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ABSTRACT

Plants are constantly exposed to biotic and abiotic factors throughout their developmental
stages which threaten their growth and productivity. Environmental stresses limit crop productivity
and are likely to increase in severity due to the drastic and rapid changes in global climate. In this
project, we studied the genetic factors that contribute to plant adaption to pathogens and other
environmental factors in tomato. The results of these are presented in chapters 2-4 of this thesis.
Chapter 1 covers background information and the review of the current literature in plant responses
to biotic and abiotic stress. Chapter 2 deals with functional analysis of tomato histone
methyltransferases SDG33 and SDG34 and their role in plant defense and stress tolerance. Chapter
3 focuses on the role of SDG33 and SDG34 on plant responses to Nitrogen. Finally, Chapter 4
summarizes the results from a reverse genetic screen using CRISPR cas9 genome editing to
identify Receptor Like Cytoplasmic Kinases (RLCKSs) required for plant resistance to fungal
pathogens.

Plant responses to environmental cues are underpinned by rapid and extensive
transcriptional reprogramming. Post translational modification of histones orchestrate these
reprogramming and cellular responses by altering chromatin structure and establishing permissive
or repressive states. Histone lysine methylation (HLM) is a principal modification of chromatin
that affects various cellular processes. HLM is mediated by histone methyltransferases (HMTs)
that deposit methyl groups to specific lysine residues on n-terminal histones tails. Although it is
known that chromatin modifications occur in response to environmental cues, the mechanisms by
which this is achieved, and the biological functions of HMTs are poorly understood. The function
of tomato histone methyltransferases Set Domain Group (SDG)33 and SDG34 in biotic and abiotic
stress responses were studied using tomato mutants generated through CRISPR/cas9 genome
editing.

SDG33 and SDG34 genes were induced by pathogens, drought stress, the plant hormones
methyl jasmonate, salicylate and abscisic acid. The sdg33 and sdg34 mutants display altered global
HLMs. SDG34 is required for global H3K36 and H3K4 mono, di- and tri-methylation while
SDG33 is primarily responsible for di- and tri- H3K36 and H3K4 methylation. Tomato SDG33
and SDG34 are orthologues of the Arabidopsis SDGS8, an H3K4 and H3K36 methyl transferase

previously implicated in plant immunity and plant growth through epigenetic control of Carotenoid
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Isomerase (CCR2) and other target genes. However, the tomato sdg33 or sdg34 single mutants
showed no altered responses to fungal and bacterial pathogens likely due to functional redundancy
of the tomato SDG33 and SDG34 genes consistent with their overlapping biochemical activities.
Interestingly, tomato SDG33 or SDG34 genes rescued the disease susceptibility and early
flowering phenotypes of Arabidopsis sdg8 mutant. Expression of CCR2 gene is completely
inhibited in Arabidopsis sdg8 mutant attributed to loss of H3K36 di- and tri methylation at CCR2
chromatin. CCR2 gene expression was partially restored by transgenic expression of tomato
SDG33 or SDG34 genes in Arabidopsis sdg8. In tomato, the single CCR2 gene is expressed
independent of SDG33 or SDG33 genes suggesting that the genomic targets of the tomato HMTs
are different. Unexpectedly, sdg33 and sdg34 plants were more tolerant to osmotic stress, maintain
a higher water status during drought which translated to better survival after drought. Tolerance of
sdg33 and sdg34 to drought stress is accompanied by higher expression of drought responsive
genes. Collectively, our data demonstrate the critical role of tomato HLM in pathogen and stress
tolerance likely through the regulation of gene expression.

In parallel, we characterized the role of SDGs in mediating nitrogen responses in tomato.
The results are described in Chapter 2. Few studies have focused on the role of histone lysine
methylation in regulating changes to nutrient availability. Transcriptome analysis in the shoot and
roots showed that SDG33 and SDG34 have both overlapping and distinct regulated targets in
tomato. In response to nitrogen, 509 and 245 genes are regulated by both SDG33 and SDG34 in
response to nitrogen states in the roots and shoot respectively. In the roots these genes were
enriched with GO terms such as ‘regulation of gene expression’, regulation of N metabolism’ and
‘regulation of hormone stimuli’. ‘Response to stimulus’, ‘photosynthesis’ and ‘N assimilation’
were the biological processes significantly enriched in the shoots. Overall, we show that SDG33
and SDG34 are involved in regulating nitrogen responsive gene expression and hence
physiological nitrogen responses in the roots and shoots.

We also studied the Set Domain Group 20 (SISDG20) an orthologue of Arabidopsis SDG25
in tomato. The details of our observations are presented in Chapter 3. SISDG20 belongs to class
IIT HMTs, it has the SET, Post-SET domain and GYF domain important for proline-rich sequence
recognition. SISDG20 is highly induced by B. cinerea, Methyl Jasmonate and Ethylene. To further
understand the functions of SISDG20 in tomato physiological development and plant immunity

we generated slsdg20 knockout mutants through CRSIPR/Cas9. We identified one homozygous
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slsdg20 mutant with 151bp deletion in an exon immediately before the SET domain. Global
methylation assay on the s/sdg20 mutant confirmed that SISDG20 is an H3K4 methyltransferase.
The slsdg20 mutant is shorter than the wild type, produce more adventitious shoots causing prolific
branching, and produce narrow leaves. Further, the mutant produces abnormal fruit and few seeds
that hardly germinate. The slsdg20 mutant is highly susceptible to B. cinerea compared to the wild
type. In response to Pst DC3000, slsdg20 mutant plants are comparable of the wild type.
Resistance to ArcC strain of Pst DC3000 was impaired in the s/sdg2( mutant, suggesting a possible
role of SISDG20 in PTIL. In sum, tomato SDG20 is regulates plant immunity and plant growth
including fertility.

The final chapter focuses on tomato Receptor like cytoplasmic kinases (RLCKs). Plants
perceive the presence of pathogens through Pattern Recognition Receptors (PRR) which are
predominantly RLKs, and subsequently recruit RLCKs to signal to downstream regulators of
defense responses. Many RLCKs were characterized from Arabidopsis for their role in signalling
of responses to bacterial infection. An example of RLCKSs is Arabidopsis BIK1 which is implicated
in signal transmission of pathogen recognition event at the cell surface. The tomato genome
encodes 647 RLK/RLCKs comprising about 2% of its predicted genes. The functions of most of
these predicted tomato RLCKs and RLKs have not been determined. Previously, our lab
characterized the Arabidopsis BIK1 and tomato TPK1b RLCKSs for fungal resistance. Here, we
conducted a reverse genetic screen focused on BIK1 and TPK 1b related tomato RLCKs to identify
a subset with defense functions. Virus induced gene silencing and pathogen assays conducted on
15 RLCKs identified four RLCK genes with potential role in plant immunity. Then, tomato knock
out mutants were generated for four RLCK genes through CRISPR/cas9 genome editing to validate
the VIGS data. Subsequently, we demonstrated that TPK07, TPK09, TPKO11 and TRKO04 are
required for resistance to B. cinerea. The data are supported by the pathogen induced expression
of these genes. Furthermore, #k04 seedlings are impaired in seedling growth responses to
Jasmonic acid. Our study establishes that tomato TPKO07, TPK09, TPKO011 and TRK04 contribute
to defense against B. cinerea but their mechanism of function needs to be elucidated in future

studies

17



CHAPTER 1. LITERATURE REVIEW

1.1 Introduction

Plants are not able to move in nature, hence are constantly exposed to environmental pertubations
throughout their developmental stages. Adverse environmental conditions are detrimental to plant
growth, development and reproduction. Environmental stresses can be classified as biotic and
abiotic stresses. Biotic stress in plant is caused by living organisms such as insects, fungus,
bacteria, viruses and weeds. In contrast, abiotic stresses are caused by non-living factors such as
drought, heat, cold, flooding, salinity, and nutrient deficiencies (1). Plants have evolved several
adaptive mechanisms to minimise damage while conserving resources for growth and reproduction
under environmental stresses. Mechanisms involve physiological and biochemical changes
activated and sustained by changes in the expression of genes required for stress response.
Changes in gene expression in response to stress involve a complex regulatory network at the
transcriptional and post transcriptional levels (2-4). Numerous studies have highlighted and
improved our understanding of the complex regulatory networks involved in these mechanisms.
Among these, epigenetic mechanisms which modulates chromatin structure or regulate the
accumulation of RNA at post transcriptional level have often been associated with changes in gene
expression during exposure to stress. Epigenetics is defined as heritable changes in gene
expression resulting from the changes in DNA and it associated chromatin proteins without a
change in the underlying nucleotide sequences (2, 5). Thus, epigenetic changes are reversible, and
are associated with both activation and repression of genes.

Eukaryotic DNA is packed into chromatin, to tightly fit into the nucleus. The basic
structure of chromatin is the nucleosome composed of 147bp of DNA wound around an octameric
core of histone proteins H2A, H2B, H3 and H4. Chromatin forms a compact architecture which is
a barrier to DNA templated processes. Alteration of chromatin structure modulates the ability of
the transcriptional machinery to access DNA and control gene expression. Alteration in chromatin
structure is achieved by different mechanisms including DNA methylation, histone post
translational modifications, histone variants and small RNA related pathways (6-9). Many studies
have provided wealth of information on how these mechanisms regulates responses to

environmental stimuli mainly in model plants. However only a few studies have focused on histone
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lysine methylation (HLM) as a regulatory mechanism of drought and changes to nutrient
availability. Hence in this chapter, we will discuss histone lysine methylation changes in drought
and nutrient stress. We will highlight the mechanisms of histone lysine methylation in regulating

drought and nutrient stress responses.

1.2 The histone code

Genomic DNA in eukaryotes does not appear as free linear strands, it is condensed into
nucleoprotein complex called chromatin. The basic structural unit of chromatin is the nucleosome
which is made up of approximately 147 base pairs of DNA wound around a histone octameric core
with two cores of each histone proteins H2A, H2B, H3, and H4. The histone linker protein H1
locks DNA into place by binding at the entry and exit sites of DNA thus creating a compact
hierarchical architecture (Olins and Olins 2003, Lugerand Hansen 2005). Based on compactness
chromatin is classified as heterochromatin and euchromatin. Heterochromatin represents
condensed states and is aligned to the repressed transcriptional state whereas euchromatin
represents an open state and is aligned to an active transcriptional state. Condensed chromatin
state poses a barrier to all DNA templated processes such as transcription and DNA repair.
Histones have N-terminal tails rich in basic amino acids which protrude from the nucleosomes,
and these can be modified by acetylation, methylation, ubiquitylation, sumoylation, ADP-
ribosylation, deamination, Proline isomeration, and phosphorylation (6, 10). Current models
suggest that these modifications form the so called ‘histone code’ which influence chromatin
structure, affecting accessibility of the transcriptional machinery to the corresponding DNA thus
modulating gene expression and/or repression. In plants, changes in chromatin structure have been
shown to affect different biological processes such as flowering, root growth, embryogenesis,

organogenesis and responses to stresses (11).

1.3 Histone lysine methylation (HLM)

HLM is the transfer of methyl groups from the cofactor S-adenoslymethionine (AdoMet)
to the e-nitrogen of specific lysine and Arginine residues of on the N-terminal tails of histone H3
and H4. Lysine residues can be mono-, di- or tri methylated while Arginine residues can be

monomethylated and asymmetrically or symmetrically di-methylated (6). Histone methyl
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transferases (HMTs) have a conserved SU- (VAR) 3-9, Enhance of zeste E (Z) and Trithorax
(TRX) (SET) domain originally identified in Drosophila. Notably, the SET domain is responsible
for the enzymatic activity and is highly conserved in Bacteria, Archaea, and Eukaryota. To date,
four lysine residues within histone H3 (K4, K9, K27 and K36) have been identified as being
methylated by SET domain histone-lysine-methyltransferases (SDG proteins) in plants. Humans
however have an additional lysine within histone H4 (K20) which is methylated by SDG proteins
and one lysine within H3 (K79) which is being methylated by a non-SET-domain containing
protein HKMT7 (6).

HLM has emerged as an important epigenetic mark that play differential roles in
transcriptional regulation depending on the methylated residue and degree of methylation (mono-
, di-, or tri-) (6, 10). Most actively transcribed genes are associated with H3K4 mel, H3K4me?2,
H3K4me3, H3K36mel, H3K36me2 and H3K36me3 (12). However, distribution of these
methylation marks is not uniform across actively transcribed genes, each modification is enriched
at a specific region. In plants, H3K4me2/3 are enriched at the 5’ end of the transcribed regions,
downstream of the transcription start site (TSS). The reminder of the transcribed region has
H3K4mel methylation marks. H3K36me3 is typically associated with H3K4me?2 at the 5° end of
the gene body while H3K36me?2 is found near the 3’ prime end of transcribed genes. H3K36mel
covers the 3’ prime end as well as few base pairs downstream of the polyadenylation site (13, 14).
H3K4me3 is important for many developmental processes and together with H3K4me2 they are
linked to memory of environmental stresses such as diseases, drought and heat (15-17). Consistent
with the fact that H3K4 and H3K36 are important for active transcription, several genes are
downregulated in H3K4 and H3K36 loss of function mutants. Further, these mutants have several
developmental defects (18-23). While several genes are downregulated in many H3K4 and H3K36
loss of function mutants, many other genes remain unchanged. For example, in Arabidopsis sdg2
and sdg$, there is a decrease in global H3K4me3 and H3K36me3 respectively, yet transcriptional
expression of several other genes remains unchanged. This suggest that H3K4 and H3K36
methylation act at a specific time or in response to environmental stimuli on specific genes to
regulate the expression of genes (13).

In Arabidopsis, H3K27mel is associated with heterochromatin, H3K27me2 is associated
with gene rich euchromatin regions and repeat rich heterochromatin regions and H3K27me3 is

enriched transcribed in regions of repressed genes (24, 25). H3K27me3 in plants is important for
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developmental stage transition during seed germination, flowering, gametogenesis and
fertilisation. SDG proteins MEDEA (MEA), CURLY LEAF (CLF) and SWINGER (SWN) are
required for H3K27me3 mediated silencing of important developmental regulatory genes. CLF
and SWN are required for repression of floral homeotic gene AGAMOUS and the homeobox

SHOOTMERISTEMLESS (STM) in seedlings and the MADS-box gene PHERES (PHE1) in
vegetative tissues. MEA is required for the repression of the maternal allele of PHEI in endosperm
and the developing embryo (26, 27). Epigenetic reprograming between generations also require
H3K27me3, the flowering repressor FLC is silenced after prolonged cold by H3K27me3
HKMTase PRC2. Accumulation of H3K27me3 on FLC keeps the memory of cold in cis and can
be inherited through cell division (28). H3K9me?2 is enriched on heterochromatin and silenced
transposons while H3K27 is distributed on genic regions. In Arabidopsis, H3K9 methylation is
maintained by SUVH proteins. SUVH2, SUVH4 (KYPTONITE), SUVHS and SUVH6 are
required for the maintenance of H3K9mel and H3K9me2 mediating transposon repression and
DNA methylation (29-31). Also, mutation in the rice SDG714 which is required for H3K9

methylation causes activation and transpositioning of TOS17, a rice transposable element (32).

1.4 Plant responses to water stress

Drought can be defined as absence of adequate water necessary for plant to grow normally
and complete its life cycle (33). Drought disrupts many cellular processes and whole-plant
functions negatively affecting plant growth and reproduction. However, plants are remarkably
plastic, they have evolved mechanisms to cope with drought stress to benefit their growth and
development. Mechanisms are complex, they involve an array of molecular, cellular,
morphological, physiological and biochemical adaptions (7, 34, 35). Plant responses to drought
stress can be grouped into drought avoidance, drought escape, drought tolerance and drought
recovery (36). Drought avoidance is the ability of a plant to maintain higher tissues water content
in the presence of water stress. Here a plant is able to maintain fundamental physiological
processes by adjusting morphological structures and certain growth parameters under drought
stress (34, 36). Plants avoid drought by 1) enhancing soil water uptake by enhanced root system,
increased hydraulic conductance and enhancing water storage abilities in specialised organs such
as tubers, 2) limiting water loss by reducing transpiration through stomatal closure, leaf rolling,

increased accumulation wax on leaf surfaces and reducing net radiation and 3) using water
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efficiently through reducing plant size, leaf size, leaf area index etc (34, 36, 37). Drought escape
is when rapid plant development enables a plant to complete its life cycle before the onset of
seasonal or climate drought. Mechanisms for drought escape include rapid phenological
development and developmental plasticity. Rapid phenological development is a result of very
high metabolic rates, resulting in progressive cell expansion and division. This, together with high
gas exchange rates facilitates effective photosynthesis and photorespiration with low water use
efficiency resulting in very rapid plant development. Plants with developmental plasticity assumes
alteration of phenological development in response to drought. Phenological development may be
accelerated or slowed down to cope with the stress (38, 39). Drought tolerance is the capacity to
sustain plant function under drought stress. Plant function is maintained through adaptive traits
such as osmotic adjustments, cellular elasticity, increasing protoplasm adjustments and alleviation
of drought damage (36, 37). Drought recovery encompasses the plant’s ability to resume growth
and development after an exposure to severe drought stress which causes complete loss of turgor
pressure and leaf hydration (36). These responses are not mutually exclusive, in nature plants can
combine a range of response types. Further, these responses are controlled by molecular
mechanisms that regulate the expression of genes. In the following sections we discuss the widely
known physiological processes important for drought stress response, and the molecular

mechanisms that regulate them.

1.4.1 Physiological mechanism of drought response
1.4.1.1 Leaf traits

Leaf morphological and physiological traits importantly encompass the early responses in
drought stress. Leaf responses to drought stress are important to reduce water loss through
transpiration and promote higher water use efficiency. Leaf elongation is a function of cell turgor
pressure, cell wall extensibility and cell wall threshold. However, under drought stress cell turgor
is less than cell wall threshold, therefore, there is a reduction in leaf elongation, size and in the
long run plant growth. Farooq and others reported that applied drought reduced leaf number, leaf
specific area and total area (40). In another study, increase in drought intensity reduced leaf area
index, leaf area duration and shoot dry matter of legumes (41). Further drought condition

decreased leaf are index in soybean plants compared to well-watered conditions (42). Another
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response to drought stress is leaf senescence mediated by the enhanced synthesis of the hormone
ethylene under drought stress. Shedding of older leaves contributes to water saving through
reduction in transpiration (34). In sunflower, drought caused early senescence, resulting in
reduced leaf area, tiller formation and leaf expansion (43). Plant also respond to water stress by
developing xeromorphic traits such as smaller and thicker leaves, more epidermal trichomes,
thicker cuticle epidermis, smaller and denser stomata. These traits reduce water loss and increase
water retaining abilities of plants to cope with drought stress (34, 36).

Stomatal closure, reduction in stomatal size and number under drought exposure is another
early response to drought stress. Stomatal closure reduces excessive water loss through
transpiration and leaf dehydration. Reduction in stomata size and number is associated with
survival under drought conditions. Stomata density has been shown to increase under moderate
water deficit while it declines under severe drought (44). Opening and closing of the stomata is
controlled by the growth retardant hormone abscisic acid ABA. ABA synthesis is triggered by
decrease in soil water content and leaf turgor. In addition to ABA, cytokinin also regulate stomata
closure. In Arabidopsis and tomato increased ABA content results in reduced stomata aperture and
concomitantly drought stress resistance (45, 46). Stomata closure is also controlled by the
hydraulic architecture of the leaves and stems, carbon dioxide concentration, light intensity and
leaf temperature. Hence at a given time stomata closure may not necessarily be in response to

drought stress but may be responding from a complex set of factors (34, 35).

1.4.1.2 Photosynthesis

Drought stress causes metabolic changes that causes functional and structural
rearrangement of the photosynthetic apparatus resulting in lower photosynthetic rates. Lower
photosynthetic rates are directly caused by stomatal limitations and metabolic impairments and
indirectly by damage caused by oxidative stress and photoinhibition (47, 48). Stomatal limitations
are a consequence of decline in leaf turgor which concomitantly results in stomata closure,
affecting intercellular carbon dioxide (CO2) concentration and CO; assimilation rate (48, 49). In a
study in soybean, stomatal conductance was responsible for reduced photosynthetic rates under
drought stress (50). In early period of water stress, stomatal limitations play a major role in
reducing photosynthesis in alfalfa (51), ash and oak trees (52). Mesophyll conductance is the

diffusion of CO; from the sub stomata cavities to the carboxylation sites in the chloroplast. Under
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drought stress mesophyll conductance is reduced due to resistance in CO, diffusion through the
liquid phase or by alteration of the intercellular spaces structure due to leaf shrinkage (48, 53).
Photosynthesis limitation under drought stress is determined by CO2 limitation at the
carboxylation sites which is determined by stomata conductance and mesophyll conductance (53).
Reduced supply of CO; during prolonged water stress causes inhibition of photosynthetic
enzymes, decarboxylation of RuBiSco the key enzyme for carbon metabolism in the leaves and
reduction in ATP synthesis. Riboluse 1.5 Biphosphate (RuBP) carboxylase regeneration was
reduced due to drought stress and affects CO> saturation rate of photosynthesis (54-56).
Furthermore, decrease in RuBP regeneration was linked to drought induced impairment of ATPase
in the chloroplast (57). As relative water content (RWC) falls, ATP synthesis decreases causing a
limitation in photosynthesis due to decreased ATP supply (58, 59). Continuous photosynthetic
light reactions during drought stress causes damage to the photosynthetic apparatus and oxidative
stress through the production of reactive oxygen species (ROS). Oxidative stress is measured by
malondialdehyde (MDA) content and the presence of hydrogen peroxide. In tomato, drought
sensitive cultivars had higher accumulation of hydrogen peroxide and MDA levels while drought
tolerant transgenic lines had less (46). Studies have reported that stomatal limitations may be
recognised as a major factor for reduction in photosynthesis in mild or early stages of drought
stress while non-stomatal limiting factors are a major factor at high drought stress intensity and

persistence duration (34).

1.4.1.3 Modulation of root architecture

The plant root system is the primary site that perceive drought stress signal and its growth
is affected by drought stress. Depth and elongation of the primary root as well as lateral root
number is adjusted to sustain the plant during drought stress. This adjustment is mediated by the
phytohormone ABA in antagonism with auxin through unknown mechanisms (60). Primary root
growth is not affected by drought stress but number and growth of lateral roots is significantly
reduced (61). Upon mild drought stress, there are increases in expression of genes encoding
enzymes important in root morphology like xyloglucan endotransglucosylase. The expression of
these enzymes is positively corelated to root growth (62). In Arabidopsis, activation of HDGI1
causes extensive root system with deeper and more lateral roots and reduced stomata density

enhancing drought tolerance (63). However, in another study also in Arabidopsis the R2R3-type
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MYB transcription factor MYB96 overexpressing mutant shows enhanced drought tolerance with
reduced lateral root formation (45). In addition to lateral root growth, other different anatomical
root traits such as suberisation and compaction of sclerenchyma cells have been reported in
response to drought stress. Suberisation and compaction of sclerenchyma cells decreased whereas

suberisation of the endodermis increased under drought stress in rice plants (64).

1.4.2.4 Osmotic adjustment

Osmotic adjustment is when plants accumulate osmotically active molecules/ions in the
cytochylema to increase water relations. Accumulation of solutes lowers the osmotic potential,
causing water to move into the cell and increases turgor maintenance. In addition, these solutes
stabilise enzymes and proteins, protect the cell membranes and the metabolic machinery against
oxidation under drought stress (34, 36, 48). Studies have shown that drought resistant wheat
varieties have a greater capacity of osmoregulation than less resistant varieties (65). Organic
compounds such as mannitol, proline, glycine, betaine, trehalose, fructan, inositol and inorganic
ions are the known predominant solutes that accumulate in response to water stress. Proline
accumulation is widespread response under water stress in higher plants. Proline accumulation
increased in pea cultivars under water stress (66) and drought tolerant Petunia varieties
accumulated free proline which acted as an osmoprotectant under water stress (67).
Overexpression of Arabidopsis Enhanced Drought Tolerant 1 (4¢£DTI) in cotton and poplar
increased drought tolerance through accumulation of solutes such as proline and soluble sugars
(68). Inorganic ions such as K*, Ca*" Na" and CI" contribute to osmotic adjustments by maintaining
ion transport processes under drought stress (4, 48, 69). In soybean, drought stress treatment
increased accumulation of phosphorus (P), potassium (K), calcium (Ca), molybdenum (Mo),
manganese (Mn), copper (Cu), and zinc (Zn) compared to well-watered treatments (70). It should
be pointed out that osmotic adjustment mechanisms are not in effect until severe dehydration

occurs, suggesting that the mechanism is for survival under drought stress (71).

