no effect of exogenous 24-epiBL on hypocotyl elongation was
observed (Figure 15).
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Figure 15: Length of the hypocotyls of Solanum lycopersicum L. cv Rutgers (wild-type, WT) and the
mutant 7B-1 grown in the red light (RL). The seeds were germinating on the basal MS medium in the dark
and then they were transferred on a new basal MS medium (control) or on the medium containing
24-epi-brassinolide (in the 10" M, 10™ M, 10"Mor 10°M concentration) and under RL where they grew
for 7 days. Values represent mean + SE obtained from n independent experiments (for WT n = 2; for 7B-1
n=3).
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The results of the experiments under BL conditions confirmed the inhibitory
effect of BL on hypocotyl elongation in both genotypes, and also the finding that the
7B-1 mutant is less sensitive to BL-induced hypocotyl de-etiolation. However, no effect
of 24-epiBL on hypocotyl growth was observed in either genotype (Figure 16).

Hypocotyl length under blue light

1 =y

w
(6]

il

T

&
|

N
o
1
|

[EEY
(52}
]

BWT
07B-1

5]
]
|

hypocotyl length (mm)

(93]
1
|

o
|
|

0 107" 0™ 107 10~°
[24-epiBL] (mol - I'")

Figure 16: Length of the hypocotyls of Solanum lycopersicum L. cv Rutgers (wild-type, WT) and the
mutant 7B-1 grown in the blue light (BL). The seeds were germinating on the basal MS medium in the dark
and then they were transferred on a new basal MS medium (control) or on the medium containing
24-epi-brassinolide (in the 10™M, 10" M, 10" Mor 10°M concentration) and under BL where they grew
for 7 days. Values represent the mean + SE obtained from n independent experiments (for WT n = 2; for
7B-1n=3).

4.2 Expression of tomato BRI7 under blue light

According to the previous study (Pilafova, 2014), BL might reduce the expression of
BRI1 gene for BR receptor and the 7B-7 mutant could express less BRI1 in the dark.
Therefore, the qRT-PCR analysis of hypocotyls grown under different conditions was
performed to obtain more accurate data.

4. 2.1 Seven-day-old hypocotyls

First, the WT and 7B-1 germinating seeds were grown for 7 days in the dark or BL,
their MRNA was extracted, cDNA was synthesised and the qRT-PCR was performed to
analyse the BRI1 expression compared to EF1a housekeeping gene. Values obtained
after the relative quantification were normalised to the expression in WT dark-grown
hypocotyls. Four independent experiments were carried out.

The results suggested that there is a trend showing that BL reduces the
intensity of BRI1 expression and that the 7B-71 mutant has lower level of BRI1 transcript
(Figure 17). But none of these differences turned out to be significant in REST 2009.
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Figure 17: gqRT-PCR analysis of the expression of BRI1 gene in the hypocotyl of Solanum lycopersicum L.
cv Rutgers (wild-type, WT) and the mutant 7B-1 which germinated in the dark (D) and then they were
transferred on new medium and grown in the dark or in blue light (BL) for 7 days. The results represent the
mean + SE of four independent biological repeats. The EF1a was used as a housekeeping gene. The
relative quantification was made against the expression of BRI7 in the WT hypocotyls grown in the dark.

4. 2. 2 Three-day-old hypocotyls

The experiments with 7-day-old hypocotyls were followed by another set of
experiments with younger plants. The WT and 7B-1 seedlings were grown for 3 days
under BL or in the dark before the harvesting and RNA extraction. In the WT 3-day-old
hypocotyls, the level of BRI1 expression was significantly reduced by half (p < 0.05)
under BL conditions. Although, there was not any change in the BRI1 expression level
between WT and 7B-1 genotypes in BL, the level of BRI1 transcript in the dark grown
7B-1 mutant was lower than in WT in all three independent biological repeats but the p
value obtained in REST 2009 was higher than 0.05 (Figure 18).
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Figure 18: qRT-PCR analysis of the expression of BRI1 gene in the hypocotyl of Solanum lycopersicum L.
cv Rutgers (wild-type, WT) and the mutant 7B-1 which germinated in the dark (D) and then they were
transferred on new medium and grown in the dark or in blue light (BL) for 3 days. The results represent the
mean + SE of 3 independent biological repeats. The EF1a was used as a housekeeping gene. The relative
quantification was made against the expression of BRI1 in the WT hypocotyls grown in the dark. Statistics
were calculated in REST 2009 (Pfaffl et al., 2002, REST 2009 Software User Guide, 2009). The asterisk
marks significant difference from the WT in D sample (p < 0.05).
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4. 2. 3 Response to exogenous 24-epibrassinolide

Two experiments were designed to find out if the expression of BRI1 is altered by
exogenous 10° M 24-epBL and whether its possible effect is modulated by BL. Both
following experiments were performed only in one biological repeat for time pressure.

First experiment was performed with the 7-day-old WT hypocotyls. The results
confirm the reduction of BRI1 expression by BL but do not show any clear effect of
exogenous 24-epiBL on the BRI1 expression (Figure 19).