1.4.2.5 Antioxidant defense system

Oxidative stress describes damage caused by reactive oxidative species (ROS) such as

hydrogen peroxide (H20), the superoxide (O™) and hydroxyl (OH") radicals and the singlet (‘O,).
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Under normal circumstances, plants have an antioxidant system that scavenges for ROS making
the system operate in a dynamic equilibrium between generation and removal of ROS. Drought
stress accelerates the production of ROS breaking this equilibrium and causing excessive
accumulation of ROS. Production of ROS is linear with the severity of drought stress (72). ROS
may react with carbohydrates, proteins and DNA causing oxidative damage and impairing normal
functioning of the cell (36, 72, 73). Furthermore, the membrane phospholipids and fatty acids are
sensitive to over accumulation of ROS, resulting in lipid peroxidation of membranes (36). Plant
antioxidant systems consist of non-enzymatic antioxidants (ascorbic acid (ASH); glutathione
(GSH); phenolic compounds, alkaloids, nonprotein amino acids, and a-tocopherols) and enzymatic
systems (ROS detoxification and scavenging; superoxide dismutase (SOD); catalase (CAT);
ascorbate peroxidase (APX); glutathione reductase (GR); monodehydroascorbate reductase
(MDHAR); dehydroascorbate reductase (DHAR); glutathione peroxidase (GPX); guaicol
peroxidase (GOPX); glutathione-S- transferase (GST); and lipoxygenase (LOX1) (74).
Overexpression of Solanum penilli Annsp2 gene in cultivated tomato increased drought tolerance
by elimination of ROS. The transgenic plants had lower lipid peroxidation, increased peroxidase
activity including CAT, APX and SOD and higher proline content under drought stress (46). In
wheat, a drought tolerant cultivars showed higher membrane stability index, lower H2O:
accumulation, higher activity of antioxidant enzymes CAT, APX, GPX and SOD under water

stress compared to the sensitive genotype (75).

1.4.2.6 Phytohormones

Phytohormones play an important role in plants’ response to drought stress by mediating a
wide range of adaptive processes. Under drought stress, the endogenous abscisic acid and ethylene
increases while that of auxin, gibberellins and cytokinin decrease (72). Decreasing water
availability in soil is perceived by the roots resulting in increase of ABA release from the stellar
tissues of the root to the xylem for transport to the shoot (76). ABA is also produced in the leaf
veins and specialised guard cells (77). Guard cells respond rapidly to the increasing ABA levels
by closing the stomata reducing transpirational water loss (76). Inhibited leaf production, growth
and development is another response by the shoot to increase in ABA concentrations. In addition,
ABA acts as a signal that initiates varieties of responses involved in adaptation to water stress.

ABA dependent processes are crucial to plant response to water stress, ABA deficient mutants are
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susceptible to water stress (78, 79). Overexpression of ABA responsive binding elements in
Arabidopsis resulted in hypersensitivity to ABA, reduced transpiration and enhanced drought
tolerance (80). In tomato, Annsp2 overexpressing transgenic plants have enhanced ABA
production under drought stress, which resulted in stomata closure and reduced water loss (46).
Cytokinins is antagonistic to ABA, and drought stress results in decreased levels of cytokinin.
However, both up and down regulation of cytokinins were reported to enhance drought tolerance
(81-83). Cytokinins regulate plant growth and stabilise the photosynthetic machinery during
drought stress. Ethylene mediates drought stress response by negatively affecting plant growth and
development, inducing foliar abscission and leaf senescence. Ethylene positively regulates drought
response, ethylene mutants or mutants that repress ethylene emission are susceptible to drought
stress (84-86). Auxins play a key role in drought stress response by inducing new root formation,
and a prolific root system is important for drought stress response. Drought stressed plants limit
the production of auxin when ABA and ethylene contents increase. However, several studies have
shown that elevated auxin levels in transgenic plants expressing auxin biosynthesis genes YUCCA7
and YUCCAG6 in Arabidopsis and potato respectively enhanced drought tolerance (87, 88). These
studies suggest that auxin contributes to drought tolerance through regulation of root architecture,
ROS metabolism and ABA responsive gene expression. On the other hand, Park and others showed
that overexpression of GH3 lowered IAA levels, reduced growth and enhanced drought tolerance
(89). Thus, the role of auxin and drought response is complex and the specific role of auxins in

drought stress remain elusive.

1.5 Molecular mechanism of drought response.

Plants perceive drought stimuli through direct perception of osmotic imbalance across the
membrane or indirectly by perceiving the indirect effects of osmotic imbalance on the membrane,
cell wall or membrane-cell wall system (90). The signal perceived is transmitted through multiple
signal transduction pathways resulting in the expression of drought responsive gene expression
and specific drought response. Secondary messengers such as Ca2+, ROS, phosphogycerol,
diglycerol, ABA and transcriptional regulators play significant roles in signal transmitting
pathways (36). Several Calcium dependent protein kinases (CDPK) and mitogen activated protein
kinases (MAPKs) have been identified in plants subjected to water stress and have been shown to

transduce the dehydration signal form the membrane to the nucleus (91). After signal perception
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and transduction events, cell to organ response diverge into two pathways; ABA dependent and
ABA independent pathways.

ABA dependent pathway like the name suggest is dependent on the accumulation of ABA
activating various stress responsive genes whose products are either regulatory such as protein
kinases or functional such as aquaporins or enzymes for osmoprotectant synthesis. The ABA signal
is perceived by three different type of cellular receptors; nucleocytoplasmic, plasma membrane,
and chloroplast receptors (92-94). Binding of ABA to PYR/PYL/RCARs nucleocytoplasmic
receptors results in inactivation of type 2C protein phosphatases (PP2Cs). This inactivation
activates accumulation of sucrose non-fermenting 1-related protein kinase 1 (SnRK2) which in
turn regulates ABA responsive two basic leucine zipper (bZIP) transcription factors ABA-
responsive element binding protein/ABRE-binding factor (AREB/ABF). These transcription
factors bind to ABA-responsive cis element (ABRE) on the ABA-regulated genes and activating
their expression and thus physiological response (48, 95). ABRE motifs are important cis-acting
elements controlling the expression of ABA responsive expression of response to dehydration 29B
RB (29B) and 9-cis-epoxycarotenoid dioxygenase (NCED) in Arabidopsis (96, 97). MYC, MYB,
NAC, and RD26 are other transcription factors that induce the expression of drought responsive
genes in an ABA dependent manner. The Arabidopsis MYC2 and MYB2 transcription factors bind
to cis- acting elements on response to dehydration 22 (RD22) promoter and cooperatively activate
RD22 in response to drought (98). The ABA dependent pathway regulates the expression of genes
that results in cellular osmotic adaptation, ROS scavenging and detoxification, membrane stability
and maintenance of cellular energy and supply (3, 99).

The ABA independent pathway relies on the osmotic stress signal to regulate the
expression of drought responsive genes. Transcription factors C repeat binding factor (CBF) 1
and DRE-binding protein (DREBI & 2) bind to cis-acting element DRE/CRT (dehydration-
responsive element/ C-Repeat) of drought responsive genes inducing their expression (48).
Another transcription factor NAC binds to the cis-acting element of early response to dehydration
1 (ERDI) (100). ABA independent pathway results in expression of genes involved in Late
embryogenesis abundant (LEA) and, dehydrins protein synthesis as well as proteins involved in
membrane stability (99). Some drought responsive genes share the ABA dependent and ABA
independent pathway for their induction. A gene may have both ABRE and DRE elements in its

promoter or may be induced downstream of the first stress recognition and signalling event.
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Arabidopsis RD294 contains both a DRE and ABRE and is independent of ABA in the early hours
of dehydration but dependent on ABA in the later stages of expression (101). Furthermore, studies
have shown that ABA-dependent proteins AREBI/AFB2, AREB2/ABF4 and AFB3 interact with
ABA independent DREB2A, DREBIA and DREB2C in regulating drought response (102, 103). A
NAC transcription factor ANACO96 in the ABA independent signalling pathway physically
interact with ABA-dependent transcription factors ABF2 and ABF4 to regulate gene expression
in response to drought stress (104). These studies show that there is a complex relationship between

the ABA dependent and ABA independent signalling pathways in response to drought.

1.6 Epigenetic regulation of plant responses to drought stress

Epigenetics is the study of heritable phenotype changes that do not involve alteration of
DNA sequence. Epigenetic mechanisms include DNA methylation, histone modifications,
chromatin remodelling, and regulation mediated by non-coding RNA like micro RNAs (miRNA)
and long non-coding RNAs (IncRNA). Here we review the role of DNA methylation, the histone
modification histone lysine methylation, and small RNA mediated DNA methylation in regulating

drought response.

1.6.1 DNA methylation

DNA methylation involves the addition of methyl groups to the fifth carbon atom of
cytosine or the sixth nitrogen atom of adenine nucleotides. Cytosine methylation occurs in three
sequence contexts CG, CHG and CHH (were H can either be A, C or T but can never be a G). In
plants, DNA methyltransferase 1 (DMT1) and chromomethylatransferase 3 (CMT3) maintain
symmetric (on both DNA strands) CG and CHG methylation. Asymmetric methylation on the
CHH sites is maintained by domain rearranged methyltransferase 2 (DRM2) via the RNA-directed
DNA methylation (RdADM) pathway (105-107). Owing to its heritability DNA methylation is a
powerful means of supressing the expression of unwanted or excess genes. Drought stress induces
genome wide DNA methylation changes leading to altered gene expression level. Both DNA
hypermethylation and hypomethylation have been reported in response to drought stress. DNA
hypermethylation at CG and not CHG sites at two heterochromatic loci have reported in tobacco

cell suspension culture under osmotic stress (108). DNA hypermethylation has been reported on
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pea root tips under water deficit and has associated with playing a direct role in reducing metabolic
activity. In tomato, brief exposure to simulated drought causes removal of methylation marks on
the CHH sites regulatory body of Asr2 (109). Further, in rice, drought stress reduced DNA
methylation levels in roots and leaves of the two lines analysed at the tillering stage. The two lines
‘DKI151’ and its recurrent parent ‘IR64’ showed differential DNA methylation pattern, which
accounted for drought tolerance in ‘DK151° and susceptibility in ‘IR64’ and these drought
induced methylation patterns were reversed upon recovery (110). Also in rice, DNA
hypermethylation and hypomethylation was reported in drought tolerant and drought susceptible
cultivars respectively (109).

Small RNA (siRNA) mediate sequence specific de novo DNA methylation through the
RdDM pathway. Recently siRNAs have emerged as important modulators of drought response
via the control of drought responsive genes. The rice miR820 and its target OsDRM2 are
downregulated by drought stress. miR280 is processed by DCL1/3 to produce miR820.1 and
miR820.2. miR820.1 is involved in cleaved of DMR2 by AGO1 and miR820.2 mediates DNA
methylation of its loci and of its target OsDRM2 (111). Drought induced miRNA downregulate
their target mRNAs which may be proteins involved in negative drought stress responses. On the
other hand, the downregulation of other miRNAs leads to the accumulation of their target mRNAs
that contribute to the positive drought stress response. In soybean, 8 miRNAs are upregulated in
the drought sensitive cultivar (Br16) while the same set had higher basal level and downregulated
under drought stress in the drought tolerant cultivar (Embrapa) (112). Conversely, miR166f had
the same basal level in both cultivars, but upregulated in the sensitive cultivar and downregulated
in the tolerant cultivar (112). Similarly, in rice, miR408-3p decrease upon drought stress in
sensitive cultivars (PBland IR64) but up-regulated in drought tolerant cultivars (Vandana and

N22) (113).

1.6.2 Histone post translational modification
Histone acetylation

Histone acetylation plays important roles in regulating gene expression and thus many
different biological processes. Histone acetylation occurs on specific lysine residues of histone

proteins H3 and H4 and is catalysed by histone acetyltransferases (HATs). Deacetylation reverses
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acetylation and is catalysed by histone deacetylases (HDACs). Histone acetylation reduces charge
interaction between histone protein and DNA resulting in activation of gene expression whereas
histone deacetylation increases the charge interaction between histone proteins and DNA resulting
in transcriptional repression (2, 6). Eukaryotic euchromatin is marked by H3K9ac, thus, H3K9ac
has been consistently associated with gene activation. Under drought stress conditions, H3K9ac
is enriched on drought responsive genes RD2A4, RD29B, RD20 and At2g20880 in Arabidopsis.
Upon rehydration, H3K9ac is removed on these genes (114, 115). In rice, drought stress induced
the expression of four HAT genes OsHAC703, OsHAG703, OsHAF701, and OsHAM?701; and was
corelated to the enhanced global acetylation of H3K9, H3K 18, H3K27, and H4KS5 (116). Recently
Li and others (117) have shown that in Populus. trichocarpa, ABA responsive element (ABRE)
binding protein PtrAREB1-2 binds to ABRE motifs associated with drought responsive genes
PtrNACO006, PtrNACO007, and PtrNAC120 and recruits the histone acetyltransferase unit ADA2b-
GCNS. This recruitment enables GNC5-mediated H3K9 acetylation at PtrNAC006, PtrNACO007,
and PtrNACI20 genes and thus their activation under drought stress. Overexpression of
PtrNACO006, PtrNACO007, and PtrNAC120 enhances drought tolerance in P. trichocarpa (117).
Recent studies also indicated the role of HDACs in drought stress tolerance. In
Arabidopsis, HDA9 act as a negative regulator of drought stress response. In Ada9 drought stress
related genes are upregulated and hyper-deacetylated. The mutant shows enhanced tolerance to
drought stress (118-120). Overexpression of plant specific HD2 type HDACs; HD2C and HD2C
in Arabidopsis enhance drought tolerance (121, 122). Further, HD2C functionally associates with
HDAG6 to regulate ABA responsive genes through histone deacetylation (123). In rice,
overexpression HDT701 also a HD2 type HDAC result in drought stress tolerance (124). HDA6
regulates the drought responsive gene network in which plants trigger acetate synthesis to stimulate

the jasmonate (JA) signalling pathway to confer drought tolerance (125).

Histone lysine methylation

HLMs regulate transcription of drought stress responsive genes whose products function
in drought tolerance and response. In a study to establish the whole genome pattern of H3K4mel,
H3K4me2 and H3K4me3 under dehydration stress conditions, van Dijk and others (126) observed
a correlation between H3K4me3 enrichment and the transcript levels of drought responsive genes

in Arabidopsis. Similar findings were reported in moss (127) and rice (128). Consistent with these
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findings, H3K4me3 was found to gradually increase in response to dehydration stress on four
drought inducible genes RD2A4, RD29B, RD20 and RAP2.4 and was corelated to their upregulation
in Arabidopsis (114). Further, Arabidopsis ATX1 a H3K4me3 methyltransferase, regulates the
transcriptional induction of RD24 and RD29B in an ABA-dependent manner during dehydration
stress. ATX1 plays a role in drought stress signalling both in the ABA dependent and ABA
independent pathway and afx/ mutant show decreased tolerance to dehydration. Sensitivity to
drought stress of atx/ is in part by reduced ABA synthesis resulting from low transcript levels of
NCED3, a key enzyme in stress induced ABA synthesis. ATX1 is required for the increased levels
of NCED?3 transcripts and nucleosome H3K4me3 enrichment during drought stress (16, 129).
ATX1 also regulates the expression of ABA-independent pathway genes under drought stress like
RD294 (114).

Heritability of chromatin modification through mitosis and meiosis offers potential
mechanism of storage of information on environmental stress events in the lifespan of an
individual (somatic memory) and across generations (transgenerational memory). Studies have
reported histone lysine methylation changes under drought stress are maintained upon rehydration
as a mechanism of stress memory (115). In a study on drought-inducible genes RD20, RD294 and
AtGOLS?2 and a rehydration-inducible gene ProHD, H3K9ac and H3K4me3 were enriched on
these genes during drought stress. Upon rehydration, H3K9ac was rapidly removed from these
genes, but H3K4me3 was gradually removed and was maintained at a low level after rehydration
on these genes suggesting that H3K4me3 may function as a mark for stress memory (115). During
recurring dehydration stresses Arabidopsis plants showed increased rates of transcription and
transcript level of a set of drought inducible genes (trainable genes) as a sign of transcriptional
memory of the stress. The transcriptional memory was associated with high H3K4me3 marks on
the trainable genes and lasts as long as transcriptional memory response last (17). These studies
suggest the role of histone methylation in inheritance of stress memory, however it’s still debatable
whether these changes are inherited across generations or that they can be translated into adaptable

traits.

Regulation of pathogen responses by histone lysine methylation

Plant pathogenic fungi can be classified as biotrophs, hemi-biotrophs and necrotrophs.

Biotrophic pathogens live in their host obtaining nutrients from them, while necrotrophic
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pathogens kill their host before or during colonization and acquire nutrients from the dead cells.
Hemi-biotrophs have a characteristic biotrophic phase during early infection stages and later kill
their host to complete their life cycle on dead cells. Despite of the differences in pathogen’s mode
of infection plants respond by distinct yet overlapping mechanisms that impede the establishment
of pathogens. Plants recognize conserved pathogen molecular structures called pathogen
associated molecular patterns (PAMPs) and plant generated molecules that signals damage called
damage associated molecular patterns (DAMPs) to perceive danger and induce defense responses
called pattern triggered immunity (PTI). PTI is a basal form of defense response and is
independent of the lifestyle of the pathogens. Salicylic acid (SA) pathway, hypersensitive response
(HR) and programmed cell death mediate resistance to biotrophic pathogens. While resistance to
necrotrophic  pathogens is mediated by perception of chitin, polygalacturonase,
oligogalacturonides fragments, among others, triggering a typical PTI response (130, 131).
Defense responses such as camalexin, cell wall composition and plant hormones such as ethylene
(ET) and jasmonic acid (JA) are activated in response to perception of pathogens which then
mediate plant immunity to necrotrophs (132-136).

Recently, HLM has emerged as one of the mechanisms that modulate plant immunity to
biotrophic and necrotrophic pathogens (137). In Arabidopsis thaliana, 49 SET domain group
(SDG) proteins have been identified and 31 have or are thought to have histone methyltransferase
activity (137, 138). Arabidopsis SDG proteins play an important role in many plant developmental
processes (139). More importantly SDG8 and SDG25 are required for the expression of genes
involved in plant defense making them important players in the regulation of plant immunity to
bacterial and necrotrophic pathogens. SDG8 is an H3K36 and/ or H3K4 methyl transferase
required for H3K36me3 of LAZARUS 5 (LAZS5), a TIR-class NB-LRR R-protein, regulating its
transcription and to maintain its transcriptionally active state. In the same study, SDGS8 mutation
resulted in low H3K36me3 on chromatin of RPM 1 and RPS5 regulatory regions and thus their low
transcripts which corroborated to susceptibility to Pseudomonas syringae DC3000 expressing
AvrRpmlI and AvrPphB, respectively (140). SDG25/ATRX7 an H3K4 methyltransferase, was
shown to interacts with MODIFIER OF SNC1 9 (MOS9) and this interaction is required for the
full expression of suppressor of npri-1, constitutive 1 (SNCI) and RECOGNITION OF
PERONOSPORA PASITICA 4 (RPP4) which are Toll Interleukinl Receptor (TIR) like Nucleotide
Binding Leucine Rich Repeat (NB-LRR) containing R-proteins (TIR-NLR) involved in plant
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immunity. Furthermore, loss of SDG25 results in reduced H3K4me3 marks on the promoter region
of RPP4 and SNC1 which correlates to their reduced expression and thus increased susceptibility
to Hyaloperenospora arabidopsidis (141).

SDGS is required for the expression of PLANT DEFENSINI.2 (PDF1.2), VEGETATIVE
STORAGE PROTEIN? (VSP2) and Mitogen-Activated Protein Kinase (MAPK) Kinase 5 (MKK)5)
genes involved in the JA/ET mediated defense pathway in response to B. cinerea and Alternaria
brassicicola thus playing an important role in plant immunity to necrotrophic pathogens. We
identified orthologues of AtSDGS8 and AtSDG25 tomato. Arabidopsis SDGS is orthologous to
tomato SISDG33 and SISDG34 and AtSDG2)5 is orthologous to SISDG2(0. The results described
in chapter 2 of this thesis demonstrate that expression of SISDG33 or SISDG34 rescues the disease
susceptibility of the Arabidopsis sdg8 mutant to B. cinerea. In addition, tomato mutants in the
SISDG20 gene displayed susceptibility to B. cinerea. SISDG33, SISDG34 and SISDG20 are

induced by B. cinerea and Methyl Jasmonate.

1.7 Rationale and objectives

Despite the overwhelming evidence for the important role histone methyltransferases play
in plant environment stress response the underlying mechanism of their action is not known (142).
Specifically, evidence of how histone methyltransferases are activated, mechanisms of targeting
specific stress response genes, upstream regulators, the downstream targets and how the
methylation marks are translated to a plant defense outcome is lacking in crop plants. Hence, we
proposed to decipher the molecular mechanism underlying the function of SISDG33, SISDG34 and
SISDG20 histone methyltransferases in tomato environmental stress response. Cultivated tomato
(Solanum Lycopercicum) serves as an important source of nutrients to the human diet and as a
model species for studies in dicotyledonous plant species and fruit development (143, 144).
Tomato has unique features such as fleshy fruit, sympodial shoots, compound leaves and pedicel
abscission zone development that other model species like rice and Arabidopsis do not have.
Moreover tomato is closely related to other economically important Solanaceae crops such as
potato, tobacco, pepper, eggplant and petunia (145). Understanding the molecular mechanism
underlying the function SISDG33, SISDG34 and SISDG20 should make it possible to predict how
tomato respond to various environmental pertubations and this has implications in the development

of resilient tomato cultivars.
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The goal of this research is to decipher the molecular mechanism through which tomato
histone methyltransferases SISDG33, SISDG34 and SISDG20 regulate tomato response to
environmental stress. We hypothesise that tomato SISDG33, SISDG34 and SISDG20 regulate
responses to pathogens, water stress and nitrogen though histone lysine methylation at stress
responsive genes. To test these, we took genetic approaches involving CRISPR-cas9 mediated
gene knockout, in vitro histone methyltransferase activity assays, genome wide transcriptome
profiling to decipher the molecular and biochemical mechanisms employed by histone
methyltransferases in regulating tomato environmental stress responses. In parallel, we
conducted a reverse genetic screen to identify new components of tomato response signalling.
The specific objectives are:

e Determine the function of tomato histone methyltransferases SISDG33, SISDG34 and

SISDG20 in global histone lysine methylation

e Characterise the function of SISDG33 and SISDG34 in disease resistance, water stress and
nitrogen responses.
e Characterise the functions of SISDG20 in plant defense to bacterial and fungal pathogens.

e Identify tomato receptor like cytoplasmic kinases which contribute to fungal resistance.
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CHAPTER 2. TOMATO HISTONE 3 LYSINE METHYLTRANSFERASES
SDG33 AND SDG34 REGULATE PLANT RESPONSES TO BIOTIC AND
ABIOTIC STRESS.

2.1 Abstract

Histone lysine methylation (HLM) is known to regulate gene expression underlying
various biological processes in different eukaryotes. The biological functions of HLMs and the
enzymes effecting the modifications are poorly understood in plants. Here we studied the function
of tomato Set Domain Group (SDG)33 and SDG34 genes in biotic and abiotic stress responses.
SDG33 and SDG34 genes were induced by pathogen infection, drought stress, the plant hormones
methyl jasmonate, salicylate and abscisic acid. The sdg33 and sdg34 mutants generated through
Crispr/cas9 display altered global HLM. SDG34 is required for global H3K36 and H3K4 mono,
di- and tri-methylation while SDG33 is primarily responsible for di- and tri- H3K36 and H3K4
methylation. Tomato SDG33 and SDG34 are orthologues of the Arabidopsis SDGS, an H3K4 and
H3K36 methyl transferase, previously implicated in plant immunity and plant growth through
control of the expression of CAROTENOID ISOMERASE (CCR2) and other target genes.
However, the tomato sdg33 or sdg34 single mutants showed no altered responses to fungal and
bacterial pathogens likely due to functional redundancy of the tomato SDG33 and SDG34 genes
consistent with their overlapping biochemical activities. Interestingly, tomato SDG33 or SDG34
genes rescued the disease susceptibility and early flowering phenotypes of Arabidopsis sdg8
mutant. Expression of CCR2 gene is completely inhibited in Arabidopsis sdg8 mutant attributed
to loss of H3K36 di- and tri methylation at CCR2 chromatin. CCR2 gene expression was partially
restored by transgenic expression of tomato SDG33 or SDG34 genes in Arabidopsis sdg8. In
tomato, the single CCR2 gene is expressed independent of SDG33 or SDG33 genes suggesting
that the genomic targets of the tomato HMTs are different. Unexpectedly, sdg33 and sdg34 plants
were more tolerant to osmotic stress, maintain a higher water status during drought which
translated to better survival rates after drought stress. Tolerance of sdg33 and sdg34 to drought
stress is accompanied by higher expression of drought responsive genes. Collectively, our data
demonstrate the critical role of tomato HLM in pathogen and water stress tolerance likely through

the regulation of adaptive gene expression.
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2.2 Introduction

In eukaryotes, DNA is wrapped in nucleoprotein complex known as chromatin. Chromatin
is made up of nucleosomes which consist of ~ 147bp of DNA wound around an octameric core of
histone proteins H2A, H2B, H3 and H4 (6). This packaging of DNA into chromatin is a barrier to
DNA templated processes. Chromatin remodelling machines, histone-modifying complexes, and
DNA methylation can overcome or enhance these barriers. The amino acids on the histone N-
terminus tails are subject to post-translational modifications such as methylation, acetylation,
ubiquitination and phosphorylation. These modifications influence chromatin structure, affecting
accessibility of the transcriptional machinery to the corresponding DNA thus modulating gene
expression and/or repression (146). Histone lysine methylation is the addition of methyl residues
on the lysine residues of H3 and H4 proteins catalysed by histone methyltransferases (HKMTs).
Plant histone lysine methyl transferases have a conserved SU- (VAR) 3-9, Enhance of zeste E (Z)
and Trithorax (TRX) (SET) domain originally identified in Drosophila. Notably, the SET domain
is responsible for the enzymatic activity and is highly conserved in Bacteria, Archaea, and
Eukaryota. Histone lysine residues can be mono-, di-, or tri-methylated depending on the specific
function of the associated methyltransferase with varying effects on gene expression (147).
Chromatin changes mediated by histone lysine methylation play an important role in plant
response to environmental stress (6). Hence loss of function mutants of histone
methyltransferases, enzymes that mediates histone lysine methylation, display sensitivity to
different environmental stresses (4, 18, 21, 22, 107). In plants many studies have correlated
changes in histone lysine methylation with transcriptional status of genes in response to pathogens
(18, 148, 149), cold (150, 151), heat (152, 153) and salt stress (153, 154). While most changes in
histone lysine methylation reset to basal level after stress, some have been reported to be inherited
through meiosis or mitosis and are suggested to carry ‘stress memory’ (155, 156).

Genome wide and locus specific reprograming of gene expression patterns are highly
dependent on the chromatin structure which determine the accessibility of the transcriptional
machinery to the underlying DNA. In turn, such transcriptional reprogramming of gene expression
is likely to precede plant responses to biotic or abiotic stress and ultimately adaption to stress.
Drought is absence of water for a period enough to deplete soil moisture and injure plants. When
plant water loss exceeds the ability of the roots to absorb water from the ground, plant water

content is reduced interfering with normal plant processes. This phenomenon is referred to as
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drought stress (72). Drought stress is a critical limitation to global crop productivity and is likely
to increase in severity due to the drastic and rapid changes in global climate. Plants have evolved
different mechanisms to escape, avoid, tolerate and recover from drought and minimize its the
detrimental effect. These mechanisms require rapid changes in gene expression patterns at the
onset and persistence of drought stress. Upon drought stress, plants activate signalling pathways
that rapidly change the gene expression patterns and cellular physiology that provide survival
mechanisms (7, 109). Regardless of the environmental cue, there is massive reprograming of gene
expression as an active mechanism of plant biotic and abiotic stress tolerance.

Responses to drought stress in plants is highly dependent on timely transcription of drought
responsive genes. Various drought responsive genes have been identified and characterised in
plants. These drought responsive genes encode proteins with metabolic or regulatory functions
(157). Conserved and specie-specific proteins that have metabolic function such as membrane
stabilising proteins, late embryogenesis proteins (LEA) which increases cell’s water binding
capacity, heat shock proteins (HSPs) which prevent protein denaturing under drought stress, and
those involved in osmolyte biosynthesis, detoxification, ion transport, and proteolysis of cellular
substrates have been identified and studied (72, 158, 159). These components mainly play a role
in protecting plants against the adverse effects of drought. On the other hand, the regulatory
proteins described control signal transduction pathways and gene expression during drought stress
leading to activation of mechanisms for drought tolerance (160). Proteins which play regulatory
roles during drought stress have been identified in plants and these include transcription factors
(myeloblasts (MYB), dehydration responsive element binding (DREB), C-repeat binding factor
(CBF), abscisic acid responsive elements binding factor (ABF), ABRE binding (AREB), and
NAM, ATAFi/2, and CUC; containing proteins) (NAC). Transcription factors regulate gene
expression by binding to the cis elements on the promoter of their target genes. Alteration in the
expression of these transcription factors has an impact on drought tolerance (98, 161, 162). In
addition, mitogen activated protein kinases (MAPK), calcium-dependent protein kinases (CDPK),
receptor protein kinases, ribosomal protein kinases, and transcription regulation protein kinases,
and protein phosphatases (phosphoserines and phospholipase) have been implicated as important
regulators of signal transduction and gene expression during drought stress (48, 160).

Transcriptional responsiveness of drought responsive genes is associated with changes in

histone modifications patterns. Accumulation of histone marks on the core histones of drought
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responsive genes are associated with active transcription during drought stress (7, 163). In
Arabidopsis, tri-methylated histone 3 Lysine 4 (H3K4me3) enrichment was positively correlated
to transcript levels of drought responsive genes under dehydration stress (126). Similar findings
were reported in moss (Physcometrella patens) (127) and rice (128). Consistent with these
findings, H3K4me3 was found to gradually increase in response to dehydration stress on four
drought inducible genes RD2A4, RD29B, RD20 and RAP2.4 and was correlated to their upregulation
in Arabidopsis (114). In addition, Arabidopsis ATX1 a major H3K4me3 methyltransferase, plays
a role in drought stress signalling both in the ABA-dependent and ABA-independent pathway and
atx] mutant is sensitive to dehydration (16, 32, 129). Under drought stress, the atx/ mutant
accumulates low levels of NCED3 transcripts, a rate-limiting enzyme in ABA synthesis. Low
levels of NCED3 correlate with low H3K3me3 levels on its nucleosomes. Further, ATX1 also
regulates the transcriptional induction of two drought responsive genes RD24 and RD29B in an
ABA-dependent manner during dehydration stress (129). This study on Arabidopsis ATX1, has
provided insights on the regulatory role of histone methyltransferase in drought stress response.
Apart from Arabidopsis, nothing is known about the function of histone methyltransferases
in regulating biotic and abiotic stress responses in other plant species. Cultivated tomato (Solanum
lycopercicum), an important source of nutrients to the human diet, is moderately sensitive to
drought stress and is highly susceptible to pathogens (143, 144, 164). The tomato genome is
predicted to encode 52 putative methyl transferases but the biological function of any of these has
not been studied. Here, we report the function of two tomato histone lysine methyltransferases Set
Domain Group protein 33 (SDG33) and SDG34 in regulating drought stress and pathogen
responses. Loss of function mutants of SDG33 and SDG34 generated through gene editing survive
prolonged drought better than wild type plants suggesting that SDG33 and SD34 are negative
regulators of drought stress tolerance. The mutant plants sdg33 and sdg34 osmotically adjust to
maintain turgor and a water potential gradient favourable for water influx during drought stress.
Our results show that SDG33 and SDG34 negatively regulate drought stress tolerance, but the

mechanistic details require further studies.
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2.3 Materials and methods
2.3.1 Plant materials and growth conditions

Tomato (Solanum lycopersicum) cultivar Casstlemart II were grown in plastic pots
containing compost soil (Sun Grow Metro mix 510) in a growth chamber under extended 12-hour
photoperiod at 24 °C. Castlemart11 is referred to as the wild throughout this paper and all the
mutants were generated in the Castlemartl 1 background. For seedling assays, seeds were surface
sterilised with 20% Sodium Hypochlorite, washed several times in distilled water and germinated
on full Murashige and Skoog (MS) medium with 2% (w/v), sucrose 0.8% (w/v), 1.5% bacto agar,
and supplemented with Gamborg’s vitamins under 16hour light, 8-hour dark at 24 °C.

2.3.2 Generation of sdg33 and sdg34 mutants

To generate sdg33 and sdg34 mutants, two specific guide RNA (gRNA) of SDG33 and
SDG34  were designed using the CRISPR Plant gRNA design software

https://www.genome.arizona.edu/crispr/CRISPRsearch.html . The two gRNA were cloned into the

CRISPR/Cas9 vector pKSE401 according to (165). Tomato cultivar Casstlemart11 cut cotyledons
explants were suspended in Agrobacterium carrying the constructs for 30 minutes and the explants
blot dried on sterile blot paper to remove excess Agrobacterium. Agrobacterium infected explants
were co-cultivated on MS medium with 0.8% gelrite + acetosyringone + and incubated in the dark
at 21 °C 48 hours. After co-cultivation, the explants were then transferred to regeneration MS
medium supplemented with 75mgL! Kanamycin to induce callus formation. Green callus was
transferred to shoot induction medium MS medium. Regenerated plantlets were transferred to
rooting MS medium supplemented with 75mgL! Kanamycin and the rooting hormone Indole
butyric acid. Full rooted plants were transferred into the soil and genotyped by PCR with primers

covering the expected deletion. The deletions were confirmed by sequencing.

2.3.3 Global methylation assay.

Core histone proteins were extracted form 4 weeks old sdg33,sdg34 and WT plants as
described by (166). Proteins were separated on 15%SDS-PAGE gel and transferred to PVDF
membranes. The membranes were immunoblotted with primary antibodies anti-H3K4mel (07-

436; EMD Millipore), anti-H3K4me2 (07-030; EMD Millipore), anti-H3K4me3 (07-473; EMD
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Millipore), anti-H3K36mel (ab9048; Abcam), anti-H3K36me2 (07-369-1; EMD Millipore), anti-
H3K36me3 (ab9050; Abcam), and anti-H3 (ab1791; Abcam) as a loading control. Anti-rabbit was
used as the secondary antibody. Visualisation of the bound primary antibody was done with the
enhanced chemiluminescence (Thermo Scientific) detection system according to the

manufacturer’s protocol.

2.3.4 Stress tolerance assays

For osmotic stress tolerance, sdg33, sdg34 and WT seeds were surface sterilised
germinated on MS medium for three days. When the radicle emerged, they were transferred to MS
medium supplemented with 300mM Mannitol. Seedling length and weight were measured after
10 days. For drought assays, 6 plants per genotype were grown in square pot and ten pots per
genotype with enough water for 4 weeks, drought stress was induced by withholding water for a
period of 10 days. Plants were re-watered and survival rate was calculated daily for three days. To
measure Relative Water Content (RWC), leaves were collected at day 6 after drought was induced,
weighed to get fresh weight (LFW), incubated in water petiole down in a 50ml conical tube
overnight. Leaves were blotted dry and weighed to get saturated weight (LTW). Leaves were then
dried at 60°C for three day and weighed to get dry weight (LDW). RWC was calculated as (LFW-
LDW)/(LTW-LDW). Shoot water content was determined for the whole shoot (leaves and stems)
according to the formula (FW — DW)/DW, where FW is the fresh weight and DW the dry weight
obtained oven dried for 3 days at 60 °C.

2.3.5 Determination of malondialdehyde (MDA) content

Lipid peroxidation was measured in terms of malondialdehyde (MDA) content according
to (167). Briefly, fresh tissue (0.2 g) was ground in liquid nitrogen and homogenised in 4 mL of
0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at 15,000 g for 5 min. 4.0 mL
of 20% TCA containing 0.5% thiobarbituric acid (TBA) was added to 1.0 mL aliquot of the
supernatant. The reaction mixture was incubated at 95°C in a hot water bath for 30 min and
terminated in an ice bath. After centrifugation at 10,000 g for 10 min, the absorbance was measured
at 532 and 600 nm from 200ul of the supernatant. The MDA equivalent was calculated as MDA
(nmol/mL FW) = ((A532-A600)/155, 000) A~106.
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2.3.6 Lateral root and auxin response assays

In all the experiments we used full strength Murashige and Skoog (MS) medium with 2%
(w/v), sucrose 0.8% (w/v), bacto agar, and supplemented with Gamborg’s vitamins. For the lateral
root assay, seeds were surface sterilised, germinated on filter paper for three days in the dark.
When the radicles had emerged, they were transferred into MS medium, square plates were placed
vertically at 25°C under 12h light cycle. Lateral root number and root length were counted and
measured respectively 10 days after germination under a dissection microscope. For the auxin
response assays, seeds were germinated on filter paper in the dark and transferred after 3 days to
MS medium with designated auxin concentrations. Lateral root number and root length was

analysed ten days later. The auxin dose response assay was done according to (168).

2.3.7 RNA extraction and gene expression analyses.

Total RNA was extracted from the shoot and root using the Trizol (Invitrogen) according
to the manufacturer’s instructions. After extraction, RNA was treated with DNASE (New England
Biolabs) according to the manufacturer’s instruction. RNA was precipitated with 3M Sodium
acetate and three-times volume of 100% ethanol. Integrity of RNA was accessed by the Agilent
Bioanalyzer (Agilent technologies). 2pug of RNA was used for first strand cDNA synthesis using
MLYV reverse transcriptase (Promega). Quantitative PCR (qPCR) analyses with SYBR Green
master mix (Biomake) using the CFX96 qPCR machine (Biorad). Three technical replicates were
used for each sample and each experiment was replicated at least twice. Expression levels were
calculated by the comparative threshold Ct method. Primers used for qRT-PCR are listed in
supplemental table 1.

2.3.8 Statistical analysis

Analysis of Variance (ANOVA) was performed to test the impact of genotype, nitrogen
treatment and their interaction on each phenotypic trait. ANOVA was performed in the R software,
version 3.3.1 (R Core Team, 2016) using the Agricolae package. Statistical significance was
determined at the level (P< 0.05). To further analyse which means are significantly different,
means were compared using the LSD method in the JMP software package. Basis on significance

was assessed by least significance differences (p=0.05).
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2.3.9 Complementation of Arabidopsis sdg8 mutants.

We cloned tomato SDG33 and SDG34 full length coding sequence (CDS) in the pCambia
HA vector under their respective native promoter. The vectors were confirmed through
sequencing. We wused agrobacterium mediated transformation of Arabidopsis sdg§-
2 (SALK 026442) in the Col-0 ecotype background to generate transgenic line expression tomato
SDG33 and SG34. Positive transformants were screened on half-strength Murashige and Skoog
(1/2 MS) medium supplemented with the herbicide basta. Protein or mRNA levels of SDG33 and
SDG34 were verified by immunoblotting analysis with anti-HA-specific antibody and qPCR
assays. Plants were grown in a growth chamber at 24°C, 70% relative humidity, 110 to 130 uE
m 2 s ! light intensity by fluorescence tubes (model F32T8/TL741) with a 12-h-light/12-h-dark

cycle.

2.3.10 Disease assays

Arabidopsis disease assays were done as previously described by (148). Briefly, B. cinerea
was cultured on V8 media, and spores were suspended in 1% Sabouraund maltose broth buffer
(BD Difco). 5-uL droplets of 2.5 x 10° spores/mL spore solution were drop inoculated on the
detached leaves of 5-week-old plants. Inoculated pants were kept at high humidity for 3 days, and
disease susceptibility was assessed by measuring the lesion diameter. For tomato disease assay 4-

week-old plants were used.
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2.4 Results
2.4.1 Characterization of tomato SDG33 and SDG34 encoding histone methyl transferases.

SDG33 and SDG34 were previously described in a genome wide sequence analyses of 52
putative in tomato histone methyltransferases (169). SDG33 contains 17 exons which encodes a
1397 amino acid protein with an estimated molecular weight of 154.037kD (Figure 1A). SDG34
is a 17-exon gene encoding a 1666 amino acid protein with an estimated molecular weight of
183.6kD (Figure 1b). SDG33 and SDG34 proteins belong to class 11 according to the
classification of SET Domain Group (SDG) proteins by Springer and colleagues (170). Similar to
other class 11 proteins, they contain the evolutionarily conserved SET domain (PF00856) (Figure
2.1A, B), a characteristic of histone methyltransferases and responsible for their catalytic activity
(171). In addition to the SET domain, SDG33 and SDG34 proteins have an N-terminal Associated
With SET (AWS) (SM00570) and Post SET (SM00508) conserved class 11 domains typical of
class 11 type histone methyltransferases (Figure 2.1A, B) (169). Besides the canonical domain
peculiar to class 11 SDG proteins, SDG33 and SDG34 have an additional zinc finger with cysteine
and tryptophan conserved amino acids (zf-CW) (PFam 07496) (172). The zf~-CW domain has been
shown to be important for binding to DNA and specific histone methylation states (173). Structural
analysis of SDG33 and SDG34 suggest that they are histone methyltransferases which function by
recognizing and modifying histone methylation patterns. Sequence and phylogenetic analyses
revealed the relationship between SDG33/SDG34 and other class 11 SDG proteins from other
species with an identity ranging from 32 to 72%. SDG33 and SDG34 share a 60% identity at the
amino acid level with 100% identity shared on the SET domain. Arabidopsis SDG8 and rice
SDG725 are the two class 11 SDG proteins closely related to SDG33 and SDG34 sharing a 53%
and 60% identity, respectively.
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Figure 2.1 Gene, protein structures and phylogenetic analysis of SDG33 and SDG34. Schematic diagram showing
gene and protein structure of A) SDG33, B) SDG34. Black shaded boxes represent exons, the grey shaded boxes
represent the UTRs boxes represent exon, and introns are shown as horizontal lines. For the protein structure the main
domains are shown. C) Maximum Likelihood phylogenetic analysis of class 11 SDG protein from Arabidopsis
thaliana (At), Solanum lycopersicum (Sl), Zea mays (Zm) and Oryza sativa (Os). Phylogenetic analysis was
performed using Mega7 package. The tree is drawn to scale with branch length measured in the number of
substitutions per site. Bootstrap values higher than 50% are shown.

To gain better insight into the biological functions of SDG33 and SDG34, we examined
their expression patterns in leaves, roots, flower structures, green fruits, and red fruits using RT-
qPCR (Figure 2.2A). Both SDG33 and SDG34 are expressed in all tissues with the highest
expression in the roots and petals respectively. SDG33 expression is notably higher in the roots
followed by the petals which showed twenty-four-fold lower expression compared to the roots but
about fifty-fold higher expression compared to leaves. The expression of SDG33 in stamens and
stigma is relatively higher compared to the leaves and the fruits at all stages of ripening. Leaves
display the least SDG33 expression, while green and red fruit ripening stages show about two folds
higher expression than in leaves. SDG34 expression is notably higher in the petals, about five
hundred-fold higher compared to expression in leaves which has the lowest expression of SDG34.

Following the petals, the roots also have a notably high expression of SDG34. The stigmas and the
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stamens exhibit four-fold higher expression of SDG34 than leaves, while expression in red and
green fruits is not significantly different form the expression in the leaf tissue.

To determine the functional relevance of SDG33 and SDG34 genes, we first examined
their expression profiles under drought stress, two pathogens B. Cinerea and P. syringae and plant
hormones, Indole acetic acid (IAA), abscisic acid (ABA), Methyljasmonate and Salicylic acid
using RT-qPCR. In response to drought stress SDG33 and SDG34 transcripts showed about
threefold induction after 8 days of water stress suggesting a function in water stress response
(Figure 2.2B). SDG33 and SDG34 were highly induced by IAA as early as 4 hours after treatment
indicating a role of SDG33 and SDG34 in mediating auxin responses (Figure 2.2C). In response
to the stress hormone ABA, SDG33 is induced at 4 and 8 hours after treatment while SDG34 is
not (Figure 2.2D). SDG33 and SDG34 were highly induced by MeJA a precursor in Jasmonic
acid synthesis, and Salicylic acid a defense response hormone indicating a probable role in tomato
defense responses. (Figure 2.2E-F). Furthermore, B. cinerea and P. syringae induce SDG33 and
SDG34 as early as 24 hours after treatment consistence with a possible function in defense

response (Figure 2.2G-H).
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Figure 2.2 Expression of SDG33 and SDG34 in WT tomato in response to drought, fungal infection and plant
hormones. A) Tissue specific expression of SDG33 and SDG34 in WT tomato plants. Induced expression of SDG33
and SDG34 with B) Drought, C) IAA, D) ABA, E) Methyl jasmonate (MeJa), F) Salicylic acid (SA), G) B. Cinerea
and H) P. syringae. Bars represent the means; the error bars represent the standard deviations of three technical
replicates of each treatment. The tomato B-actin gene was used as an internal control in the qRT-PCR. The
experiment was repeated at least 2 times with similar results.
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2.4.2 Characterization of sdg33 and sdg34 loss of function mutants.

To study the function of SDG33 and SDG34 we generated gene edited lines through
CRISPR/Cas9-induced mutation. Two guide RNAs (gRNAs) were designed to generate mutations
in each of SDG33 and SDG34 genes (Supplementary table S1). To ensure that the sgRNAs were
specific and to avoid off target mutagenesis we used the gRNA design software

www.genome.arizona.edu/crispr. The gRNAs were expressed under the control of Arabidopsis U6

promoter. Two independent mutations for SDG33 and several mutations for SDG34 were
recovered in TO generation. Two homozygous lines for each gene were studied in detail (Figure
2.3). The sdg33b mutant allele carried a deletion of 58bp, and a sdg33s displayed a deletion of
6bp and a single nucleotide insertion within exon 10 (Figure 2.3A-C). Further analysis indicated
that the deletions in sdg33b and sdg33s introduced premature stop codons suggest that a truncated
protein is made. For SDG34, one homozygous mutant allele sdg34.76 had a deletion of 119bp
and another allele sdg34.27 had a 150bp deletion and a 3bp insertion (Figure 2.3D-F). All the
deletion in sdg34 mutants were in the last exons and introduced premature stop codons
Furthermore, quantitative Reverse Transcription Polymerase Chain Reaction qRT-PCR showed
that SDG33 and SDG34 transcripts were severely reduced in the sdg33 and sdg34 mutants
compared to the WT (Figure 2.3G-H). Although there were still small amounts of SDG33 and
SDG34 transcripts in the sdg33 and sdg34 mutants, the transcripts are frame shifted, the

corresponding proteins truncated and probably non-functional.
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Figure 2.3. Molecular characterization of sdg33 and sdg34 loss of function mutants. A) and D) Diagrams showing
the position of the deletions in sdg33 and sdg34 mutants. Black shaded boxes represent exons, the grey shaded
boxes represent the UTRs boxes represent exon, and introns are shown as horizontal lines. B and E) PCR
genotyping of sdg33 and sdg34 mutant alleles. C and F) Alignment of mutated alleles sequences identified from
cloned PCR genotyping fragments and the WT sequences. The mutated alleles include deletions (shown by dashed
lines) and insertions (shown by blue letters). Only aligned sequences and the mutations are shown. The targets
are shown by letters in red and the protospacer adjacent motif (PAM) is shown by the bold-faced letters after the
targets. SDG33 (G) and SDG34 (H) expression in the mutants. Bars represent the means; the error bars represent
the standard deviations of three technical replicates of each treatment. The -actin gene was used as an internal
control in the qRT-PCR. The experiment was repeated at least 2 times with similar results.
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2.4.3 SDG33 and SDG34 mutation affect global histone 3 lysine 4 and lysine 36
methylation.

Based on the structure and phylogenetic relationships, SDG33 and SDG34 are putative
histone methyltransferases. To gain insights to whether loss of SDG33 and SDG34 affect any
histone methylations globally, we employed western blot analysis and antibodies specific to the
different histone modifications, to analyse global histone methylation patterns in sdg33 and sdg34
mutant plants (Figure 2.4). Loss of SDG33 caused a decrease in the level H3K36me2, H3K36me3,
H3K4mel and H3K4me3 (Figure 2.4). H3K36mel and H3K4me?2 levels in sdg33 mutants were
higher than the WT (Figure 2.4A). Loss of SDG34 resulted in global decrease of mono-, di- and
tri-H3K36 and H3K4 methylation levels. Taken together, the data indicate SDG34 plays a major
role in global H3K36 and H3K4 while SDG33 is primarily responsible for di- and tri-methylation
of H3K36 and H3K4 in tomato.
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Figure 2.4 Global histone lysine methylation levels in tomato sdg33 and sdg34 mutants. Western blot analysis of
A) H3K4 B) H3K36 in WT, sdg33 and sdg34 alleles. Core histones were extracted from 4-week old plants and
blotted with specific H3K4 and H3K36 antibodies
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2.4.4 Mutation in SDG33 and SDG34 improved drought stress tolerance

SDG33 and SDG34 were highly induced by water stress (Figure 2.2C) suggesting their
important role in mediating responses to water deficit. To further analyse the function of SDG33
and SDG34 in water stress, we first tested the seedling performance of the mutant lines under
300mM mannitol (Figure 2.5). Mannitol is an osmoticum which lowers water potential of a
medium. We measured seedling length and weight of the sdg33 and sdg34 mutants and the wild
type genetic background Castlermart II in the presence of mannitol induced osmotic stress. In the
MS medium, there were no significant differences between the WT and sdg33 in seedling length.
However, there were slight differences between WT and sdg34 with the mutants showing 10-12%
longer hypocotyl than the WT (Figure 2.5A). Upon mannitol treatment, hypocotyl length
decreased by 66% for the WT, 50-52% for the sdg33 mutants and 56% to 63% for the sdg34
mutants (Figure. 2.5A, B). The sdg33 and sdg34 weighed significantly more than the WT in the
MS medium. Seedling weight decreased in mannitol treatment for all the genotypes but the sdg33
weighed significantly higher than the WT. In contrast, sdg34 biomass was not significantly
different from the WT (Figure 2.5C). Overall, the growth of sdg33 and sdg34 in mannitol was less
affected than the WT suggesting that SDG33 and SDG34 mediates tolerance to osmotic stress.
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Figure 2.5. Seedling growth of WT, sdg33 and sdg34 in response to osmotic stress. A) Phenotypes, B) Hypocotyl
length and C) seedling weight of WT, sdg33 and sdg34 after treatment with 300mMmannitol. The data shown are
the mean+ SE (n=10), the experiment was repeated 2 times with similar results. The data shown are the
mean + SE (n=36). *p <0.05, **p <0.01.