0,8 -

fold change
o
N

0,2 -

24-epiBL

24-epiBL
D BL

Figure 19: gRT-PCR analysis of the expression of BRI/1 gene in the hypocotyl of Solanum lycopersicum L.
cv Rutgers (wild-type, WT) which germinated in the dark (D) and then they were transferred on basal
medium (MS) or containing 10° M 24-epi-brassinolide and grown in the dark or in blue light (BL) for 7
days. The results present one biological repeat. The EF1a was used as a housekeeping gene. The relative
quantification was made against the expression of BRI1 in hypocotyls grown on MS medium in the dark.

In the second experiment, the 7B-1 genotype was included to the experiments.
In addition, MS medium supplemented with DMSO was used as the control, as DMSO
was used as a solvent of the 24-epiBL. In the WT, the BRI1 expression was slightly
higher in etiolated hypocotyls treated with 24-ep/BL than in hypocotyls grown in the
presence of DMSO. In contrast, the BRI1 expression level in 7B-1 was lower in the
24-epiBlL-treated etiolated hypocotyls than in the DMSO-treated hypocotyls. The
results also show that in WT hypocotyls, the expression of BRI1 is reduced by BL

(Figure 20).
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Figure 20: gRT-PCR analysis of the expression of BRI1 gene in the hypocotyl of Solanum lycopersicum L.
cv Rutgers (wild-type, WT) and the mutant 7B-1 which germinated on basal MS medium in the dark (D)
and then they were transferred on medium containing 10° M 24-epi-brassinolide or DMSO in the same
concentration as presented in 24-epBL solution. They grew in the dark or in blue light (BL) for 3 days. The
results present one biological repeat. The EF1a was used as a housekeeping gene. The relative
quantification was made against the expression of BRI/1 in WT hypocotyls grown on medium with DMSO in

the dark.
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5 DISCUSSION

According to previous studies, the 7B-1 tomato mutant shows reduced hypocotyl
(Fellner and Sawhney, 2002) and epidermal cell elongation (Bergougnoux et al., 2012;
Pilafova, 2014) under blue light. Also the stomatal opening (Hlavinka et al., 2012) and
other phototropin responses (Fellner and Bergougnoux, unpublished data) are affected
in the 7B-1 mutant. Therefore, the functional 7B-1 product is likely involved in the
phototropin signalling pathway. It is also known that the BL receptor’s transcriptional
level is not affected by the 7B-7 mutation (Omidvar and Fellner, 2015).

The levels of endogenous phytohormones in the 7B-1 are also altered. The
7B-1 mutant is an ABA over-producer and contains lower levels of auxin, GAs (Fellner
et al., 2001), ethylene (Fellner et al., 2005) and cytokinins (Bergougnoux et al., 2012)
than the WT. The analysis of endogenous BRs showed that hypocotyls of the 7B-1
mutant have a five times lower level of brassinolide than the WT in the dark but the
same level in BL and RL (Pilafova, 2014). Also, 7B-1 growth responses to exogenous
24-epiBL were changed compared to the WT. Whereas the WT BL-grown hypocotyl
elongation was stimulated by 24-ep/BL (10°M, 10°M, 10" M and 10°M), the 7B-1
hypocotyls grown on 24-ep/BL did not differ from the untreated ones (Figure 4).

The experiments of the present study did not reveal any elongation of the
BL-grown hypocotyls after the stimulation with 24-ep/BL in lower concentrations (10
2M, 10" M, 10"°M and 10° M). These concentrations are probably too low to induce
hypocotyl elongation. The roots were inhibited by the high levels of 24-ep/BL in the
medium (Pilafova, 2014), whereas the experiments presented in this work suggest that
concentrations lower than 10 M did not inhibit the roots. However, the experiments did
not show any root stimulation. As there was a strong variability in the root length (data
not showed), for studying the effect of exogenous 24-ep/BL on the root growth, more
experiments have to be carried out to receive reproducible results. Other interesting
experiments which could tell us more about the relationship between the hypocotyl
elongation under BL and exogenous BRs, could also involve the tomato phototropin
mutant isolated by Sharma et al. (2014) or cryptochrome mutants cry7-1 and cry1-2,
selected by Weller et al. (2001).

The experiments presented in this study disprove the hypothesis that the BR-
induced elongation of the BL-grown WT hypocotyls is caused by a higher BRI1
expression level in the BL-grown WT hypocotyls. In fact, the WT hypocotyls expressed
significantly less BRI1 in BL than in the dark. The results also suggest that in the dark,
7B-1 mutant might express less BRI1 than the WT. No difference was observed in the
BRI1 expression level between the two genotypes under BL.

Previous literature has concentrated on the interaction between light and BR
biosynthesis and BR inactivation (e.g. Neff et al., 1999; Turk et al., 2003; Turk et al.,
2005) and on shade-avoidance controlled by light and BRs (e.g. Keller et al., 2011;
Keuskamp et al., 2011; Trupkin et al., 2012), but as far as we know the data about the
influence of BL on the first steps of BR signalling has not been reported yet. That is
why it would be interesting to test whether the BRI1 expression level is altered by RL or
white light.