To confirm the role of SDG33 and SDG34 in drought stress tolerance, we investigated the
response of WT, sdg33 and sdg34 plants to water stress by withholding water. Four-week-old soil
grown sdg33 and sdg34 mutants and WT plants were exposed to water stress by withholding water
for 10 days. After 6 days the WT showed severe wilting symptoms while the sdg33 and sdg34
mutants showed slight wilting symptoms with most of the leaves maintaining their turgor (Figure
2.6A). Slight differences in wilting were observed at day 10, all the genotypes showed severe
wilting symptoms. Drought response can also be evaluated by the ability to survive and regenerate
new green parts after a prolonged drought period (34). After 10 days of water stress, plants were
re-watered and survival rate was measured for three days. After 3 days of re-watering, 24% of the
WT survived while about 64% of sdg33 and sdg34 plant survived (Figure 2.6B).

Wilting reflects the turgor pressure in a cell which is highly dependent on the water content
of the cells. To monitor plant water status, we measured relative water content (RWC) 6 days after

water stress. The values for RWC was slightly lower in sdg33 but similar between sdg34 and WT
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in the control plants. However, in water stressed plants both sdg33 and sdg34 showed significantly
higher (P<0.05) RWC than the WT (Figure 2.6C). The higher water status of sdg33 and sdg34
mutants at day 6 is also visually evident as shown by slight wilting symptoms (Figure 2.6A). One
possible explanation of higher water status of a plant could be that stomata closure was greater in
sdg33 and sdg34 mutants during water stress thereby restricting water loss through transpiration.
However, stomata conductance was similar in WT, sdg33 and sdg34 mutants throughout the water
stress regime (data not shown). Further, transpiration rate did not differ between the mutants and
the WT during stress. The differences in wilting symptoms of the WT, sdg33 and sdg34 mutants
is further reflected in the shoot water content at the end of the water stress cycle. The WT had
lower shoot water content compared to sdg33 and sdg34 (Figure. 2.6D). Although high shoot water
content reflects lower transpired water in the shoot (175), we did not detect any significant
differences in transpiration rate, leaf water loss and plant water loss during the water stress

experiments (176).
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Figure 2.6. Mutation in SDG33 and SDG34 enhances drought tolerance in tomato. A) Phenotypes of WT, sdg33
and sdg34 during and after water stress treatment. WS-water stress, RW- re-watered. B) Relative Water Content
of WT, sdg33 and sdg34 at day 6 of water stress. The data shown are the mean + SE (n=6). C) Survival rates
after re-watering of WT, sdg33 and sdg34 after drought stress. The data shown are the mean + SE (n=42). Data
shown is a representation of experiments repeated at least 3 times. D) Shoot water content of WT, sdg33 and
sdg34 measured at 3 days after re-watering. The data shown are the mean + SE (n =36). *p <0.05, **p <0.001.
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2.4.5 Expression of drought responsive gene in sdg33 and sdg34 plants during water stress

We performed RT-qPCR to determine the expression of drought responsive genes during
our drought experiments. We examined the expression of dehydration-responsive element
binding (DREB), Peroxidase (POD), and Superoxide dismutase 6 (SOD6) genes (Figure 2.7).
All the three genes were lower than the WT in the mutants in well-watered plants, however
upon water stress their expression was induced higher than the WT. DREB expression was
induced by water stress both in the mutants and the WT but the induction in both mutants is
significantly higher than the WT. Overexpression of DREB genes has been associated with
drought tolerance in tomato (46). POD and SODG6 expression are lowered in the WT under water
stress but POD is highly induced in both sdg33 and sdg34 under water stress. SOD6 expression
is significantly reduced in the sdg33 mutants under water stress compared to control plants.
However, in the sdg34 mutants, it is significantly increased under water stress compared to the
control plants. The expression of both POD and SOD6 in the mutants is however higher than
the WT under water stress. Higher expression of POD and SOD is often associated with lower
oxidative stress under water stress. Malondialdehyde (MDA) is a well-established marker for
oxidative stress (46), thus we measured MDA content in the mutants and WT under water stress.
MDA content was slightly lower in the mutants than the WT although not statistically
significant. This shows that mutation in SDG33 and SDG34 alters the expression of drought
responsive genes and suggest that overexpression of some of these genes in sdg33 and sdg34 may

result in drought stress tolerance.
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Figure 2.7. Expression of drought-responsive genes under water stress in WT, sdg33 and sdg34. A) dehydration-
responsive element binding (DREB), B) Peroxidase (POD) and C) Superoxide dismutase 6 (SOD6) genes. qRT-
PCR analysis of stress-responsive genes in WT and transgenic plants at day 6 after drought stress.
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2.4.6 Tomato SDG33 and SDG34 rescue the fungal susceptibility and early flowering
phenotypes of Arabidopsis sdg8 mutant

We studied the function of SDG33 and SDG34 in defense response. We tested sdg33 and
sdg34’s response to B. cinerea and P. Syringae. The mutants showed a WT response to both B.
cinerea and P. Syringae (Figure 2.8A, B). Since SDG33 and SDG34 have overlapping global
methylation patterns, it could be that a mutation in SDG33 is compensated for SDG34. Hence, we
checked for transcript abundance of SDG34 in sdg33 and vice versa. SDG34 transcripts in sdg33
and SDG33 transcripts in sdg34 were similar to the WT. Another possibility is that SDG33 and
SDG34 have overlapping functions in disease response. We generated sdg33/sdg34 double
mutants, however we got chimeric mutations and the plants had malformed leaves, flowers and
parthenocarpic fruits (Figure 2.8C-F). This data suggests that SDG33 and SDG34 may have

overlapping functions in regulating disease response.
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Figure 2.8. Tomato sdg33 or sdg34 mutants exhibit wild type levels of resistance to B. cinerea and P. syringae. Disease
phenotypes of the single mutants in SDG33 or SDG34 genes in response to A) B. cinerea, B) P. syringae. The data
shown are the mean=+ SE (n>30). Different letters represent significant differences among genotype. C) The
expression of CCR2 in sdg33 and sdg34 mutants. D-F) Leaf and flower phenotypes of the double mutant sdg33sdg34
generated through Crispr/cas9.
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Figure 2.9. Tomato SDG33 and SDG34 complement Arabidopsis sdg8 mutation. A) Disease symptoms, B) Disease
lesion size in Arabidopsis WT, sdg8, sdg8:SDG33 and sdg8:SDG34 lines 3 days after B. cinerea inoculation. C)
Disease symptoms, D) Disease lesion size in WT, sdg8, sdg8:SDG33 and sdg8:SDG34 5 days after inoculation
with Alternaria brassicicola. E) and F) The growth and early flowering phenotypes of Arabidopsis sdg8;SDG33
and sdg8;SDG34. G) Expression of CCR2 in Arabidopsis WT, sdg8, sdg8:SDG33 and sdg8:SDG34 lines. The data
shown are the mean + SE (n >30). Different letters represent significant differences among genotype.
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Previously, we described the role of Arabidopsis SDGS in plant immune response functions
(148). Tomato SDG33 and 34 are also polygenically closely related to Arabidopsis SDG8. To
determine whether SDG33 and SDG34 are functionally related, we generated Arabidopsis sdg8
mutants plants expressing tomato SDG33 or SDG34 (sdg8:SDG33, sdg8:SD34). These transgenic
plants rescued the B. cinerea and A. brassiciola susceptibility of the Arabidopsis sdg8 mutants to
wild type level (Figure 2.9A-D). In addition, the expression of the Arabidopsis CCR2
(CAROTENOID ISOMERASE2 CHROMATIN 2) gene is dependent on H3K4 methylation
mediated by SDGS. The sdg33 and sdg34 mutant lines show no altered expression of the tomato
CCR2 gene. However, expression of the CCR2 gene was partially rescued in most sdg8:SDG33
and sdg8:SDG34 lines with the highest expression of SDG33 almost restoring CCR2 gene
expression to wild type levels (Figure 2.9E). Similarly, the sdg8 mutants flower significantly
earlier than the wild type, which was also rescued by expression of the tomato SDG33 and SDG34
(Figure 2.9F). Thus, Arabidopsis SDGS, and tomato SDG33 and SDG34 plants are functionally

related.

2.4.7 Mutations in SDG33 and SDG34 alter fruit morphology, lateral root development and
auxin sensitivity.

sdg33 and sdg34 plants show normal vegetative growth comparable to the wild type background
cultivar Castlemart II plants. However, fruits of sdg33 had a pointy tip at the bottom giving them
an oxy heart shape in contrast to the round bottom of the WT fruits (Figure 5A). In sdg34 fruits,
this phenotype was not consistent between the alleles and appears to be less penetrant (Figure
2.9A). Seed size, and seed morphology was not affected in sdg33 and sdg34 mutants. Fruit
development is under the complex regulation of hormones auxins, gibberellins, ethylene and
cytokinins (177, 178). Oxy-heart shaped fruits in tomato have been associated with increased auxin
sensitivity (179, 180). In addition, the number of lateral roots were significantly reduced in the
edited lines (P<0.05, Figure 2.9B-C). The sdg33 mutants’ alleles show a severely reduced lateral
roots than both the wild type and sdg34 plants. SDG33 and SDG34 are highly induced by auxin
within hours of treatment (Figure 2.2C) and lateral root formation is under tight auxin regulation
(181). Therefore, we speculated that these two gene may have functions in growth responses to
auxin. To test this hypothesis, we determined the auxin sensitivity of sdg33, sdg34 mutants and

the wild type to different concentrations of the natural auxin Indole-3-Acetic Acid (IAA). Root

59



length was similarly inhibited in both the mutants and wild type when the media is supplemented
with 0.5 and 1uM TAA. However, there were no significant differences between sdg33, sdg34 and
WT in root length at the different IAA concentrations tested. Lateral root number was significantly
(P<0.05) lower in sdg33 and sdg34 than the WT in the MS medium control. This difference was
maintained in medium supplemented with 0.5 and 1uM IAA between sdg33 and the WT (Figure
2.9D-E). The sdg34 mutants had significantly lower lateral root number than the WT when the
medium was supplemented with 1uM IAA (Figure 2.9E). These results indicate that sdg33 and

sdg34 mutants are less responsive to auxin induced lateral root growth inhibition compared to the

WT.
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Figure 2.10 Mutation in tomato SDG33 and SDG34 alter responsiveness to IAA. A) Fruits from WT, sdg33 and sdg34
plants. B) Root growth of 10-day old seedlings of WT, sdg33 and sdg34 tomato plants. Only one allele of each mutant
is shown. C) Number of lateral roots in WT, sdg33 and sdg34 at 10 days after germination on MS medium. D) Root
growth of 10-day old seedlings of sdg33, sdg34 and WT grown on medium supplemented with different TAA
concentrations E) Lateral root numbers of sdg33, sdg34 and WT seedlings shown in (D). The seedlings were
germinated on filter paper for 3 days and transferred to MS medium supplemented with different IAA concentrations.
The data shown are the mean+ SE (n > 10). Asterisks indicate significant differences using Student’s t-test. (*P <
0.05, **P < 0.01, ***P<0.001). The experiment was repeated at least 2 times with similar results, representative data
is shown.
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2.5 Discussion

Histone lysine methylation play important roles in regulation of biotic and abiotic stress
responses in plants. Hence plant histone methyltransferases have been widely reported as key
regulators of biotic and abiotic stress response. We have previously reported that mutation in
Arabidopsis histone methyltransferases SDG8 and SDG25 compromise PTI, ETI and Systemic
Acquired Resistance (SAR) plant immunity pathways(148). Loss of H3K36 and H3K4
methylation in sdg8§ and sdg25 compromise the expression of CCR2 and CER genes important
regulators of carotenoid and cuticular wax biosynthesis, respectively, linking SDG8 and SDG25
regulated immune responses to carotenoid and lipid accumulation (148). In a genomic survey of
tomato chromatin modifying enzymes, SDGS8 orthologues were previous described in tomato as
SDG33 and SDG34 (169). In this study, we describe the function of tomato histone
methyltransferases SDG33 and SDG34, their role in drought responses, root and fruit
development, as well as fungal resistance. We show that; 1) SDG33 and SDG34 rescues the disease
and the early flowering phenotype of Arabidopsis sdg8 mutation. 2) Although tomato SDG33 and
SDG34 complement Arabidopsis SDGS8 mutation, single mutants in SDG33 and SDG34 does not
compromise tomato immunity to bacterial and fungal pathogens. 3) Mutations in SDG33 and
SDG34 alters global H3K36 and H3K4 methylation profiles in tomato with SDG33 primarily
affecting H3K4 tri-methylation and H3K36 di- and tri-methylation, and SDG34 affecting H3K4
and H3K36 at all the three levels. 4) SDG33 and SDG34 negatively regulate drought responses.
sdg33 and sdg34 mutants survive better after water stress than the WT and drought responsive
genes are upregulated in the mutants in response to drought. 5) SDG33 and SDG34 affect auxin
mediated lateral root development and fruit shape.

The function of tomato histone methyltransferases has not been determined and a few have
been characterised in Arabidopsis. SDG33 and SDG34 are closely related to Arabidopsis SDGS,
sharing 100% similarity in the SET domain, responsible for the catalytic activity (169).
Consistently, SDG33 and SDG34 complement the disease, early flowering and SDG8 dependent
CCR?2 expression in Arabidopsis sdg8 indicating that SDG33, SDG34 and SDGS8 have conserved
functions in tomato and Arabidopsis (Figure 2.9A-F). This is further confirmed by the overlapping
methylation activity of SDG8, SDG33 and SDG34. SDGS is mainly a di- and tri- H3K4 and
H3K36 methyltransferase (148, 182). Similarly, SDG33 and SG34 are primarily responsible for
di- and tri- H3K4 and H3K36 methylations. Interestingly, although the methylation function
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appears to be conserved between SDG8, SDG33 and SDG34, the disease resistance function is
distinct. Mutation in SDGS8 severely affects plant immune responses to bacterial and fungal
pathogens (18, 21, 148) yet the single mutants of tomato SDG33 and SDG34 do not alter tomato
immune responses to B. cinerea and P. syringae (Figure 2.8 A, B). Since SDG33 and SDG34
have overlapping methylation functions, it is plausible that there is functional redundancy in
tomato which may account for the wild type responses of the sdg33 and sdg34 mutants for fungal
or bacterial infection. Furthermore, Arabidopsis SDG8 mediates resistance to B. cinerea by
regulating the expressions of CCR2 (148). In tomato sdg33 and sdg34, the expression of CCR2 is
not altered (Figure 2.8C) although SDGS8, SDG33 and SDG34 share overlapping functions in
histone lysine methylation patterns. These observations suggest that the tomato and Arabidopsis
proteins regulate different targets. Indeed, rice SDG708 rescues the late flowering phenotype,
SOC1 expression and H3K4 and H3K36 trimethylation, in the Arabidopsis sdg26./ mutant but
the misexpression of other genes is not restored, and the expression of OsMADSS50 the closest
homologue of SOCI in rice is not affected in SDG708 deficient mutant (183).

In this study, abiotic stress conditions such as water stress and ABA induced the expression
of SDG33 and SDG34 (Figure 2.2B, D) indicating that they may function in abiotic stress
tolerance. Loss of functions mutations sdg33 and sdg34 caused less growth inhibition of seedlings
at high concentration of mannitol (Figure 2.4). In addition, sdg33 and sdg34 plants showed a less
severe level of wilting than the WT (Figure 2.6A) which is further reflected in the higher RWC in
sdg33 and sdg34 during water stress (Figure 2.6B). RWC reflects the balance between water
supply to the leaf and transpiration rate and it influence the ability of the plant to recover from
stress (184). Higher RWC in the mutants influenced higher survival rates in sdg33 and sdg34
mutants compared to the WT after water stress (Figure 2.6C). Other physiological indices like
transpiration rate, stomata conductance, net carbon dioxide assimilation and chlorophyll
fluorescence are the typical physiological parameters for evaluating abiotic stress tolerance in
plants (185, 186). Interestingly, only RWC was significantly higher in the mutants than the WT
while the other physiological indices tested were not affected. This shows that mutants employ
other mechanisms other than stomata closure to maintain their higher water status which is critical
for their physiological function and survival under water stress. Various transcription factors play
critical role in water stress tolerance by activating downstream genes whose metabolic products

are essential for water stress tolerance. The DREB (dehydration-responsive element-binding)
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DREB proteins constitute a subfamily of the plant-specific AP2/ERF transcription factors and
they bind to cis-acting element DRE/CRT (dehydration-responsive element/ C-Repeat) of drought
responsive genes inducing their expression (48). High expression of DREB genes is associated
with drought tolerance (46). For instance, transgenic lines overexpressing OsDREBIland
ZmDREBI resulted in drought tolerance in Arabidopsis (187, 188). In this study, we showed there
is higher expression of tomato DREB in sdg33 and sdg34 mutants than the WT under water stress
(Figure 2.8A) corroborating the role of high DREB expression in water stress tolerance. However,
the mechanism of how this high expression of DREB results in water stress tolerance remains to
be characterised. Accumulation of Reactive oxidative Species (ROS) is an inevitable consequence
of water stress. In the absence of scavenging antioxidant organisms, ROS oxidises and damage
cellular components resulting in oxidative stress. ROS defense mechanisms include the synthesis
of antioxidant compound and enzymes. Studies have shown that induction of antioxidant enzymes
such as POD and SOD contribute to enhanced water stress tolerance (46, 189). It is plausible to
say that the enhanced water stress tolerance of sdg33 and sdg34 mutants can be partially attributed
to high expression of the enzymes SOD and POD (Figure 2.8B, C) and thus a protection against
ROS induced damages. In summary, our findings suggest that SDG33 and SDG34 negatively
regulate water stress responses through misregulation of DREB, POD and SOD expression.

H3K4 and H3K36 methylation marks are associated with active gene transcription in plants
(190). Here we show that loss of SDG33 and SDG34 results in loss of global H3K4 and H3K36
methylation marks (Figure 2.4). Interestingly, in response to water stress, loss of SDG33 and
SDG34 results in upregulation of stress responsive genes DREB, POD and SOD. Even though
H3K4 and H3K36 methylation are positive marks for gene expression, SDGs have been shown to
also negatively regulate gene expression (148, 191, 192). In addition, histone lysine methylation
is not necessarily correlated directly with transcriptional regulation but may generate a context for
other factors to regulate gene expression at a specific environmental condition (193). Considering
this, it is plausible that loss of SDG33 and SDG34 indirectly cause misregulation of DREB, POD
and SOD expression. However, changes in H3K4 and H3K36 methylation patterns at these genes
in response to water stress will shed light on the function of H3K4 and H3K36 methylation as well
as SDG33 and SDG34 in regulating water stress responsive genes.

In conclusion, we present our observations on tomato SDG33 and SG34 genes and show

that SDG33 and SDG34 negatively regulate water stress responses through misregulation of water
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stress responsive genes. These finding provide new insights and generate new hypotheses in the

regulation and function of water stress responsive genes.
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CHAPTER 3. THE HISTONE METHYLTRANSFERASES SDG33 AND
SDG34 MEDIATE NITRATE SIGNALING IN TOMATO

3.1 Abstract

Histone posttranslational modifications play an important role in regulating plant responses
to environmental cues. Few studies have focused on the role of histone lysine methylation in
regulating changes to nutrient availability. Here, we describe the functions of Set Domain Group
33 (SDG33) and SDG34, histone lysine methyltransferases in mediating nitrogen responses in
tomato. Transcriptome analysis in the shoot and roots showed that SDG33 and SDG34 have both
overlapping and distinctly regulated targets in tomato. In response to nitrogen, 509 and 245 genes
are regulated by SDG33 and SDG34 in response to nitrogen states in the roots and shoot
respectively. In the roots these genes were enriched with GO terms such as ‘regulation of gene
expression’, regulation of N metabolism’ and ‘regulation of hormone stimuli’. ‘Response to
stimulus’, ‘photosynthesis’ and ‘N assimilation’ were the biological processes significantly
enriched in the shoots. Overall, we show that SDG33 and SDG34 are involved in regulating
nitrogen responsive gene expression and hence physiological nitrogen responses in the roots and

shoots.

3.2 Introduction

Nitrogen is an essential nutrient to plants. It limits growth, development and productivity
of most crop plants (194). Inorganic fertilisers are the most common source to supplement nitrogen
in the soil (195). Plants absorb nitrogen mainly from soil in the form of ammonium (NH4+) and nitrate
(NO3-). Nitrate (NO3-) is easily leached from the soils to the waterways. Therefore, availability of
nitrogen in soils is variable spatially and temporally. As a result, plant have to device mechanism to
adapt to variable nitrogen availability in the soil. Plants respond to nitrogen levels in the soil
morphologically and physiologically, which are controlled by complex gene networks. At the
morphological level, plants alter their root architecture to effectively exploit the available nitrogen
in the soil. Nitrogen-abundant conditions promote lateral root proliferation and increase nitrate or
ammonium uptake capacity (196-199). Whereas nitrogen-deficient conditions promote

primary/axial root elongation and the development of the aerenchyma (170, 200, 201). While
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these morphological changes take days, physiological changes proceeds within minutes or hours.
Physiological responses to nitrogen availability include modulation of nitrogen uptake under
nitrogen deficiency conditions (202, 203), higher carbon assimilation rate in response to higher
nitrogen leaf content (204, 205) and earlier transition from vegetative to reproductive stages under
low nitrogen conditions (206). The observed morphological and physiological changes in response
to different nitrogen supply are due to changes in gene expression at the molecular level. Multiple
genes involved in nitrogen sensing, signalling, uptake and metabolism have been characterised
and their expression is regulated by complex gene regulatory machinery (194, 206, 207). In
addition, epigenetic mechanisms have emerged as an important player in regulation of gene
expression under nutrient stress and have been associated with concomitant gene expression
changes (5, 20).

Histone lysine methylation (HLM) is a post-translational modification of histone proteins
H3 and H4. Methyl groups are added on lysine residues and this process is catalysed by enzymes
called histone methyl transferases (HKMTs) using the cofactor adenosyl-methionine. Lysine
residues can be mono-, di-, or tri-methylated depending on the specific function of the associated
HKMTs. Histone lysine methylation influence chromatin structure and accessibility of the
transcriptional machinery to the corresponding DNA, thus modulating gene expression and/or
repression (6, 23, 208). The lysine residue methylated and the different levels of lysine
methylation (mono-, di- or tri- methylation) can be associated with activation or repression of gene
expression, thus adding to the complexity of gene expression regulation. (147).

Few studies have focused on the role of HLM in regulating changes to nutrient availability.
Histone 3 Lysine 4 tri-methylation (H3K4me3) has been shown to mediate the expression of gene
involved in responses to phosphate deficiency including root elongation (209). The repression of
the nitrate transporter NR72.1 expression is associated with the induction of Histone 3 Lysine 27
tri-methylation (H3K27me3) accumulation and with the decrease of H3K4me3 and Histone 3
Lysine 36 tri-methylation (H3K36me3) levels on chromatin of NR72.1 in Arabidopsis.
HNI9/AtWSI1, an evolutionary conserved component of the RNA polymerase Il complex is the
key factor depositing H3K27me3 on NRT2.1 chromatin, evidenced by that hni9/atwsI is impaired
in systemic feedback repression of NR72.1 in high nitrogen supply (210). Despite the association
of histone lysine methylation marks with the expression of genes involved in nutrient response,

the specific role of HKMTs in regulating genes involved in nutrient responses have not been
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studied, especially at a genome-wide scale. Such a study will further our understanding of the
molecular regulation in response to nutrient supply changes, which is critical in improving nutrient
use efficiency in crop plants.

In this study, we show that two tomato histone lysine methyltransferases SDG33 and
SDG34 are important for nitrogen responses both in the roots and shoots. Mutation in SDG33 and
SDG34 abolish the root growth in response to nitrogen. Further, chlorophyll a/b ratio is altered in
sdg33 and sdg34 under low nitrogen condition. Global transcriptional profiling of sdg33 and
sdg34 mutants in response to nitrogen supply show several nitrogen responsive genes misregulated
and thus SDG33 and SDG34 are involved in regulating nitrogen responsive gene expression and

hence physiological nitrogen responses in the roots and shoots.

3.3 Materials and Methods
3.3.1 Transgenic plants

To study the physiological role of SDG33 and SDG34, we generated the CRISPR mutants
according to (165). gRNA specific to each gene were identified using CRISPR-PLANT software
(198). Two guide RNA (gRNA) expression cassettes targeting adjacent sites of SDG33 or SDG34
were PCR generated using the vector pCBC-DT1DT2 (Addgene 50590) and cloned into the
CRIPSR/Cas9 vector pKSE401 (Addgene 62202). Plasmids were sequenced to confirm the
presence of the gRNA. We used agrobacterium mediated plant transformation and plant mutants
were generated through tissue culture. Mutation were confirmed by PCR on genomic DNA using

markers flanking the target gRNAs and sequencing of the PCR products.

3.3.2 Plant growth conditions and treatments

Tomato (Solanum lycopersicum) cultivar Castlemartll was used in this study. sdg33 and
sdg34 CRISPR mutants were generated as described above. Seeds were surface sterilized with
20% sodium hypochlorite for 20 minutes and rinsed with distilled water. The seeds were
germinated on filter paper in the dark until the radicle emerged and transferred into black sand for
the seedlings to established for one week. Seedlings where then grown hydroponically in foil
tapped plastic containers with one litre nutrient medium, which consisted of 1.2 mM KNO;3,

0.8mM Ca(NO3)2, 0.2mM NH4H2PO4, 0.2mM MgSO4, SOLLM KC], 12.5 pM H3BO3, 1 ]JM MHSO4,
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1 uMZnSO04, 0.5 pMCuSO4, 0.1 pM HoMo0Os4, 0.1 uM NiSO4 and 10 uM Fe-EDDHA (211). Plants
where grown in the green house with photoperiod of 16-h light and 8-h dark at 24 °C. Two plants
where grown in one container and aeration was provided for one hour daily to increase the oxygen
content of the nutrient medium. Nutrient medium was refreshed every three days.

After two week of growth in nutrient medium, plants were transferred into starvation
medium, which is identical to the nutrient medium except for that 1.2 mM KNO;, 0.8mM
Ca(NOs3)2, 0.2mM NH4H>PO4 were replaced by 0.6mM K>SOy, 0.8mM CaSOs4, 0.2mM KH>PO4
respectively. After two days in the starvation medium, plants were transferred into two treatment
media: (1) with nitrogen (+N); and (2) with potassium chloride (KCI). The +N treatments medium
was the same as the growth medium and the KCl treatment medium the same as starvation solution.

Plants where growth in respective treatments for seven days and phenotyped on the eighth day.

3.3.3 RNA extraction

Plants were grown hydroponically as described above. Three independent plants were
pooled to make one replication and three replications per treatment per genotype were used for
RNA extraction. RNA for transcriptome profiling was extracted from root and shoot samples
harvested at five hours after nitrogen and KCl treatments. Total RNA was extracted from the shoots
and roots using Trizol (Invitrogen) according to the manufacturer’s instructions. After extraction,
total RNA was treated with DNase (New England Biolabs) according to the manufacturer’s
instruction. RNA was then precipitated with 3M sodium acetate and three-times volume of 100%
ethanol and resuspended in DEPC treated water. RNA was then concentrated using ZYMO RNA
clean and concentrator kit (ZYMO Research) according to the manufacturer’s instructions.

Integrity of RNA was accessed by the Agilent Bioanalyzer (Agilent technologies).

3.3.4 RNA sequencing and data analysis

RNA samples were submitted to the Purdue Genomics Core for RNA-Seq library
preparation and sequencing on an Illumina Novaseq platform with paired-end 50bp format. On
average, approximately 25 million read pairs were generated for each library. The raw sequencing
reads were trimmed by the Purdue Genomics Core to remove adaptors and low-quality reads. Next,

trimmed reads were mapped against tomato genome (build 3.0, assessed on June 5 2019) using
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BBmap (212). Next, mapped reads were used to generate a count for each gene feature in the
genome, using the tomato gene models ITAG3.2 and the annotated miRNA loci based on miRbase
(213), using FeatureCounts (214)[. Finally, differentially expressed genes were detected using
DESeq2 (215) with the design (~Genotype+Treatment+Genotype:Treatment), for sdg33 and
sdg34, separately.

3.3.5 Motif analysis

A promoter database was created by extracting1kb upstream sequence of every gene in the
ITAG3.2 genome annotation using NCBI blast toolkit (216). Cis-regulatory motif analysis was
then performed for gene sets of interest, by running MEME (217)on the 1kb promoters of the gene
set using the following parameters: revcomp=yes, mod=anr, nmotifs=5, and w=10. The identified
significant motifs (E value <0.001) were then annotated using TOMTOM(218) by comparing
against known TF binding motifs (p-value <0.0001).

3.3.6 Phenotyping
Chlorophyll content

Chlorophyll (Chl) content was first analysed during the N treatments by measuring
chlorophyll fluorescence with a SPAD-502(219). The Soil Plant Analysis (SPAD) units read by
the equipment are correlated to plant chlorophyll content. Measurement were taken daily on three
fully expanded leaves per plant at the same time. Averaged values were taken as the chlorophyll
content.

For a more precise quantification of chlorophyll content, shoots were harvested at the end
of the treatments and frozen in liquid nitrogen. The shoot tissue was ground to fine powder,
weighed and chlorophyll was extracted with methanol by incubating at room temperature for 10
min with gentle rotation. The extract was centrifuged at 13000rpm for seven minutes and the
supernatants were used for absorbance measurement. The absorbance was measured using
supernatant at 750, 665 and 652nm by a Tecan microplate reader (Tecan Switzerland), using
methanol as the blank. Chlorophyll a (Chla), Chlorophyll b (Chlb), ratio of Chla:b, and total
chlorophyll were calculated according to (169, 220).
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Root architecture measurements

Root systems grown in hydroponics solutions were laid in a single pane in a transparent
tray on top of a light box and imaged by a fixed height digital camera. Images were uploaded in
the root imaging software GiA roots (221) for processing and phenotyping. The GiA root pipeline
consists of image preparation steps (scaling, rotating and cropping), creating a grey scale image,
and applying double adaptive imaging thresholding with pre-set parameters to produce binary
foreground (root) or background (non-root). The binary images were then processed for all the
root architecture trait calculations. Pixels were scaled to the appropriate dimension; millimetres,

square millimetres or cubic millimetres using a reference ruler in the image.

Statistical analysis

Two-way ANOVA was performed to test the impact of genotype, nitrogen treatment and
their interaction on each phenotypic trait. ANOVA was performed in the R software, version 3.3.1
(R Core Team, 2016) using the Agricolae package. Statistical significance was determined at the
level P< 0.05. To further analyse which means are significantly different, means were compared
using the student ‘s T test. Nitrogen response was also determined by comparing the means in the
nitrogen treatment (+N) to the control treatment using two sample #-test assuming unequal

variance.

3.4 Results

3.4.1 SISDG33 and SISDG34 regulate the expression of overlapping yet distinct
downstream genes

Arabidopsis SDGS8 was previously shown to mediate H3K36me3 changes in genes that
regulate nitrate assimilation, signalling and reduction (Li et al, 2019). Interestingly, two tomato
genes SDG33 and SDG34 were previously identified as orthologues of AtSDGS8 (169). The
functions of SDG33 and SDG34 in nitrogen response is not known. We hypothesised that the
function of AtSDGS and tomato SDG33 and SDG34 in regulating nitrogen response is conserved
and that SDG33 and SDG34 have similar function in regulating nitrogen response in tomato. To
test these hypotheses, we generated transcriptome profiles of sdg33 or sdg34 mutants and WT
treated with nitrogen and without nitrogen using RNA-seq. Specifically, sdg33 and sdg34 mutants
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and wild type plants were grown in nitrogen rich media hydroponically for two weeks, starved for
nitrogen for forty-eight hours and transferred either into media supplemented with nitrate and
ammonium or into media with salt controls (see methods). Shoots and roots were harvested after
5-hour of treatment for RNA-Seq to elucidate the genome wide regulatory impact of SDG33 and
SDG34 in response to nitrogen treatments.

We first identified differentially expressed genes (DEGs) that are affected by the main
factor genotype (i.e. WT vs mutant) with log2 (fold change) > |2| at an FDR cut-off of 5% in the
roots and shoots. In the roots, 416 genes were upregulated and 167 downregulated in sdg33 (Table
1, Figure 3.1A, Supplemental table S1) and in sdg34, 350 genes were upregulated and 120 were
downregulated sdg33 (Table 1, Figure 3.1B, Supplemental table S2). In the shoots, 653 genes were
upregulated in sdg33 and 951 were downregulated (Table 1, Figure 3.1C, Supplemental table S3)
and in sdg34, 634 genes were upregulated and 683 were downregulated (Table 1, Figure 3.1D,
Supplemental table S4).

Table 3.1 .Summary of differential expressed genes (DEGs) from pairwise comparison of each genotype and WT.

Shared
between
sdg33vs WT | sdg34vs WT sdg33 and
sdg34
Up-regulated 653 634 479 (76%)
Shoots
Down-regulated 951 683 558 (82%)
Up-regulated 416 350 260 (74%)
Roots
Down-regulated 167 120 83 (69%)

To investigated whether SDG33 and SDG34 have diverged function in regulating
downstream genes, we compared these DEGs detected in sdg33 and sdg34. In the roots, 260 genes
were common between upregulated genes in sdg33 and sdg34 (Figure 3.2A, B) and 83 common
between the down regulated genes (Figure 3.2C, D) The common up-regulated genes are enriched
with GO terms such as “response to auxin” and “oxidation-reduction process” (Supplemental table
S5), while the unique genes only up-regulated in either sdg33 or sdg34 have no significant GO
terms (FDR cutoff 5%). The common and sdg34 down-regulated genes did not have any significant
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enriched GO term, while the unique genes down-regulated in the sdg33 mutant had the GO term

“oxidoreductase activity” overrepresented (Supplemental Table S6).
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Figure 3.1. Genotypic effect of SDG33 and SDG34 mutation on tomato transcriptome. Hierarchal clustering of
relative expression of DEGs based on the pairwise comparison of sdg33 or sdg34 and the WT in A) sdg33 roots,
B) sdg34 roots, C) sdg33 shoot and D) sdg34 shoots. FDR < 0.05; |log, fold change| > 2; Yellow and blue indicate

higher and lower expression values, respectively.
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Figure 3.2. Summary of DEGs in the roots. A) Venn diagram of up-regulated DEGs in sdg33 and sdg34 showing
overlapping and exclusive DEGs. B) Heat maps showing common up-regulated DEGs between sdg33 and sdg34 and
exclusive DEGs in sdg33 and sdg34. C) Venn diagram of down-regulated DEGs in sdg33 and sdg34 showing
overlapping and exclusive DEGs. D) Heat maps showing common down regulated DEGs between sdg33 and sdg34
and exclusive DEGs in sdg33 and sdg34. FDR < 0.05; [log, fold change| > 1; Orange and Yellow b indicate lower and

higher expression values, respectively.

In the shoots, 479 were common between sdg33 and sdg34 for the up-regulated genes
sdg34 (Figure 3.3A, B), and 558 are shared between sdg33 and sdg34 for the down regulated genes
sdg34 (Figure 3.3C, D). The common genes repressed by SDG33 and SDG34 (hence upregulated
in sdg33 and sdg34) are enriched with GO terms “response to auxin” and “oxidoreductase activity.
(Supplemental Table S7). The genes that are uniquely repressed by SDG33 also have the
significant GO term “response to auxin” and “oxidoreductase activity” (Supplemental Table S8).
The genes that are uniquely repressed by SDG34 has only one significant GO term “extracellular
region” (FDR<0.0062). The common genes activated by SDG33 and SDG34 (hence

downregulated in sdg33 and sdg34) are enriched with GO terms “transcription factors”, “primary

metabolism”, and “nitrogen compound biosynthetic process” (Supplemental Table S9). The genes
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that are only activated by SDG33 are enriched with GO terms “DNA binding” (FDR<0.019), and
the genes that are only activated by SDG34 had no significant GO terms.

(A) (B) Common between
sdg33 and sdg34

sdg33 unique sdg34 unique
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Figure 3.3. Summary of DEGs in the shoots. A) Venn diagram of up-regulated DEGs in sdg33 and sdg34 showing
overlapping and exclusive DEGs. B) Heat maps showing common up-regulated DEGs between sdg33 and sdg34
and exclusive DEGs in sdg33 and sdg34. C) Venn diagram of down-regulated DEGs in sdg33 and sdg34 showing
overlapping and exclusive DEGs. D) Heat maps showing common down regulated DEGs between sdg33 and
sdg34 and exclusive DEGs in sdg33 and sdg34. FDR < 0.05; [log, fold change| > 1; Orange and Yellow b indicate

lower and higher expression values, respectively.

In summary, our data shows that many genes are commonly regulated by SDG33 and
SDG34, indicating overlapping functions between SDG33 and SDG34. SDG33 and SDG34 seem
to repress the expression of genes involved in auxin response and oxidation-reduction process in
both shoots and roots. In the shoots, SDG33 and SDG34 activate genes involved in primary
metabolism and encoding transcription factors. While SDG33 and SDG34 have overlapping
functions, our data also shows that they also have distinct functions shown by the unique genes
regulated by SDG33 or SDG34, often enriched with distinct GO terms. SDG33 seem to affect a

bigger number of genes than SDG34 in both shoots and roots, and for either up-regulation or down-
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regulation. GO term analysis also suggest that the genes that are uniquely regulated by SDG33 are
functionally more similar to the genes that are commonly regulated by SDG33 and SDG34.

3.4.2 Cis-regulatory motifs in the promoters of genes regulated by SDG33 or SDG34

To investigate the mechanism by which the two homologs SDG33 and SDG34 regulate
different downstream genes, we analysed the cis-regulatory motifs in the promoters of genes
regulated by SDG33 and SDG34. We used MEME (222) motif analysis to analyse 1000bp
upstream of the SDG33 and SDG34 commonly regulated genes. The significant motifs were
matched to the Arabidopsis motif database using TomTom (218). Overall, genes regulated by
SDG33 or SDG34 seem to share a common motif with the core sequence GGGGNGGGG.
Additional motifs that are specific to tissue types (shoots vs roots), direction of regulation (up-
regulation vs down-regulation), and homologs (SDG33 vs SDG34) were also identified (Table
3.2).

In the roots, the common upregulated genes had the cis-regulatory motifs
AAGAAAAAGA (E-value= 5.0e-007) that is similar to a BPCS5 binding site, TTTTT/ATTTTT/G
(E-value= 1.3e-019) that is similar to a REM19 binding site and GGGGGNGGGG. In addition,
genes upregulated in sdg34 had the TTGT/AGGGG/ACC motif (E-value= 2.0e-003) matched to the
TCP family binding site (Table 3.2). The downregulated genes between sdg33 and sdg34 share a
CCAAGGGC/TG motif. Furthermore, genes downregulated in sdg33 have additional significantly
overrepresented motifs in the promoters: AAAAATAA/GAA (E-value= 1.2e-015) that is matched
to the C2C2 DOF transcription factor family, and CCGTGTGTGC (E-value= 4.5e-010).
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Table 3.2.Motifs enriched in the promoters of DEGs upregulated and downregulated in the shoots and roots sdg33
and sdg34 identified from a de novo search using MEME software. Letter size indicates nucleotide frequency

Motif Best transcription factor match
Root Shared between J“ A A A A 500007
Upregulated sdg33 and sdg34 | JRAUOZOCALH BRBBPC (BPCS5) (P=4.31e-05)
JTTTT&TTTTT P | REM (REM19)( P= 1.69¢-06)
iJ = 3.9e-003
sdg33 j 1.8¢-016
VIESITESEY
sdg34 ] B sae-02 | TCP Binding site (P=4E-5)
ITAx cc 2.0e-003
Root Common (sdg33 ij
Downregulated and sdg34) GG, UxGu S0
i}cCAA " 1.4¢-005
sdg33 4eCCaC.coc, zoverr
*;IAAAAA?AAAA waweis | C2C2 DOF (P=TE-T)
JOCAAsclg, »ovor
R O
Sdg34 I E} 2.1e-024
| }gcAA (gl 23e00s
Shoot Common (sdg33
Upregulated and sdg34) 4.5e-020 C2H2 (P=6.40E-04)
pREGTAES
dg33 C2C2 DOF (P=9E-5
sag. J'A“A{\Ah{‘eA 1.8e-019 ( )
iJ 2.0e-009
sdg34
']A SUssiag 5197 | TCP Binding site (P<7E-7)
TATATTA s
] AAAAAAAAA 83e005 | ABI3 VP1 (P=1.7E-5)
Shoot Common (sdg33 J 3.50-023 TCP (P=7.05E-04)
Downregulated and sdg34) JA FEEIEeEs
T};:CA&QQ 8.1e-015
sdg33 ] lh AGaUgGE * 2¢-003
sdg34

C2C2 GATA (P=1E-5)
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In the shoots, in addition to the GGGGNGGGG core motif that is shared by the promoters
of genes upregulated in both sdg33 and sdg34, the GA[G/AJAAA[G/A]AAA motif (E-value=
1.8e-019) of C2C2 DOF family transcription factors is enriched in the promoters of genes
repressed by SDG33. In sdg34 the upregulated genes had the cis-regulatory motifs
TATATATATA (E-value= 5.9¢-006) and GAAAAAAAAA (E-value= 8.3e-005) over-
represented (Table 3.2). The genes downregulated in both sdg33 and sdg34 have the
ATGNCANGCC (E-value= 8.1e-015) motif in addition to the GGGGNGGGG core sequence in
the promoters. In addition, in sdg34 the downregulated genes had the Ca/ct/icCa/cc/tTCG/ACC (E-
value= 9.9e-003) that is similar to the C2C2 GATA transcription factors (Table 3.2).

Overall, our results suggest that SDG33 and SDG34 might interact with an unknown
transcription factor that binds GGGGNGGGG to regulate downstream targets. In addition, SDG33
and SDG34 might interact with different transcription factors in different organs to up-regulate or

down-regulate downstream genes.

3.4.3 SDG33 and SDG34 regulated genes overlap with 41SDGS targets in Arabidopsis

To test if the downstream targets of histone methyltransferase are conserved between
species, we compared the target genes of SDG33 and SDG34 with the target genes of its
Arabidopsis homolog, 4tSDGS. To do this, we first identified the best Arabidopsis homologs for
each tomato genes regulated by SDG33 or SDG34 by BLASTP (Supplemental Table S3 &S4; best
hit by BLASTP with E value cutoff 1e-6). Next, we compared these gene lists with the AtSDGS
targets (Li et al 2015). Interestingly, both the down-regulated and up-regulated genes in slsdg33
and s/sdg34 mutants have significant overlap with the bona fide AtSDGS targets (p<0.001; Table
3.3), which are largely down-regulated in Arabidopsis sdg8 mutant (Li et al 2015). This result
supports a certain level of conservation of targets between 4/SDG8 and the tomato homologs
SDG33 and SDG34, as well as indicate possible functional divergence as the gene activated by
AtSDGS could be repressed by the tomato homolog.
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Table 3.3. P value and number of genes the target genes shared between the targets of SDG33 and SDG34 with
the target genes of its Arabidopsis homolog, 4¢/SDGS.

SISDG33/34 regulatory targets in High Confidence AtSDGS8 genomics
shoots Direct targets targets
(728)

Down-regulated Slsdg33 vs WT | 0.001(29)
genes (638)

Slsdg34vs WT | <0.001 (25)
(460)

Up-regulated genes | Slsdg33 vs WT | <0.001 (30)
(465)

Slsdg34 vs WT | <0.001 (27)
(447)

3.4.4 SDG33 and SDG34 mediate the transcriptional response to nitrogen in shoots and in
roots.

To understand the role of SDG33 and SDG34 in regulating nitrogen response, we analysed
the DEGs whose response to nitrogen is dependent on SDG33 or SDG34 (i.e. sdg33 x N and sdg34
x N) in the roots and shoots, separately. In the roots, 708 gene were regulated by the interaction
between SDG33 and nitrogen treatment and 1212 genes were regulated by SDG34 and nitrogen
treatment. Of these genes 509 were common between those regulated by the interaction between

nitrogen and SDG33 or SDG34 (Table 3.4, Figure 3.4A).
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Table 3.4. Summary of differential expressed genes (DEGs) regulated by SDG33 and sSDG34 in a nitrogen
dependent manner. Threshold for differential expression is log2 fold change > 1|, false discovery rate < 0.05.

Shared between

Number of DEGs sdg33 X N sdg34 X N sdg33 and sdg34
Shoots 471 711 245 (52%)
Roots 708 1211 509 (72%)

We visualised the expression pattern of the common genes and clustered them based on
similarity of gene expression pattern. We further did a GO term enrichment on the specific clusters.
The 509 genes that are commonly regulated by the interaction between nitrogen and SDG33 or
SDG34 clustered into four major groups. Surprisingly, most of these genes are nitrogen responsive
in the mutant, but not in WT, indicating a hypersensitivity to nitrogen in the mutant. The first and
biggest cluster had genes that are induced by nitrogen treatment in the mutants but not in the WT
(Figure 3.4B). Genes in this cluster are enriched with the GO terms such as ‘regulation of RNA
biosynthetic process’, ‘Regulation of transcription, DNA templated’ and ‘regulation of nitrogen
metabolic process’. The second cluster had genes whose expression goes down in the mutants in
response to nitrogen but do not change in the WT. Overrepresented genes in this cluster had GO
terms such as ‘transport’, ‘establishment of localisation’. The third and fourth cluster had gene that
are induced by nitrogen in the WT but not in the mutants and those whose expression induced by

nitrogen in the WT but goes down in the mutants respectively (Figure 3.4B).
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Figure 3.4 SDG33 and SDG34 mediate gene expression in a nitrogen dependent manner in the roots. A) Venn diagram
of overlapping and exclusive sdg33 x nitrogen and sdg34 x nitrogen (Interaction) DEGs B) Hierarchal clustering of
relative expression of DEGs regulated by sdg33 or sdg34 and nitrogen treatment. GO terms significant for the clusters
are shown on the left C) Gene network and D) Go terms of gene network of DEGs regulated by sdg33 or sdg34 and
nitrogen treatment.
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To further investigate the function of gene network regulated by SDG33 and SDG34 in
mediating nitrogen response in the roots, we studied the regulatory relationship between the genes
regulated by SDG33 and SDG34 in a nitrogen dependent manner by exploiting the known gene-
to-gene interactions in Arabidopsis homolog genes. To do this, we used network analysis in
VirturalPlant (223) to construct a gene network from the 509 genes that are commonly regulated
by the interaction between nitrogen and SDG33 or SDG34. The gene network analysis identified
a MYB family transcription factor Solyc03g098320 (Arabidopsis homolog: AT1G18330) as the
hub gene (Figure 3.4C). We also identified the enriched GO terms in this gene network using
BINGO (224). The gene networks were significantly enriched with biological processes GO terms
such as ‘regulation to hormone stimulus’, ‘regulation of N metabolism’ and ‘regulation of gene
expression’ (Figure 3.4D). Therefore, we further investigated the genes related to these functions.
A couple of SAUR auxin responsive proteins are responsive to N in the WT, but not in the mutant
sdg33 or sdg34 (Figure 3.5). Relevant to ‘regulation of N metabolism’ and ‘regulation of gene
expression’, structural and regulatory genes related to nitrogen uptake and assimilation, including
transporters (NRT1.1, AMT?2), assimilation enzymes (NR2, NiR, and FNR1), master regulators
NLPs (NLP2, NLP4, NLP8) and LBDs (LBD38 and LBD37), are misregulated in mutant
compared to WT (Figure 3.5A&B). The expression profiles of these genes are presented in figure
(Figure 3.5).
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Figure 3.5. SDG33 and SDG34 mediate gene expression in a nitrogen dependent manner in the roots. Expression
of a representative set of genes whose expression is mediated by sdg33 or sdg34 and nitrogen treatment. A)
Nitrogen assimilation genes, B) Transcription factors and C) Auxin responsive genes
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In the shoots, 472 genes were regulated by the interaction between SDG33 and nitrogen
treatment and 712 genes were regulated by SDG34 and nitrogen treatment. Of these genes 245

were common between those regulated by the interaction between nitrogen and SDG33 or SDG34

(Figure 3.6A).
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Figure 3.6.SDG33 and SDG34 mediate gene expression in a nitrogen dependent manner in the shoots. A) Venn
diagram of overlapping and exclusive sdg33 x nitrogen and sdg34 x nitrogen (Interaction) DEGs B) Hierarchal
clustering of relative expression of DEGs regulated by sdg33 or sdg34 and nitrogen treatment. GO terms
significant for the clusters are shown on the left C) Gene network and D) Go terms of gene network of DEGs
regulated by sdg33 or sdg34 and nitrogen treatment.
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We visualised the expression pattern of the common genes and clustered them based on similarity
of gene expression pattern. We further did a GO term enrichment on the specific clusters. The 245
genes that are commonly regulated by the interaction between nitrogen and SDG33 or SDG34
clustered into six major groups. Cluster 6 is particularly interesting; it contains genes that are
induced by nitrogen in the WT but are expressed highly in the mutants despite the N treatment.
This cluster is enriched with the GO terms such as ‘photosynthesis’, ‘generation of precursor
molecules and energy’, small molecule metabolic processes’ and’ metabolic process’ (Figure
3.6B). Cluster 2 had genes that are induced by nitrogen starvation in the WT but not in the mutant.
This cluster is enriched with the GO term ‘organic substance catabolic process’ (Figure 3.6B).
Similarly, to the analysis of root gene network, gene network analysis was also performed with
the 245 genes commonly regulated by the interaction between nitrogen and SDG33 or SDG34.
Interestingly, the same hub gene Solyc03g098320.3 (Arabidopsis homology AT1G18330) was
identified as the master regulator of the shoot regulatory gene network, as well as the root
regulatory gene network (Figure 3.6C). The gene network was enriched with GO terms such as
‘N assimilation’, ‘Photosynthesis’ and ‘response to stimulus’ (Figure 3.6D). The ‘N assimilation’
includes genes such as nitrate reductase (NR) and glutamate synthetase while the ‘photosynthesis’
group includes genes such as chlorophyll a-b binding protein, photosystem1 and photosystem II
subunits proteins (Figure 3.7), which are misregulated in the mutant compared to WT. Overall,
our data shows that SDG33 and SDG34 mediates genome-wide transcriptome changes in response

to nitrogen.