In the experiments presented in this study, bigger differences in the expression
levels in the younger hypocotyls (3-day-old) then in the 7-day-old ones (Figure 17 and
Figure 18) were observed. One explanation for this difference could be that the higher
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concentration of the total mRNA in the 3-day-old hypocotyls is present, which could be
caused by their more active development and growth. Another explanation might be
that the extended BL irradiation in the 7-day-old hypocotyls could cause the inactivation
of the BL photoreceptors thus decreasing the sensitivity of the 7-day-old hypocotyls to
BL.

The experiments which were focused on the effect of exogenous 24-epiBL on
the expression of BRI1 in the hypocotyls did not show any difference between the
control and the treated plants. However, the low number of repetitions in these
experiments does not allow to state any conclusions about the actual effect of
exogenous BRs on BRI1 expression.

The fact, that the 7B-1 mutant has a lower endogenous BR level and a lower
BRI1 expression and still behaves the same as the WT with respect to the growth
responses to exogenous BR in the dark, and at the same time the 7B-71 mutant is not
sensitive to exogenous BR in BL, suggests that more than one signalling pathway are
involved in hypocotyl growth responses. The working model of the interaction between
BL the expression of the BR receptor BRI1 and the functional product of the 7B-1 gene
in plant growth proposed in Pilafova (2014) is presented in Figure 21. The interactions
studied in this thesis are highlighted with magenta.

[Exogenous BRs]

Blue
light kY '

Hypocotyl I Other
elongation pathways

Figure 21: Proposed model of the interactions between blue light, the expression of brassinosteroid
receptor BRI1 and the fully functional product of 7B-1 gene in plant growth. Arrows indicate activation,
bar-ended lines inhibition, magenta lines highlight the interactions which were studied in this work. Blue
light inhibits hypocotyl elongation and reduces the level of BRI1 expression as well as the concentration of
endogenous BRs. Fully functional product of 7B-1 gene is positively involved in photomorphogenesis. In
the dark, it stimulates endogenous BRs level and BRI1 expression. BRs stimulate hypocotyl elongation
and endogenous BRs might stimulate BRI7 expression or the other way around.
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6 CONCLUSIONS AND PERSPECTIVES

The present Master’s thesis focused on the interactions of the 7B-1 mutation in the
tomato and the signalling of brassinosteroids and blue light. The experiments which
were performed examined the growth responses to exogenous 24-epiBL of the 7B-1
mutant and the wild type cv. Rutgers in blue light, red light and in the dark. The tested
concentrations of 24-epiBL did not influence hypocotyl growth.

Another series of experiments were focused on the expression of the BR
receptor BRI/1 in the 7B-1 mutant and in the WT under BL and in the dark. The results
showed that in etiolated hypocotyls, the 7B-1 mutant has a lower expression level of
BRI1 than WT plants, and these differences were bigger in 3-day-old hypocotyls than in
7-day-old ones. Moreover, BL significantly reduces the expression of BRI/71 in the WT
but not in 7B-1 mutant. Finally, the effect of exogenous 24-ep/BL on the expression
level of BRI1 was tested but none was observed in WT or 7B-1.

The results obtained in the present thesis, in combination with previous reported
data, improve our knowledge of the 7B-71 mutation and its role in the BL and BR
pathways. For the first time, the fact that the expression of BRI1 gene is influenced by
BL is reported. This finding shows the possibilities for further investigation of the cross-
talk between blue light and brassinosteroid signalling.
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7 ABBREVIATIONS

24-epiBL
ABA
ACC
BAK1
BIN2
BKI
BR
BRI
BRs
BL
BSK
BSU1
CDG1
COP1
COR
CKs
cry1

D
DMSO
GAs
Os
IAA
iP

JA
LD
LRRs
PAL
phot1
phot2
Phy

PME
PMEI
RL
ROC1
SA
SD
WT
WUE;
XTH

24-epi-brassinolide

Abscisic acid
1-aminocyclopropane-1-carboxylic acid
BRI1-ASSOCIATED RECEPTOR KINASE
BRASSINOSTEROID-INSENSITIVE 2

BRI1 KINASE INHIBITOR

Brassionsteroid

BRASSINOSTEROID INSENSITIVE 1
Brassinosteroids

Blue light

BRASSINOSTEROID SIGNALING KINASE
BRI1-SUPRESSOR1 BIN2 (BRASSINOSTEROID-INSENSITIVE 2)
CONSTITUVITE DIFFERENTIAL GROWTH1
CONSTITUVE PHOTOMORPHOGENESIS 1
Coronatine

Cytokinins

Cryptochrome 1

Dark

Dimethyl sulfoxide

Gibberellins

Stomatal conductance

Indole-3-acetic acid

Isopentenyladenine

Jasmonic acid

Long day

Leucin-rich repeats

Phenylalanine ammonia-lyase

Phototropin 1

Phototropn 2

Phytochrome

Net photosynthetic rate
Pectinmethylesterase

Pectinmethylesterase inhibitor

Red light

ROTAMASE CYCLOPHILIN1

Salicylic acid

Short day

Wild-type

Intrinsic water-use efficiency

XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE
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