84



(A)

i
. i
i ) g :
H H H
L ¥ P
§ | . I 3
. el [ |

chioroplastic

thl: thi
-I ) I -I

HGIN SIIN GEAN N WTN TN SIN I N SN SN W WTeN

N SGTN N SN WTN EIN N SN RN WIN TN

(B)

Solyc05g055185.1 photosystem | reaction center subunit N Solyc059055185.1 photosystem | reaction center subunit N
8- g1
g g
H H
8 8
| i
1 ]
g1 g1
| - R -
Sg33-N g3 4N sdgd4-N sdgdeaN  WT-N  WTeN SN ST AN SN sdgIeN WT-N WTeN
Solyc11g013810.2 Nitrate reductase Solyc03g083440.3 Glutamate synthase, putative
H H g
e |
e ) o O o N B
$dg33-N sdg33+N s0g34-N sdg3a+N  WT-N  WT+N $0g33-N sGg334N sdgI4-N sdg34eN  WT-N  WT4N
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3.4.5 Mutation in SDG33 and SDG34 alters nitrogen physiological response in tomato
roots.

The RNA-Seq data showed that SDG33 and SDG34 regulate the expression of a variety
nitrogen responsive genes during nitrogen responses. Thus, we tested weather this altered
transcriptional regulation translates to an altered physiological response in tomato. sdg33 and
sdg34 mutants and wild type plants were grown in nitrate rich media hydroponically for two weeks,
starved for nitrogen for forty-eight hours, transferred either into media supplemented with nitrate
and ammonium (+N) or into media with control salts (-N). Plants where growth in respective
treatments for seven days and phenotyped on the eight day. Twenty-one root phenotypic traits
were evaluated at the end of the experiment using GiA roots software. Interestingly, bushiness
gave consistent and significant data (Figure 3.8 A). Bushiness is the ratio of the maximum to the
median number of roots, counted in transverse sections along the longitudinal axis of the root
system. In another word, business measures the growth of lateral roots. Bushiness was significantly
affected by genotype, nitrogen treatment and the interaction between genotype and nitrogen

treatment (Table 3.5). Specifically, bushiness was increased significantly by the nitrogen treatment

in the wild type, but not in the sdg33 and sdg34 mutants (Figure 3.8A).

Table 3.5. Analysis of variance of Chlorophyll A (chlA), Chlorophyll B (chiB) Chlorophyll a/b ratio (chla.b ratio),
total chlorophyll, bushiness and root dry weight in response to nitrogen supply.

Genotype Relative chlA Relative chIB chl a.b ratio Total chl Bushiness Root dry weight
nmol/mg FW nmol/mg FW nmol/mg FW
N -N +N -N +N -N +N -N +N -N N -N

WT

0.524583 10.31549410.150361| 0.096478 |3.51192|3.46078 | 0.202483| 0.130634] 3.15758 | 1.94896 0.593 0.478
SDG33#64B

0.467383 | 0.28713 J0.183488| 0.079657 | 2.693 |3.602284| 0.195261] 0.110036] 2.26638 | 1.83057 0.488| 0.455
SDG33#64S

0.472313 10.336573 10.169068| 0.094192 |2.94758|3.581213] 0.192414) 0.12923) 2.66281 | 1.76604 0.52 0.469
SDG34#27

0.503898 10.311653]0.219296] 0.093161 |2.67304|3.342806] 0.216958 0.121864] 1.6733 1.96404 0.433] 0.431667
SDG34#76

0.499723 |0.305358 0.181733| 0.088114 2.826913.465899| 0.204437] 0.121444] 2.01509 | 1.82318 0.478| 0.45]
Significance level
Genotype 0.0831 = 0.1838 = 0.0222* 0.2274= 0.02114 * 0.0417 *
Nitrogen <2e-16*** <2e-16*** 6.29e-09*** <2e-16 *** 0.00168 ** 0.0503 .
treatment
Genotype x 0.2286= 0.0171* 0.00374** 0.0895 . 0.01434 * 0.5005 =
Nitrogen
Treatment
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Therefore, our data suggest that nitrogen stimulates lateral root growth in the WT but not in the
mutant. This is further confirmed by the measurement of root dry biomass at the end of the
experiment. Root biomass responded similarly to network bushiness, significantly affected by
genotype (P<0.05) and genotype by nitrogen treatment interaction (P>0.05) (Table 3.4, Figure
3.8B). For nitrogen response, the wild type had a significant change in root biomass between the
+N and -N treatments. By contrast sdg33 and sdg34 mutants were compromised in nitrogen
response, showing no significant differences in root biomass between the +N and -N conditions
(Figure 3.8C). Taken together this data shows that sdg33 and sdg34 mutants have a compromised

root growth response to the availability of nitrogen.
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Figure 3.8. SDG33 and SDG34 mediates nitrogen response in tomato roots. Root phenotypic traits of sdg33 and
sdg34 mutants and the wild type; A) Bushiness, B) Root biomass. C) Pictures of root phenotypes of the data
presented in a. Data represent means + SE (n = 10). Error bars indicate standard error (SE). Asterisk represent
level of statistical significance based on student ¢ test; * P<0.05, ** P<0.01, and *** P<0.001. The experiment
was repeated two times with similar results and representative data from one of the experiments is shown.

SDG34#76
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3.4.6 Chlorophyll a/b ratio is altered in sdg33 and sdg34 in response to nitrogen

70% of nitrogen in leaves is contained in chlorophyll molecules (225) hence chlorophyll
content reflects the nitrogen status of the plant. We measured extracted chlorophyll using
methanol, the measured absorbance was used to calculate the different chlorophyll components at
the end of nitrogen and KClI treatments. Total chlorophyll, chlorophyll a and chlorophyll b were
significantly affected by nitrogen treatment but not by genotype (P>0.05, table 3.4). sdg33 and
sdg34 mutants had slightly less chlorophyll a and slightly more chlorophyll b than the wild type,
but the differences were not statistically different (Figure 3.9A and B). In -N treatment, total
chlorophyll, chlorophyll a and chlorophyll b were not different between the mutants and the wild
type (Figure 3.9A-C).

0.24

Relative chlA nmol/mg FW
°

Relative chIB nmol/mg FW
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N ,,;5’& n?@u” : g

A
Figure 3.9. SDG33 and SDG34 mutation does not alters chlorophyll content in response to nitrogen. a)
Chlorophyll a, b) chlorophyll b and c) total chlorophyll content of sdg33 and sdg34 mutants and the wild type in
response to nitrogen. Data represent means + SE (# = 10). Bars labelled with different letters indicate significant
difference between the treatments. Asterisk represent level of statistical significance based on student ¢ test; * P<

0.05, ** P<0.01, and *** P<0.001. The experiment was repeated two times with similar results and representative
data from one of the experiments is shown.

The ratio of chlorophyll a/b was however significantly affected by genotype, nitrogen
treatment, and the interaction between nitrogen treatment and genotype (P<0.05, table 3.4).
Chlorophyll a/b ratio in the wild type is not affected by nitrogen treatment and is high in both in
nitrogen and KCl treatment (P>0.05, Figure. 3.10). By contrast, in the mutants, chlorophyll a/b is
greatly influenced by the nitrogen treatment (P<0.05, Figure. 3.10). In the mutants, the ratio of
Chl a and b is significantly lower in nitrogen compared to KCl treatments (Figure. 12). This data
implies that SDG33 and SDG34 play a role in maintaining the chlorophyll a/b ratio in changing

nitrogen conditions.
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Figure 3.10. Chlorophyll a/b ratio is altered in sdg33 and sdg34 in response to nitrogen. a) Chlorophyll a/b) ratio
of sdg33 and sdg34 mutants and the wild type in response to nitrogen. Data represent means + SE (n = 10). Bars
labelled with different letters indicate significant difference between the treatments. Asterisk represent level of
statistical significance based on student ¢ test; * P< 0.05, ** P< (.01, and *** P< 0.001. The experiment was
repeated two times with similar results and representative data from one of the experiments is shown.

3.5 Discussion

Post translational histone modifications such as histone lysine methylation alter chromatin
structure thereby influencing transcription and other DNA dependent processes. In recent years
histone lysine methylation through transcriptional regulation of key genes has been shown to
mediate plant response to environmental stress. In this study we show that SDG33 and SDG34
associated with H3K4 and H3K36 methylation (ref) are important epigenetic regulators of nitrogen
responsive genes in tomato. Mutation in SDG33 and SDG34 results in misregulation of nitrogen
responsive genes. This results in altered physiological nitrogen response in tomato roots and shoot.
We further show that SDG33 and SDG34 have overlapping and distinct functions in tomato.

The function of tomato putative histone methyltransferases has not been determined and a
few histone methyltransferases have been characterised in Arabidopsis. SDG33 and SDG34 are
tomato homologues of Arabidopsis SDGS, sharing 100% similarity in the SET domain responsible
for the catalytic activity indicating conserved function (169). In Arabidopsis, the target of SDG8
are commonly down regulated in the sdg8 mutant, indicating the role of SDGS as an activator (Li

etal., 2015). Interestingly, in our data, not only the down-regulated but also the up-regulated genes
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in slsdg33 and slsdg34 mutants have significant overlap with the bona fide AtSDGS targets
(p<0.001; Table 3), supporting that a certain level of conservation of targets and thus function
between AtSDGS and the tomato homologs SDG33 and SDG34. Functional divergence, however,
cannot be ruled out as some of the gene activated by AtSDGS8 were repressed by the tomato
homolog. The basal and induced expression and repression of many genes has been shown to
depend on 4tSDGS8 (148, 192). Consistently, genome-wide transcriptome analysis revealed that
both SDG33 and SDG34 are required for the expression and repression of a significant number of
genes in the shoot and roots of tomato. It is interesting to note that although SDG33 and SDG34
are associated with methylation marks associated with gene activation, several genes are
upregulated in the mutants. It is plausible that loss of SDG33 and SDG34 leads to other
modifications that results in upregulation of downstream genes. Indeed, H3K36me3 show negative
crosstalk with H3K36ac mediated by SDG8 and GNCS5 in Arabidopsis and both H3K36me3 and
H3K36ac histone modification are associated with gene expression (226). Consistent with
similarity in protein architecture (169), SDG33 and SDG34 have overlapping functions. Several
genes were differentially expressed in sdg33 and sdg34 and a significant portion is common
between sdg33 and sdg34. However, there remain a portion of genes that are uniquely regulated
by SDG33 or SDG34. Furthermore, the GO terms for the unique genes to SDG33 or SDG34 is
different, for example in the shoot SDG33 uniquely activate genes involved in DNA binding while
the genes activated by SDG34 had no significant GO term in the same tissue. The differential
regulation by SDG33 and SDG34 are further supported by the occurrence of different regulatory
motifs in the promoters of genes regulated by SDG33 and that of SDG34.

Our genome-wide analysis of nitrate regulated gene expression in sdg33 and sdg34
identifies multiple nitrogen responsive genes misregulated in the roots and shoots (Table 3). Loss
of SDG33 and SDG34 caused reprogramming of genome wide transcriptional response to nitrate
affecting the expression of genes enriched with GO terms such as regulation of gene expression,
regulation of nitrogen metabolism and regulation of hormone stimuli in the roots (Figure 3.4). The
altered transcriptional response is associated with altered root growth in response to nitrogen. The
WT roots increase in bushiness and root biomass in nitrogen treatment relative -N treatment while
the mutants are insensitive to this morphological response (Figure 3.8). The adaptive root response
to nitrate (NOs-) depends on the Nitrate transporter 1.1 (NRT1.1). At low NOs- concentration,

NRT1.1 which is also an auxin transporter facilitates basipetal auxin transport of auxin, lowering
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auxin accumulation in the lateral root tips. This inhibits lateral root growth and elongation.
However, in high (NOs-) the auxin transport facilitation by NRT1.1 is inhibited, allowing auxin to
accumulate in lateral root tips which results in lateral root growth (227, 228). Therefore, NRT1.1
is essential for plants to sense the availability of nitrate and to stimulate lateral root growth to
colonize the nitrogen rich soil patch (Remans 2016), In agreement with this notion, our data shows
that in WT, the NRT1.1 transcript level in the presence of NOs- is high, associated with increased
lateral roots while under N-deprived condition, the level of NRTI.] transcripts is lower and is
associated with less lateral root growth. This regulation of NRT1.] is however abrogated in the
mutants; In the mutant, the NRT1.1 transcript level is repressed by high (NOs-) and is associated
with a loss of the growth response of lateral roots. This shows that the regulation of NRT1.1 by
nitrogen requires functional SDG33 and SDG34. Moreover, NRT1.1 mediated regulation of
lateral roots involves an interplay of auxin accumulation. Our genome-wide analysis has also
identified “response to auxin” as a significant GO term enriched among the genes regulated by
SDG33 and SDG34. Indeed, auxin plays a vital role in controlling plant growth and development
via the control of cell division, growth (expansion and elongation) and differentiation (229).
Recently, Small Auxin-Upregulated RNA (SAUR) genes have been shown to regulate cell
expansion. Auxin induces the expression of SAUR which inhibit PP2C.D phosphatase mediated
dephosphorylation of plasma membrane H*-ATPase Thr’* resulting in equilibrium shift in the
plasma membrane H*-ATPase towards the phosphorylated active state. This in turn results in
increased apoplastic acidification and cell expansion (230). In this work, SAUR genes
(Solyco01g091030.3, Solyco01g096340.3, Solyco05g056640.2) (Figure 3.5C) are induced in
response to (NOs-) in the WT but not in the mutants suggesting that the expression of these SAUR
genes requires SDG33 and SDG34. Altogether, our data provides evidence for another level of
regulation of nitrate induced lateral root growth. From this study it is plausible to hypothesize that
high nitrogen inhibits auxin transport by NRT1.1 resulting in auxin accumulation in the lateral root
tips. The auxin induced growth of lateral roots, however, requires SAUR expression which is
regulated by SDG33 and SDG34. Thus, without SDG33 and SDG34 in the mutants the low
expression of SAUR inhibits nitrate dependent, auxin induced lateral root growth. It will be
however interesting to study the methylation pattern on SAUR genes in response to nitrate to

understand how SDG33 and SDG34 regulate their expression.
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In the shoots, the altered transcriptional response highlighted genes related to
photosynthesis, nitrogen assimilation and response to stimulus pathways (Figure 3.7). Indeed,
chlorophyll a-b binding protein and photosystem reaction centre proteins are misregulated in the
mutants in response to nitrate. Photosystem (PS I)1 contains largely chlorophyll a molecule with
little or no chlorophyll b molecule. On the other hand, photosystem II (PS II) contain chlorophyll
a and well as up to 50% chlorophyll b (231). Hence chlorophyll a/b ratio could reflect the ratio of
photosystem I to photosystem II. The WT chlorophyll a/b ratio in (+N) is not responsive to
changes in nitrogen while in the mutants it tends to decrease in (+N) condition. In the mutants,
lower chlorophyll a/b in response to a supply of nitrogen is associated with lower chlorophyll a
and higher amount of chlorophyll b (Figure 3.9A and B) and hence an increase in ratio of PS II to
PS1. From the transcriptome data, we observed that the PSI subunit transcripts are lower in (+N)
condition in mutants than the WT, while the PSII subunit transcripts are higher in the mutants than
the WT, which is in agreement with the low chlorophyll a and high chlorophyll b and hence low
chlorophyll a/b ratio in (+N) The physiological consequence of the shift of chlorophyll a/b ratio in
the mutants require further investigation. It is possibly an adaptive mechanism, as increasing
chlorophyll b increases the range of wavelength to capture light and optimise photosynthesis (232).
Indeed, we also observed that the Nitrate transporter 1.5 (NRT1.5) transcripts are low in (+N)
treatments in the mutants compared to the WT, (Figure 3.5A) thus the root to shoot transport of
nitrate (233) is affected in the mutants in (+N) condition. Hence the shoots of mutants will reflect
a low chlorophyll a as a direct correlation of the low nitrate (232) caused by the defective long-
distance transport of nitrate and high chlorophyll b as an adaptation to maximise photosynthetic
capacity. Overall, SDG33 and SDG34 are required for the expression of (NRTI.5) in (+N)
conditions to mediate root to shoot transport of nitrate and thus normal chlorophyll a/b ratios.

In conclusion, our study demonstrated that histone methyltransferases SDG33 and SDG34
play overlapping and distinct roles in regulating gene expression in tomato. We show that some
of these roles are conserved with the Arabidopsis homologue SDG8 and that SDG33 and SDG34
have evolved other function specific to tomato. Additionally, SDG33 and SDG34 are required for
nitrogen response in the roots and shoots of tomato. We posit new insights of regulation in nitrate
dependent NRT1.1 induced lateral root growth that requires SAUR gene expression that dependent
on SDG33 and SDG34 in the roots. We also show that SDG33 and SDG34 regulate expression of

many genes in a nitrogen dependent manner either directly or indirectly. SDG33 and SDG34 are
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histone methyltransferase associated with H3K4 and H3K36 methylation, it will be however
interesting to analyse what methylation marks are present on SDG33 and SDG34 nitrogen-related

targets, and how these mediate nitrogen responses.
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CHAPTER 4. TOMATO HISTONE LYSINE METHYL TRANSFERASE
SDG20 REGULATES PLANT IMMUNITY AND IS REQUIRED FOR
PLANT VIABILITY

4.1 Abstract

Plant defense to pathogens is complex and involve sophisticated recognition and signalling
networks leading to resistance to infection. Recently, histone lysine methylation has emerged as
one of the mechanisms that modulate plant immunity to pathogens. We have identified Set Domain
Group 20 (SISDG20) an orthologue of Arabidopsis SDG25 in tomato. SISDG20 protein is a
member of the class III of SDG proteins, contains the SET, Post-SET domain and GYF domain
important for proline-rich sequence recognition. SISDG20 is highly induced by B. Cinerea, Methyl
Jasmonate and Ethylene. To further understand the functions of SISDG20 in tomato development
and plant immunity we produced s/sdg20 knockout mutants through CRSIPR/Cas9. We identified
one homozygous slsdg2() mutant with 151bp deletion in an exon immediately before the SET
domain. Global methylation assay on the slsdg20 mutant confirmed that SISDG20 is an H3K4
methyltransferase. The s/sdg20 mutant displays shorter plant stature than the wild type, produced
more adventitious shoots causing prolific branching, and narrow leaves. Further, the mutant plants
produce abnormal fruit and fewer seeds that hardly germinate. We characterised the s/sdg20
mutants’ response to the necrotrophic pathogen B. cinerea and the bacterial pathogen Pst DC3000.
slsdg20 mutant is highly susceptible to B. cinerea compared to the wild type indicating that
SISDG20 may mediate tomato response to B. cinerea. By contrast, the in response to Pst DC3000
inoculation, s/sdg2(0 mutants were comparable to the wild type. Interestingly, slsdg20 response to
the non-pathogenic ArcC strain of Pst DC3000, was severely impaired in the s/sdg20 mutant,
suggesting a possible role of SISDG20 in PAMP Triggered Immunity. Our data genetic data

implicates tomato SDG20 in plant immunity and growth functions.

4.2 Introduction

Plant defence against pathogens involve sophisticated microbial sensing and signalling
mechanisms which result in activation of plant immune responses (132-136). Plants respond to

pathogens by distinct yet overlapping mechanisms that impede the growth and establishment of
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the pathogen. Generally, Plants recognise conserved pathogen molecular structures called
pathogen associated molecular patterns (PAMPs) and plant generated molecules that signal
damage called damage associated molecular patterns (DAMPs) to induce defense responses called
pattern triggered immunity (PTI). PTI is a basal form of defense response and is effective against
diverse pathogens independent of the lifestyle of the pathogen. On the other hand, pathogens can
deploy a plethora of effectors, breaching the first line of defense. Each effector is specifically
recognised by plant resistance proteins resulting in effector triggered immunity (ETI). ETI results
in hypersensitive response at the infection site, and usually disease resistance (234). Downstream
of ETI and PTTI are plant hormones that modulate plant immunity signalling network regulating
the expression of well characterised defense genes (235, 236). The hormone salicylic acid (SA),
mediates resistance to biotrophic pathogens, while resistance to necrotrophic pathogens is
mediated by ethylene (ET) and Jasmonic acid (JA) (132-136). In addition, regardless of the
pathway, plant immune pathways merge into common immune responses. Accumulation of ROS,
biosynthesis of hormones, MAPK activation widely occur regardless of the pathway. The
distinction between ETI and PTT also gets blurred at the early stages at the effector and receptor
levels (237). Although great strides have been made in understanding plant defense response, it
has become clear in the last decade that it is more complex than the accepted models. There are
still knowledge gaps in understanding plant immunity signalling pathways and how they are
associated with transcriptional reprogramming in the nucleus.

In the nucleus, genomic DNA in eukaryotes does not appear as a free linear strand but is
condensed into nucleoprotein complex called chromatin. The basic structural unit of chromatin is
the nucleosome which is made up of approximately 147 base pairs of DNA wound around a histone
octameric core with two cores of each histone proteins H2A, H2B, H3, and H4. The histone linker
protein H1 locks DNA into place by binding at the entry and exit sites of DNA thus creating a
compact hierarchical architecture (238, 239). Condensed chromatin state poses a barrier to all
DNA templated processes such as transcription and DNA repair. Histones have N-terminal tails
rich in basic amino acids which protrude from the nucleosomes, and these can be modified post
translationally by acetylation, methylation, ubiquitylation, sumoylation, ADP-ribosylation,
deamination, Proline isomeration, and phosphorylation (6, 10). These modifications influence
chromatin structure, affecting accessibility of the transcriptional machinery to the corresponding

DNA thus modulating gene expression and/or repression (6).
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Several studies have shown that post-translational modification of histones, together with
corresponding histone modifiers plays an important role in expression of defense genes (240).
Histone lysine methylation (HLM) has emerged as one of the mechanisms that modulate plant
immunity to biotrophic and necrotrophic pathogens (137). HLM is the transfer of methyl groups
from the cofactor S-adenosylmethionine to the e-nitrogen of specific lysine residues to the N-
terminal tails of H3 and H4 and is catalysed by histone lysine methyltransferases (HKMTs).
Reversible HLM alters chromatin, influencing the accessibility of the transcriptional machinery to
the corresponding DNA thus modulating transcription, establishing permissive or repressive states
of targeted genes. Histone lysine residues can be mono, di or tri-methylated resulting in different
regulatory impacts. Plant HKMTs have a conserved SU- (VAR) 3-9, Enhance of zeste E (Z) and
Trithorax (TRX) (SET) domain responsible for their enzymatic activity. Many SET Domain Group
(SDG) proteins have been identified in plants (6, 10).

In Arabidopsis thaliana Set Domain Group 8 (SDGS) is an H3K36 and/ or H3K4 methyl
transferase required for H3K36me3 at the chromatin of LAZARUS 5 (LAZ5), a TIR-class NB-LRR
R-protein, regulating its transcription and to maintain its transcriptionally active state. In the same
study, SDG8 mutation resulted in low H3K36me3 on chromatin of RPMI and RPS5 regulatory
regions and thus their low transcripts which correlated with the susceptibility to the bacterial
pathogen Pseudomonas syringae DC3000 (PstDC3000) expressing AvrRpml and AvrPphB,
respectively (140). SDGS is also required for the expression of PLANT DEFENSINI.2 (PDF1.2),
VEGETATIVE STORAGE PROTEIN2 (VSP2) and Mitogen-Activated Protein Kinase (MAPK)
Kinase 5 (MKK5) genes involved in the JA/ET mediated defense pathway in response to B. cinerea
and Alternaria brassicicola thus playing an important role in plant immunity to necrotrophic
pathogens.

SDG25/ATRX7 a H3K4 methyltransferase, was shown to interact with MODIFIER OF
SNC1 9 (MOS9) and this interaction is required for the full expression of SUPPRESSOR OF NPR1-
1, CONSTITUTIVE 1 (SNCI) and RECOGNITION OF PERONOSPORA PASITICA 4 (RPP4)
which are Toll Interleukinl Receptor (TIR) like Nucleotide Binding Leucine Rich Repeat (NB-
LRR) containing R-proteins (TIR-NLR) involved in plant immunity. Furthermore, loss of SDG25
results in reduced H3K4me3 marks on the promoter region of RPP4 and SNCI which correlates
to their reduced expression and thus increased susceptibility to Hyaloperenospora arabidopsidis

(141).
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Recently, SDG8 and SDG25 were further characterised in detail for their role in plant immune
pathways(148). The sdg8 and sdg25 mutants are impaired in flagellin22, pep1, effector triggered
immunity, systemic acquired resistance to Pst DC3000, B. cinerea and A. brassicicola. The loss
of resistance in the mutants is attributed to altered global and CAROTENOID
ISOMERASE?2 (CCR2) and ECERIFERUM3 (CER3) specific histone lysine methylation (148).
CCR?2 is involved in carotenoid biosynthesis and CER3 in cuticle biosynthesis. Mutants in CCR2
and CER genes and the sdg8, sdg25 and double mutants resulted in lower levels of lipids, cuticular
wax and increased cuticle permeability. Moreover, ccr2 and cer3 mutants are also susceptible to
B. cinerea and A. brassicicola. Loss of SDG8 and SDG2S5 significantly affected CCR2 and CER3
H3K4 and H3K36 methylation patterns. Globally SDG25 affects H3K4mel methylation while
SDG8 affects negatively H3K4mel and H3K36mel and positively H3K36me2 and H3K36me3
methylations (148).

We identified the tomato SDG20, an orthologue to Arabidopsis SDG25 based on sequence
comparisons and studied its functions in plant immunity. Tomato SDG20 is a SET domain protein
suggesting histone lysine methyltransferase activity (169). In addition to the SET and Post-SET
domain, SDG20 has a GYF domain important for proline-rich sequence recognition (169). Tomato
SDG20 is highly induced by the fungal pathogen Botrytis cinerea, and the plant hormones
jasmonate and ethylene, indicative of its role in plant defence. To determine the functions of
SDG20, we generated tomato sdg20 knockout mutants through CRSIPR/Cas9. The sdg20 mutant
is highly susceptible to the fungal pathogen B. cinerea and to the non-pathogenic bacterial strain
Pst DC3000 ArcC, impaired in the type three secretions system, but is competent to induce PAMP
triggered immunity. The data suggest that SDG20 is required for PTI to fungal and bacterial
pathogens. Global HLM assay in the sdg20 mutant revealed that SDG20 is required for H3K4 di-
and tri-methylation and all levels of H3K36 methylation. In addition, the loss of fertility and
grossly altered leaf shape, plant stature in the sdg20 mutants suggest that SDG20 is also required

for plant growth traits.
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4.3 Materials and methods
4.3.1 Plant materials and growth conditions

Tomato (Solanum lycopersicum) cultivar Casstlemartll were grown in plastic pots
containing compost soil (Sun Grow Metro mix 510) in a growth chamber under extended 12-hour
photoperiod at 24 °C. Castlemart11 is referred to as the wild throughout this paper and all the
mutants were generated in the Castlemartll background. For seedling growth response assays,
seeds were surface sterilised with 20% Sodium Hypochlorite, washed several times in distilled
water and germinated on full Murashige and Skoog (MS) medium with 2% (w/v), sucrose 0.8%

(w/v), 1.5% bacto agar, and supplemented with Gamborg’s vitamins under 16 hour light, 8 hour

dark at 24 °C.

4.3.2 Generation of sdg20 mutants

To generate sdg2() mutants, two specific guide RNA (gRNA) were designed using the CRISPR
Plant gRNA design software https://www.genome.arizona.edu/crispr/CRISPRsearch.html. The
two gRNA were cloned into the CRISPR/Cas9 vector pKSE401 according to (165). Tomato

cultivar Castlemart II cotyledons explants were suspended in Agrobacterium carrying the
constructs for 30 minutes and the explants blot dried on sterile blot paper to remove excess
Agrobacterium. Agrobacterium infected explants were co-cultivated on media consisting of
strength MS salts and vitamins (241), 0.8% gelrite + acetosyringone + and incubated in the dark
at 21 °C 48 hours. The explants were then transferred to regeneration medium (MS salts and
vitamins (241), + Zeatin + Cefotaxime 75mgL-! +Ticarcillin + 0.8% gelrite + 75mgL"! Kanamycin,
pH. 6.0) to induce callus formation. Green callus was transferred to shoot induction medium (MS
salts and vitamins (241), + Zeatin + Cefotaxime 75mgL! +Ticarcillin + 0.8% gelrite + 75mgL"!
Kanamycin)0.8% gelrite pH. 6.0) Regenerated plantlets were transferred to rooting medium (MS
+ Zeatin + Cefotaxime 75mgL ! +Ticarcillin + 0.8% gelrite + 75mgL! Kanamycin, pH. 6.0). Fully
rooted plants were transferred into the soil and genotyped by PCR with primers covering the

expected deletion. The deletions were confirmed by sequencing.
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4.3.3 Global methylation assay

Core histone proteins were extracted form 4 weeks old sdg20 and WT plants as described by (166).
Proteins were separated on 15% SDS-PAGE gel and transferred to PVDF membranes. The
membranes were immunoblotted with primary antibodies anti-H3K4mel (07-436; EMD
Millipore), anti-H3K4me2 (07-030; EMD Millipore), anti-H3K4me3 (07-473; EMD Millipore),
anti-H3K36mel (ab9048; Abcam), anti-H3K36me2 (07-369-1; EMD Millipore), anti-H3K36me3
(ab9050; Abcam), and anti-H3 (ab1791; Abcam) as a loading control. Anti-rabbit was used as the
secondary antibody. Visualisation of the bound primary antibody was done with the enhanced
chemiluminescence (Thermo Scientific) detection system according to the manufacturer’s

protocol.

4.3.4 Fungal culture and disease assays

To start plants for disease assays, sdg20 and WT seeds were surface sterilised germinated on filter
paper. When the radicle emerged, they were transferred to soil. 4-week-old plants were used in all
our disease assays. Botrytis strain B05-10 was grown on V8 media and conidia prepared as
previously described (242). For gene expression, conidia were sprayed on whole plants and for
disease assays detached leaves were drop inoculated with SuL of spore suspension (2.5 x10"5
spores/mL). Leaves were incubated in high humidity and lesion diameter was measured 3 days

after inoculation.

4.3.5 Bacterial disease assays

P. syringae strains were cultured in King’s B medium (20 g peptone, 10 g glycerol, 1.5 g K;HPO4,
and 6 mL of 1 M MgSOu/L, pH 7.2) with appropriate antibiotics on a rotary shaker overnight. The
bacteria were then suspended in 10 mM MgCl.. Bacterial disease assay were done as previously
described (243). Briefly, leaves of 4-week-old tomato plants were syringe infiltrated with bacterial
suspension of (ODgoo = 0.001 in 10 mM MgCL). Bacterial growth was determined by collecting
leaf discs of infected plants at 0 and 3 days after inoculation. The leaf discs were ground in 10 mM

MgCl: and bacterial titre per leaf area was determined.

99



4.3.6 RNA extraction

Total RNA was extracted from the shoot and root using the Trizol (Invitrogen) according to the
manufacturer’s instructions. After extraction, RNA was treated with DNASE (New England
Biolabs) according to the manufacturer’s instruction. RNA was precipitated with 3M Sodium
acetate and three-times with 100% ethanol. Integrity of RNA was assessed by the Agilent

Bioanalyzer (Agilent technologies).

4.4 Results
4.4.1 Characterization of tomato SDG20, a putative histone methyltransferase.

Tomato SDG20 was previously identified from a genome wide sequence analysis (169)
that identify and describe 52 putative histone methyltransferases in tomato. SDG20 has 19 exons
which encodes a 1597 amino acid protein with an estimated molecular weight of 174.813kD
(Figure 4.1A). SDG20 belongs to class III family of SDGs according to classification by Springer
and colleagues (244), annotated as homologous to THITORAX (TRX) originally identified in
Drosophilla melongaster. SDG20 like any other class I1I protein, contains SET (PF00856) domain
responsible for the catalytic activity and post-SET (SM00508) domain with no known functions.
Unlike its Arabidopsis orthologue SDG25, tomato SDG20 (S/ISDG20) has an additional GYF
domain (SM00444) that is important for proline-rich sequence recognition. Domain architecture
and sequence comparisons suggest that SDG20 is a putative histone methyl transferase.

Sequence and phylogenetic analysis were performed to decipher the relationship between
SDG20 and other class III histone methyltransferases. SDG20 shares 36-76% amino acid sequence
similarity with other class IIII histone methyltransferase form other plant species. SDG20 is similar
to Arabidopsis SDG25 showing the highest amino acid sequence identity of 76%. Also, the rice
putative histone methyltransferase OsSDG717 is very similar to SDG20 sharing 73% amino acid
sequence. Furthermore, the phylogenetic analysis clusters tomato SDG20, Arabidopsis SDG25
and rice SDG717 into the same clade (Figure 4.1B) consistent with the amino acid sequence

analysis.
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Figure 4.1. Genomic structure and proteins domain in tomato SDG20. A) SDG20 genomic organization, protein
structure and domain architecture of SDG20 showing the exons and intron. Exons- dark shaded bars and introns-
horizontal lines between the exons. B) Maximum Likelihood phylogenetic analysis of class III SDG proteins from
Arabidopsis thaliana (At), Solanum lycopersicum (Sl), and Oryza sativa (Os). Phylogenetic analysis was
performed using Mega7 package. The tree is drawn to scale with branch length measured in the number of
substitutions per site. Bootstrap values higher than 50% are shown.

To gain insight into the biological functions of SDG20, we examined its expression
patterns in leaves, roots, flower structures, green fruits, and red fruits using RT-qPCR (Figure
4.2A). SDG20 transcripts are expressed in all tissues with the highest expression in the stigma,
followed by the sepals. Leaves have higher SDG20 transcripts compared to the roots, petals,
stamens, green and red fruits whose SDG20 expression in these tissues is not statistically
significant from each other. To determine the functions of SDG20, we looked at the expression
profile after pathogen infection and treatments with plant hormones. SDG20 is highly induced by
B. cinerea as early as 24 hours after inoculation and this increases further at 48 hours after
inoculation to at least 3 folds difference compared to mock inoculated plants (Figure 4.2B). Methyl
jasmonate (MeJA) induced the SDG20 transcripts. Further, SDG20 transcripts are higher than in
the mock treated samples at 24 hours after 1-Aminocyclopropane-1-carboxylic acid (ACC)
treatment, but lower than the mock at 12 and 36 hours after treatment. In response to Pst DC 3000,

SDG20 transcripts are lower than mock treatment at 24 and 48 hours after treatment. SDG20 is
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transcriptionally regulated by biotic stress, and hormones suggesting the role of SDG20 in plant

defense to disease.
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Figure 4.2. The expression profiles of SDG20 in WT and under different elicitors. A) Tissue specific expression
of SDG20 in WT tomato plants. B) B.cinerea induced expression of SDG20 in 4 weeks old WT plants treated
with 2.5 x10"5 spore/mL B. cinerea spore. C) Expression of SDG20 in the mock treated and MeJA and D)
Expression of SDG20 in the mock treated and Acc treated WT plants. Bars represent the means; the error bars
represent the standard deviations of three technical replicates of each treatment. The B-actin gene was used as an
internal control in the qRT-PCR. The experiment was repeated at least 2 times with similar results.

4.4.2 Characterization of sdg20 loss of function mutants.

To study the function of SDG20, we generated gene edited lines through CRISPR/Cas9-
induced sgRNAs were specific and to avoid off target mutagenesis we used the gRNA design

software www.genome.arizona.edu/crispr. The gRNAs were expressed under the control of

Arabidopsis U6 promoter. One homozygous and other heterozygous and chimeric mutations for
SDG20 were generated in TO generation. The sdg20./ mutant allele carried a deletion of 3bp in
the first target and a148bp deletion in the second target (Figure 4.3 A-B). Further analysis indicated
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that the that the deletions in sdg20./ introduced premature stop codons which suggest that a
truncated protein is produced. Furthermore, quantitative Reverse Transcription Polymerase Chain
Reaction qRT-PCR showed that SDG20 transcripts were severely reduced in the sdg20.1 mutant
compared to the WT (Figure 4.3E-F).
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Figure 4.3. Molecular characterisation of sdg20 loss of function mutants. A) Schematic diagrams showing the
position of the deletions in sdg20 mutant. Black shaded boxes represent exons, the grey shaded boxes represent
the UTRs boxes represent exon, and introns are shown as horizontal lines. B). SDG20 expression in the mutants.
C) Alignment of mutated alleles sequences identified from cloned PCR genotyping fragments and the WT
sequences. The mutated alleles include deletions (shown by dashed lines) and insertions (shown by blue letters).
Only aligned sequences and the mutations are shown. The targets are shown by letters in red and the protospacer
adjacent motif (PAM) is shown by the bold-faced letters after the targets.

The homozygous line did not produce viable seeds. The fruits produced were small had an
average of less than five seeds which did not germinate. We crossed the homozygous line to the
WT and this mutation was maintained as a heterozygote which was fertile and produced seeds. To
study the effects of the mutations on SDG20, the heterozygous and chimeric seeds were selfed and
plants carrying the homozygous mutations were identified by PCR and used in all experiments
described here. The data suggest that sdg20./ mutant is a loss of function mutation in the SDG20
gene, and only the homozygous plants showed the altered growth phenotypes suggesting that this

1S a recessive mutation.
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4.4.3 Global histone lysine methylation is mediated by SDG20.

The protein domain structure and phylogenetic relationships suggest that SDG20 is a
putative histone methyltransferase. We determined whether loss of SDG20 affect any histone
methylations globally. Using western blot and antibodies specific to the different histone lysine
modifications, we analysed global histone methylation patterns in sdg20 mutant plants (Figure 4).
Loss of tomato SDG20 decreased the accumulation of H3K4mel and H3K4me2 globally
compared to the WT but levels of H3K4me3 were not affected (Figure 4.4A). All modifications
mono-, di- and tri-H3K36 methylations were lower in sdg2(0 mutant compared to the WT
(Figure4B). Taken together, this data indicate SDG20 plays a major role in global H3K36 di- and
tri-H3K4 methylation in tomato.

4.4.4 SDG20 is required for vegetative growth and proper leaf development.

a) b)
WT sdg20

H3K4mel 3K36mel

H3K4me2 H3K36me2

H3K4me3 - 3K36me3

- s =

Figure 4.4. Global histone lysine methylation levels in sdg20. Western blot analysis of A) H3K4 B) H3K36 in
Wt and, sdg20 mutants. Core histones were extracted from 4-week old plants and the blot probed with specific
H3K4 and H3K36 antibodies.

sdg2(0 mutant plants display a shorter than the WT plants (Figure 4.5A). Reduced plant
height can be attributed to fewer internodes and or shorter internode length. We examined
internode number and length in sdg20 and WT. SDG20 mutation results in fewer internode
number compared to the WT (Figure 4.5B). However, Internode length is the same between the
sdg20 mutant and the WT (Data not shown). Leaves of sdg20 are thinner with more serrations at
the leaf edge than the WT. Furthermore, the sdg20 leaves have light green blotches over the

normal dark green colour (Figure 4.5C). We also observed that flowers are smaller on the sdg20
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mutant plants and only a few of the flowers set fruit compared to the WT. Fruits of sdg20 plants
were sometimes parthenocarpic, contain only jelly and flesh and some had less than five seeds.

Thus, SDG20 is required for vegetative growth, leaf development, fruit and seed set.

4.4.5 SDG20 is required for disease resistance in tomato.

SDG20 is highly induced by B. cinerea and MeJA suggesting an important role of SDG20
in resistance to B. cinerea. To investigate the possible the role of SDG20 in defense against B.
cinerea, we tested the sdg20 plants for resistance to B. cinerea. We used detached leaf assays to
compare disease phenotypes between sdg20 and WT plants. sdg20 plants showed increased
susceptibility to B. cinerea, with larger disease lesions and tissue maceration than the WT (Figure
4.6A-B). This data shows that plants carrying loss of function alleles of SDG20 were susceptible
to B. cinerea and thus SDG20 is required for resistance to B. cinerea in tomato. To determine
specificity of SDG20 in plant immunity to distinct pathogen groups, we examined the role of
SDG20 in defense to bacterial pathogens. We analysed disease resistance phenotypes of sdg20 to
two Pst DC3000 strains; non-pathogenic Pst DC3000 ArcC” which is non-pathogenic, it lacks the
type III secretion system but retains all the PAMPs that trigger plant immune response. We
infiltrated leaves on whole plants with the bacteria and disease severity was measured by
quantification of bacterial growth as the number of colony-forming units after three days of
incubation. sdg20 plants were highly susceptible to the non-pathogenic Pst DC3000 hrcC
supporting more bacterial growth than the WT plants indicating impaired PTI in sdg20 plants
(Figure 4.6C).
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Figure 4.5. Phenotypic Characterisation of in sdg20 mutant. A) sdg20 plants are shorter than the WT plants, B)
Internode number in the sdg20 mutant and WT plants. The data shown are the mean+ SE (n > 10). Asterisks
indicate significant differences using Student’s t-test (*P < 0.05, **P < 0.01, ***P<0.001). C) Leaf and, D)
Flowers and fruits phenotypes of sdg20 mutant and WT plants, D) Flowers and fruits.

106



a) b)

iv»

*kk

Slsdg20.1

Lesion diameter (cm)

¢) PST DC3000 hrcC

»
1

Log (c.f.u cm?)
il

=N
1

3

WT sdg20

Figure 4.6. SDG20 is required for defense against fungal and bacterial pathogens. A) Disease phenotypes of sdg20
mutants and WT plants inoculated with B. cinerea, B) Lesion diameter of sdg20 mutants and WT plants inoculated

with B. Cinerea. Bacterial growth in sdg20 mutants and WT plants inoculated with C) Pst DC3000 /rcC . The
data shown are the mean+ SE (n > 10) for B. cinerea, (n=6) for Pseudomonas assays. Asterisks indicate
significant differences using Student’s t-test (*P < 0.05, **P <0.01, ***P<0.001). The experiments were repeated
at least 2 times with similar results, representative data is shown.

4.5 Discussion

Histone lysine methylation (HLM) is an epigenetic modification that modulate chromatin
state, thereby allowing transcription and other DNA dependent processes. Hence mutations in
histone lysine methyltransferases (enzymes that catalyse the HLM process) have a plethora of
phenotypes like susceptibility to bacterial and fungal diseases (18, 21, 148), sensitivity to abiotic
stress (114), growth pertubations and deviations (19, 182, 183) among others. However, in tomato
the functions of histone methyltransferases have not been characterised. In this study we

functionally deciphered the role of Set Domain Group 20 (SDG20) a putative histone
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methyltransferase (169) in growth, development and tomato immunity to bacterial and fungal
pathogens. We show that 1) SDG20 is highly expressed in the stigma, sepal and leaves; 2) SDG20
is induced by B. cinerea, and Methyl jasmonate; 3) SDG20 is required for resistance to B. cinerea
and Pst DC3000 hrcC , and 4) SDG20 is required for growth, flower and fruit development and
seed set.

Arabidopsis SDG25, a homologue of tomato SDG20, has been previously shown to
regulate immunity to plant bacterial and fungal pathogens by mediating histone lysine methylation
marks at chromatin of defense responsive genes (141, 148). The first line of defence against B.
cinerea involves barriers provided by the plant cuticle and cell wall (245). Consequently, genes
that play a role in the formation and maintenance of these barriers are required for resistance to B.
cinerea. Reduced expression of CCR2 and CER reduce lipid accumulation and increase
permeability of the leaf cell and thus results in susceptibility to B. cinerea. Furthermore, the
expression of CCR2 and CER requires H3K4me4 and H3K36me3 mediated by Arabidopsis
SDG25 and SDG8 (148). Defence against B. cinerea is also mediated by the JA/ET pathway.
Histone lysine methyltransferase SDGS8 has been show to regulates the expression of several genes
in this pathway through H3K36 methylations at these genes (18). The sdg20 mutants is required
for H3K4me2 and 3 and H3K36mel, 2 and 3 global methylation (Figure 4.4). and displays
susceptibility to the fungal pathogen B. cinerea (Figure 4.6A, B) and However, questions on how
the reduced methylation patterns in sdg20 relate to susceptibly to B. cinerea remain. Genome wide
transcriptome profiling of sdg20 in response to B. cinerea will provide insights to the genes and
pathways regulated by SDG20. Further analysis of these targets in terms of methylation state
before and after B. cinerea infection in sdg20 will reveal the mechanism of SDG20 in regulating
basal and induced defense responses to B. cinerea.

Mutation in SDG20 results in susceptibility to the non-pathogenic Pst DC3000 ArcC
(Figure 4.6C) and thus we hypothesised that SDG20 is required for PTI responses. Pst DC3000
hreC lacks the Type III secretion system and transcriptional programming by such mutants is
usually due to a collective action of multiple PAMPs (246). We ask questions like does SDG20
mediate response to a collective number of PAMPs or is it specific to Flagellin, or chitin or EF-
Tu. Thus, the mechanism of how SDG20 mediate PTI needs further studies. We propose studying
the disease resistance phenotype of sdg20 after Flagellin 22 (flg22) or chitin, discovering target
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genes who expression in regulated by the PAMP treatment and SDG20, and deciphering the gene
specific methylation in response to flg22 or chitin treatments.

We have identified interesting phenotypes suggesting the role of SISDG20 tomato growth,
development and plant immunity. However, the preliminary studies were done only on one mutant
allele of SISDG20, but two independent alleles are required to confirm the phenotypes we
observed. Furthermore, the molecular mechanism of function of SISDG20 in growth, development
and tomato immunity is not known. Hence, we propose to identify the second allele of slsdg20
mutant and decipher the molecular mechanism underlying the function of SISDG20 histone

methyltransferase in tomato growth, development and immunity to pathogen.
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CHAPTER 5. IDENTIFICATION OF TOMATO RECEPTOR LIKE
CYTOPLASMIC KINASES REQUIRED FOR RESISTANCE TO FUNGAL
PATHOGENS.

5.1 Abstract

Plant Receptor like cytoplasmic kinases (RLCKs) are a subclass of the plant Receptor like
kinase (RLKs) superfamily of proteins that function at early stages of immune signalling. Plants
perceive the presence of pathogens through Pattern Recognition Receptors (PRR) which are
predominantly RLKs, and subsequently recruit RLCKs to signal to downstream regulators of
defense responses. The RLKs CERK1, FLS2, are two examples that have been well studied in
fungal and bacterial response signaling. Similarly, many RLCKs were characterized from model
plants such as Arabidopsis for their role in signalling of responses to bacterial infection. An
example of RLCKs is Arabidopsis BIK1 and related proteins which are implicated in signal
transmission of pathogen recognition event at the cell surface. The tomato genome encodes 647
RLK/RLCKSs comprising about 2% of its predicted genes. The functions of most of these predicted
tomato RLCKs and RLKs have not been determined. Previously, our lab characterized the
Arabidopsis BIK1, tomato TPK1b RLCKs for fungal resistance. Here, we conducted a reverse
genetic screen focused on BIK1 and TPK1b related tomato RLCKs to identify a subset with
defense functions. Virus induced gene silencing and pathogen assays conducted on 15 RLCKs
identified four RLCK genes with potential role in plant immunity to fungal pathogens. Then,
tomato knock out mutants were generated for four RLCK genes through CRISPR/cas9 genome
editing to validate the VIGS data. Subsequently, fungal disease response assays on the mutant
lines demonstrated that TPK07, TPK09, TPKO11 and TRKO04 are required for resistance to B.
cinerea. This is supported by the pathogen induced expression of these genes. Furthermore, trk04
seedlings are impaired in Jasmonic acid responses. Our study establishes that tomato TPKO07,
TPKO09, TPKO11 and TRKO04 contribute to defense against B. cinerea but their mechanism of

function needs to be elucidated in future studies.
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5.2 Introduction

Plants are sessile in nature hence they are constantly challenged by diverse pathogens. To
defend themselves, they rely on innate immune system where each plant cell initiates and
maintains response mechanisms to ward off potential pathogens (247, 248). The first layer plant
innate immune system involves recognition of Pathogen Associated Molecular Patterns (PAMPs)
or host derived Damage Associated Molecular Patterns (DAMPs) by Pattern Recognition
Receptors (PRR) resulting in activation of downstream defense responses that culminate in halting
of pathogen proliferation. This immune response is referred to as Pattern Triggered Immunity
(PTD), it repels pathogens and contribute to basal level of immunity during infection (249-251).
To overcome PTI, pathogens have evolved effector proteins which are secreted directly into host
cells to supress host immunity and/or to manipulate host metabolism for virulence. In parallel,
plants have evolved intracellular immune receptors that specifically recognise pathogen derived
effectors and activate immune responses often accompanied by the hypersensitive cell death, a
known plant immune response. This is referred to as Effector Triggered Immunity (ETI) and it
encompass the second layer of plant immune system (248, 250).

Protein kinases take a central role plant immune signaling. The presence of pathogens is
recognized through receptor-like protein kinases (RLKs). Most PRRs encode Receptor Like
Kinases (RLKs) and Receptor like Proteins (RLPs). RLKs have a extracellular domain,
transmembrane domain, and a intracellular kinase domain while RLPs are structurally similar to
RLKSs but they lack the intracellular kinase domain (252, 253). The most well characterised RLKs
are FLAGELLIN-SENSING 2 (FLS2), PEP1 RECEPTOR 1 (PEPR1), ELONGATION
FACTOR-TU (EF-Tu) RECEPTOR (EFR) and CHITIN ELICITOR RECEPTOR KINASE 1
(CERKI). FLS2 recognise conserved 22-amino-acid peptide (flg22) from bacterial flagellin (254),
PEPRI recognise endogenous plant elicitor peptides (Peps) (255), EFR recognise the conserved
18-amino-acid epitope (elf18) from the bacterial EF-Tu (256) and CERK 1 recognise recognize the
fungal chitin oligomers (257). Plant PRRs form complexes with other regulatory receptor kinases
such as BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) and recruit Receptor Like
Cytoplasmic Kinases (RLCKSs) to activate immune signalling thereby linking extracellular ligand
perception and downstream signalling (247, 258). Other protein kinases such as mitogen-activated
protein kinase (MAPK), calcium-dependent protein kinases (CDPKs) play a role in ETT and PTI
signaling pathways (259, 260).
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Downstream of PAMP recognition are RLCKs such as BIK1 and related proteins which
are involved in signal transmission of extracellularly-detected events(248, 261, 262). Interestingly,
tomato Pto and Fen as well as Arabidopsis PBS1 RLCKs recognize bacterial effectors in the host
cell cytoplasm. RLCKs are a subgroup of RLKs that lack the extracellular and transmembrane
domain. They interact directly with PRRs to transduce defense signals. Arabidopsis BOTRYTIS-
INDUCES KINASE 1 (BIK1) and its closely related subfamily members PBS-LIKE 1 (PBL1) act
downstream of FLS2 the coreceptor BAK1 complex and are required for FLS2 mediated responses
(259). Upon PAMP perception BIK1 is phosphorylated by BAK1 and it dissociates from PRR-
BAKI complex to initiate downstream immune responses. The bik! and pb/] mutants are impaired
flg22-mediated responses like ROS burst, MAP KINASE (MPK) signalling, calcium influx, actin
filament bundling, callose deposition and stomata closure(261, 263). In addition to FLS2, BIK1
and PBL1 also mediate PTI responses from other PRRs including EFR, PEPR1, PEPR2, and
LYKS. (259, 264, 265). BR-SIGNALINGKINASEI (BSK1) is another RLCK that interact with
FLS2 to mediate specific subset of flg22 responses (266). MAP KINASE (MAPK) cascade
represents key convergent module regulating different immune responses. PBS1-LIKE 27
(PBL27) is phosphorylated by CERK1 which in turn phosphorylate MAPKKKS conveying the
chitin induced immune signal (267, 268).

Consistent with the importance of protein kinases in plant immunity, pathogens have
targeted these components to subvert plant immunity and promote bacterial infection (ref). Type
IIT effectors AvrPto and AvrPtoB, for example, disrupt FLS2/BAK1 by binding to the kinase
domains of these proteins, and HopAll irreversibly alters a key phosphorylation site of MAPKs
to interfere with PTI signaling (261).

In tomato (Solanum Ilycopercicum) there are 128 RLCKs classified into 18 subfamilies
based on sequence similarities (269). The physiological function of most of these have not been
characterised. Tomato RCLK Pto, n required for resistance to bacterial speck disease of tomato
caused by P.syringae pv tomato carrying the effector AvrPto/ AvrPtoB. Pto is activated by
AvrPtoB, and physically interact with PTO RESISTANCE AND FENTHION SENSITIVITY
(Prf) allowing indirect detection of AvrPtoB. This results in a variety of defense responses such as
Hypersensitive Response (HR) (270, 271). TOMATO PROTEINKINASE1b (TPK1b), another

RLCK mediates disease resistance to necrotrophic pathogens in an ethylene dependent manner
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(243). Recently, PTO-INTERACTIN 1 (PTI1) was shown to be required for ROS production in
response to flagellin perception thus mediating resistance to P.syringae (272).

In the current study, we provide a preliminary description of RLCKs TPKO07, TPKO09,
TPKO11 and TRKO04 and show that these RLCKs play important roles in regulating resistance to
B. cinerea. Moreover, TRK04 is required for Jasmonic acid seedling responses. Further studies
are required to dissect the molecular and biochemical functions of RLCKSs in plant immunity and

other plant physiological functions.

5.3 Materials and methods
5.3.1 Plant materials and growth conditions

Tomato (Solanum lycopersicum) cultivar Casstlemartll were grown in plastic pots
containing compost soil (Sun Grow Metro mix 510) in a growth chamber under extended 12-hour
photoperiod at 24 °C. Castlemart11 is referred to as the wild throughout this paper and all the
mutants were generated in the Castlemartl 1 background. For seedling assays, seeds were surface
sterilised with 20% Sodium Hypochlorite, washed several times in distilled water and germinated
on full Murashige and Skoog (MS) medium with 2% (w/v), sucrose 0.8% (w/v), 1.5% bacto agar,
and supplemented with Gamborg’s vitamins under 16hour light, 8 hour dark at 24 °C.

5.3.2 Generation of tpk07, tpk09, tpk011 and trk04 mutants

To generate RLCKs mutants, two specific guide RNA (gRNA) for each RLCK were
designed using the CRISPR Plant gRNA design software then ensures specifity

https://www.genome.arizona.edu/crispr/CRISPRsearch.html . The two gRNA were cloned into the

CRISPR/Cas9 vector pKSE401 according to (165). Tomato cultivar Casstlemartl1 cotyledons
explants were suspended in Agrobacterium carrying the constructs for 30 minutes and the explants
blot dried on sterile blot paper to remove excess Agrobacterium. Agrobacterium infected explants
were co-cultivated on MS medium with 0.8% gelrite + acetosyringone + and incubated in the dark
at 21 °C 48 hours. The explants were then transferred to regeneration MS medium supplemented
with 75mgL"! Kanamycin to induce callus formation. Green callus was transferred to shoot

induction medium MS medium. Regenerated plantlets were transferred to rooting medium with
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MS +. Full rooted plants were transferred into the soil and genotyped by PCR with primers

covering the expected deletion. The deletions were confirmed by sequencing.

5.3.3 Fungal culture and disease assays

For disease assays, trk04 and WT seeds were surface sterilised germinated on filter paper.
When the radicle emerged, they were transferred to soil. 4 weeks old plants were used in all our
disease assays. Botrytis strain B05-10 was grown on V8 media and conidia prepared as previously
described (242). For gene expression, conidia were sprayed on whole plants and for disease assays
detached leaves were drop inoculated with Sul. of spore suspension at 2.5 x10"5 spores/mL.

Leaves were incubated in high humidity and lesion diameter was measured 3days after inoculation.

5.3.4 Bacterial disease assays

Bacterial pathogens were cultured in King’s B medium (20 g peptone, 10 g glycerol, 1.5 g
K>HPO4, and 6 mL of 1 M MgSO4/L, pH 7.2) with appropriate antibiotics on a rotary shaker
overnight. The bacterial was then suspended in 10 mM MgCl.. Bacterial disease assay were done
as previously described by (243). Briefly, leaves of 4-week-old tomato plants were syringe
infiltrated with bacterial suspension of (ODgoo = 0.001 in 10 mM MgClL). Bacterial growth was
determined by collecting leaf discs of infected plants the trk04 mutants and WT at 0 and 3 days
after inoculation. The leaf discs were ground in 10 mM MgCl. and bacterial titre per leaf area was

determined.

5.3.5 RNA extraction

Total RNA was extracted from the shoot and root using the Trizol (Invitrogen) according
to the manufacturer’s instructions. After extraction, RNA was treated with DNASE (New England
Biolabs) according to the manufacturer’s instruction. RNA was precipitated with 3M Sodium
acetate and three-times volume of 100% ethanol. Integrity of RNA was accessed by the Agilent

Bioanalyzer (Agilent technologies).
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5.3.6 Virus Induced Gene Silencing

We used the Tobacco Rattle Virus system previous described by (273). To generate
pTRV2-RLCK (TPKO7/TPK09/TPKO011/TRK04 )construct, about 300bp of the 5’ on the cDNA
was cloned into PYL156 (274). After confirming the sequences, the constructs were transformed
into Agrobacterium tumefaciens strain GV3101. pTRV1 and pTRV2-RLCK constructs were
agroinfiltrated into cotyledons of one-week old tomato seedlings. After four weeks, the plants
were analysed for RLCK gene expression and plants that showed at least 70% silencing were used

in disease assays.

5.3.7 Co-immunoprecipitation and immunoblot assays

Nicotiana Benthamiana transiently co-expressing RLCK-MYC, RLCK-HA were used in
the co-immunoprecipitation assays. Tissues were harvested at 24 hours after agroinfiltration and
frozen in liquid nitrogen. Tissues were the homogenised in cold protein extraction buffer ( 20mM
Tris-HCl pH 7.5, 150mM NaCl, ImM EDTA, I mM EGTA, I mM NaF, 10mM J-
glycerophosphate, 0.1% tween-20, protease inhibitor cocktail (Sigma-Aldrich), ImM PMSF, I
mM DTT, 1 mM Na3VOs and 0.1% Triton-X100). Tissue lysate was spun down and the
supernatant was collected and incubate with conjugated HA agarose beads (Sigma -Aldrich)
overnight. The beads were washed several times to remove unbound proteins and the proteins
denatured by heating. Proteins were separated on SDS PAGE gel and visualised by Western

blotting using corresponding antibodies.

5.4 Results
5.4.1 Characterisation of Tomato Receptor Like Cytoplasmic Kinases (RLCKs)

We screened for RLCKSs orthologous to Arabidopsis BIK1 (263, 275) and homologous to
tomato TPK1b (243) in the tomato genome. Many genes encoding RLCKs were identified (Table
5.1). We identified 15 tomato genes closely related to Arabidopsis BIK1.
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Table 5.1. Tomato Receptor Like Cytoplasmic Kinases (RLCKSs) similar to 4/BIK1 and SITRK1

Protein  Ortholog Gene

To test if any of these genes show possible plant defense functions, we tested whether any
of the proteins interacted with RPM1 Interacting Protein 4 (RIN4) and Flagellin Sensitive 2 (FLS2)
previously characterised proteins that play a role in tomato immunity to bacterial pathogens (254,
276). Interestingly all but one protein (TPKO07) interacted with RIN4 and FLS2 (Figure 5.1 and
5.2).
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Figure 5.1. Tomato Receptor Like Cytoplasmic Kinases (RLCKs) interacts with tomato RIN4. RIN4- HA was
transiently co-expressed with RLCK-MYC by agroinfiltration in N. benthamiana leaves. The empty vector
expressing MYC was used as a negative control. Anti-HA (a-HA) and anti-MYC (a-MYC) antibodies were used
to detect protein accumulation in input or immunoprecipitated (IP) samples.
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Figure 5.2. Tomato Receptor Like Cytoplasmic Kinases (RLCKs) interacts with FLS2. FLS2-HA was transiently
co-expressed with RLCK -MYC by agroinfiltration in N. benthamiana leaves. The empty vector expressing MYC
was used as a negative control. Anti-HA (a-HA) and anti-MYC (a-MYC) antibodies were used to detect protein

accumulation in input or immunoprecipitated (IP) samples.

We used Virus Induced Gene Silencing (VIGs) to screen for RLCKs susceptible to B.
cinerea. Of the fifteen RLCKs tested, silencing of TPK07, TPK09, TPKO011 and TRK04 resulted
in susceptibility to B. cinerea (Figure 5.3A). We did not find any significant differences when

these VIGS plants were tested for resistance to P. syringae (Figure 5.3B).
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Figure 5.3. TRKO4, TPKO7, TPKO9 and TPKO9 are required for B. cinerea disease resistance. A) Lesion
diameter 3 days after drop inoculation with B.cinerea spores on TPKO2, TPKO7, TPKO9, TPKO11 and TRKO4
Virus Induced Gene Silenced (VIGS) plants. B) Bacterial growth (P. syringae) in VIGs silenced plants.

5.4.2 Phylogenetic analysis of TPK07, TPK09, TPKO011 and TRK04.

TPKO7 encodes a 478 amino acid open reading frame encoding an 53kD estimated protein.
TPKO09 encodes a 418 amino acid protein with an estimated weight of 45.9kD. TPKO11 is a 416
amino acid protein weighing about 45.3kD. TPKO07, TPK09, TPKO11 are RLCKs with the
signature kinase catalytic domain (PS50011). TRKO04, is a 4304bp gene with four exons and four
introns. TRK04 has 409aa open reading frame encoding an estimated 45.8kD RCLK protein.
TRKO04 has a protein kinase catalytic domain (PS50011) (residues 78-363), ATP binding site
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region signature (PS00107) (residues 83-113) and the Serine/Threonine protein kinase signature
(PS00108) (residues 208-220). TPK07, TPK09, TPKO11 and TRKO04 have been previously
classified as a RLCK VIla class proteins (269). Sequence and phylogenetic analysis were
performed to decipher the relationship between TPK07, TPK09, TPK0O11 and TRKO04 and other
previously characterised RLCKs from Arabidopsis and maize. TPKO7 is closer to other tomato
RLCKs like TPKO08 and TPK010. While TPK09 and TPKO11 share a nodes. These do not share
nodes with any Arabidopsis or maize protein analysed. TRKO04 is closer to Arabidopsis PBL19
and PBL20. In tomato it is closely related to TRKO03 (Figure 5.4A).
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Figure 5.4. Phylogenetic analysis, genomic structures and CRIPR/Cas9 deletions of TRKO4, TPKO7, TPKO9
and TPKO11. A) Maximum Likelihood phylogenetic analysis of RLCKs proteins from Arabidopsis thaliana (At),
and Solanum lycopersicum (S1). Phylogenetic analysis was performed using Mega7 package. The tree is drawn to
scale with branch length measured in the number of substitutions per site. Bootstrap values higher than 50% are
shown. Schematic diagram showing gene and CRIPSR/Cas9 deletions of B) TPK07, C) TPK09, D) TPKO11 and
E) TRKO04. Blue shaded boxes represent exons, the black shaded boxes represent the UTRs boxes represent exon,
and introns are shown as horizontal lines. F) Relative expression of TRK04 in trk04 mutant alleles.
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5.4.3 Characterization of tpk07, tpk09, tpk011 and trk04 loss of function mutants.

To study the function of TPKO07, TPK09, TPKO11 and TRK04, we generated gene edited
lines through CRISPR/Cas9-induced mutation. Two guide RNAs (gRNAs) were designed to
generate mutations in each RLCK TRKO04, TPK07, and TPK09. To ensure that the sgRNAs were
specific and to avoid off target mutagenesis we used the gRNA design software

www.genome.arizona.edu/crispr. The gRNAs were expressed under the control of Arabidopsis U6

promoter. Heterozygous mutations in the RLCKs were identified in TO generation which were
segregated in the next generation to produce homozygous lines. The two #pk(7 mutant alleles had
4bp and Sbp deletions on one target and 4bp and 3bp deletions on the other, both resulting in
premature stop codons (Figure 5.4B). The two #pk09 mutant alleles had 2bp and 6bp deletions,
both resulting in frame shifts (Figure 5.4C). The two #pk0IImutant alleles had 4bp and Sbp
deletions, both resulting in premature stop codons 2 (Figure 5.4D). The #pk0I Imutant, makes
flowers that fell off, did not make any fruits and hence we were not able to recover seed from it.
The tpk07 and #pk09 mutants produced viable seeds, but due to time constraints no phenotypic
characterisation has been conducted. The #7k04.1 mutant allele has a 73bp deletion generating a
stop codon in the open reading frame resulting in a truncated protein. The t7k04.2 mutant allele
has two deletion of 4bp and 8bp causing a frame shift mutation. All the deletions for both alleles
were in exon 2 (Figure 5.4E). Quantitative Reverse Transcription Polymerase Chain Reaction
(qQRT-PCR) showed that TRKO04 transcripts were severely reduced in the t7k04.1 and trk04.2
mutants compared to the WT (Figure 5.4F). This data suggests that t7k04.1 and trk04.2 mutants

are loss of function mutants.

5.4.4 TRKO04 is required for resistance to Botrytis cinerea in tomato.

To gain insight into the biological functions of TRKO04, we examined its expression
patterns in leaves, roots, flower structures, green fruits, and red fruits using RT-qPCR. TRK04
transcript are abundantly expressed in the roots and least expressed in the leaves. In the sepals,
anthers and green fruits TRK04 transcripts are moderately expressed however they get lower when
the fruit ripens (Figure 5.5A). To determine the functional relevance of TRK04, we looked at the
expression profile under disease and treatment with plant hormones. TRK04 is induced by B.

cinerea only at 24 hours after treatment (Figure 5.6B). In response to treatment with the plant
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hormones Methyl jasmonate (MeJA), 1-aminocyclopropane-1-carboxylic acid (ACC), and
salicylic acid (SA), TRKO04 is highly induced as early as 12 hours after treatment and this induction

is sustained up to 36 hours after treatment (Figure 5.5B-E).
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Figure 5.5. Basal and induced expression of TRKO4. A) Tissue specific expression of TRK04 in WT tomato
plants. Induced expression of TRKO04 in response to B) B. Cinerea, C) Methyljasmonate (MeJA), D) 1-
aminocyclopropane-1-carboxylic acid ACC, and E) Salicylic acid (SA). Bars represent the means; the error bars
represent the standard deviations of three technical replicates of each treatment. The B-actin gene was used as an
internal control in the qRT-PCR. The experiment was repeated at least 2 times with similar results

122



TRKO04 is highly induced by hormones that function in plant defence as well as by B.
cinerea suggesting an important role for TR04 in plant immunity. To investigate the possible role
of TRK04 in defense against B. cinerea, we tested the trk04.1 and trk04.2 mutants for resistance
to B. cinerea. Detached leaf assays were conducted to compare disease phenotypes between trk04
mutants and WT plants. k04 mutants showed increased susceptibility to B. cinerea, with larger
disease lesions and tissue maceration than the WT (Figure 5.6A, B). This data shows that loss of
TRKO04 results in susceptibility to B. cinerea and thus TRKO04 is required for resistance to B.

cinerea in tomato.
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Figure 5.6. TRKO4 mediates resistance to B. Cinerea. A) B. Cinerea disease lesion size and B) disease symptoms
of trk04 mutants. Bars represent the means; the error bars represent the standard deviations of three technical
replicates of each treatment. Samples with different letters are statistically significant different (Student’s ¢ test,
P <0.001)

5.4.5 trk04 mutants are impaired in seedling growth response to Jasmonic acid

TRKO04 is highly induced by MeJA. To establish the role of TRK04 in Jasmonic acid
response pathway, we studied JA sensitivity of #7404 mutants and WT through analysis of seed
germination and growth in the prescense of MeJA. The WT exhibited MeJA sensitivity depicted
by reduced hypocotyl and root length when grown in 0.5 and 1 uM MeJA. However, in the trk04
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mutant’s hypocotyl length was not altered by MeJA treatment. Root length was slightly reduced
in trk04 mutants with MeJA treatment, but this root length was significantly (P<0.05) higher than
the WT (Figure 5.7A-C). This show that TRK04 is required for JA-mediated seed germination

and seedling growth.
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Figure 5.7. TRK04 mediates seedling growth responses to Jasmonic acid in tomato. A) Hypocotyl length, B)
Overall seedling stature and C) Root length of trkO4 mutants and WT seedlings grown in MS medium
supplemented with or without Methyljasmonate (MeJA). Bars represent the means; the error bars represent the
standard deviations of three technical replicates of each treatment. Asterisk represents statistically significant
differences (Student’s ¢ test, *p <0.05, **p <0.01. *p <0.05, **p <0.01).

5.5 Discussion

In this study we studied fifteen Receptor Like Cytoplasmic Kinases (RLCKSs) related to
Arabidopsis BIK1. Reduction in the expression of TPK07, TPK09 TPKO11 and TRKO04 through
Virus Induced Gene Silencing (VIGS) results in susceptibility to B.cinerea. Since VIGS is
transient, we generated CRISPR/Cas9 knockout mutants to further study the functions of TPKO07,
TPKO09 TPKO11 and TRKO04. We confirm the role of TRK04 in mediating responses to B. cinerea
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using knockout mutants. We further show that TRKO04 is required for Jasmonic acid mediated
seedling responses.

Receptor like kinases (RLKs) recognise PAMPs and activate immune responses. RLCKs
associates with RLKs and regulate multiple downstream signalling pathways to orchestrates
defense response against pathogens. All but one of the RLCKs we identified interacted with FL.S2
and RIN4 (Figure 5.1 and 5.2). TPKO7, TPK09 TPKO11 and TRKO04 belong to RLCK VIla
subfamily suggesting structural relatedness and hence similar functions. Indeed, similar structural
patterns of kinase activity sites and structural patterns of intron/exon have been observed among
members of the same subfamily indicating a close evolutionary relationship. (277). Though the
RLCKs physically interacts with RIN4 and FLS2, the functional relevance of these interactions
still needs to be elucidated. Studies showing whether the RLCKSs phosphorylates RIN4 and/or
FLS2 or vice versa will be important to determine the biochemical function of the RLCKs. Also,
whether these interactions translate to a physiological response in ETI or PTI is an important aspect
to study. It is however interesting to study why TPKO07 show some functional divergence despite
have similar catalysis domain and protein structure to other members of RLCK VlIla subfamily.
Furthermore, there are 128 RLCKSs in the tomato genome, and hence some functional redundancy
cannot be overruled. Accordingly, PBS1, PBL1 and PBL2 members of the RLCKVII subfamily
and BSK1 a member of the RLCKXII subfamily mediate Flagellin 22(flg22) dependent PTI
signalling like BIK1 downstream of FLS2 (266, 278).

Our data shows that TPKO07, TPK09 TPKO11 and TRK04 mediate tomato physiological
reponses to B. cinerea. However the mechanism of how TPK07, TPK09 TPKO11 and TRK04
regulates tomato responses to B.cinerea are not known. Analysis of genome wide regulatory
effects of the RLCKs in response to B.cinerea will assist in identifying the RLCKs’ mechanism of
function in mediating B.cinerea responses in tomato. Identifying which Pathogen Recognition
Receptrors (PRRs) asssociates with the RLCKs, how they dissociate form the PRR upon pathogen
perception, the downstream targets and localisation of the RLCKs will be cruical in chracterising
the functions of the RLCKs. The impaired jasmonic acid mediated growth in #k04 mutants
suggests that TRKO04 is required for the expression of jasmonic acid responsive genes. The
jasmonic acid signalling pathway is important for necrotrophic pathogen response (18) and
response to insects wounding (242). It Is plausible to think that TRK04 may also regulate reponses

to insect wounding. Analyses that will unravel the regulatory link between pathogen and insect
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responses mediated by TRKO04 are important. No RLCK mutation to date has been identified to
impair Jasmonic acid responses. Furthermore, RLCKs are understudied in tomato, hence this study
will provide novel insight into RLCKs mediated response to disease, jasmonic acid signalling

pathway and possibly insect responses.
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