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‘Hope is made anew’

When Hope is broken — all is gone,
and for achievements risks are taken,
nothing gained and nothing won,
yet we are all supposed to be unshaken.

Hope acts to dreams like the forge's fire,
hammered against the anvil strong,
shapes and crafts all true desire,
sometimes seconds, sometimes years long.

The molten glass the light reflects,
though the world just takes this art apart,
always in a different way than Hope expects,
therefore it must be made anew day by day in our heart.

Because no matter at what stage the fight,
Hope dies last and not tonight.

August 2021



i. Abstract

Plants can perceive and respond to the presence of microorganisms such as fungi and
bacteria in their environment. One way for plants to perceive the presence of fungi is to
detect the fungal cell wall component chitin, via pattern recognition receptors (PRR). During
the perception of pathogens, plant cells close the membrane lined channels connecting the
cytoplasm of adjacent cells (plasmodesmata) by depositing callose in the cell wall, and
thereby restrict the molecular flux between neighbouring cells. Three different PRR are
necessary for chitin-triggered plasmodesmal closure in Arabidopsis: LYSM DOMAIN GPI-
ANCHORED PROTEIN 2 (LYM2), LYSM-CONTAINING RECEPTOR-LIKE KINASE 4 (LYK4), and
LYSM-CONTAINING RECEPTOR-LIKE KINASE 5 (LYK5). Out of those three, only LYM2 is
enriched at plasmodesmata, and chitin triggers a further increase of this enrichment.

However, the molecular mechanisms underlying this process remain to be elucidated.

In this thesis | explore prerequisites and characteristics necessary to achieve this
plasmodesmal localisation. | further show that all three receptors LYM2, LYK4 and LYK5
associate with each other in planta, and investigate how LYK5 could be important for chitin-

triggered plasmodesmal closure, even though it is absent at plasmodesmata itself.

| further demonstrate that not only receptors but also proteins of two different scaffolding
families — the tetraspanins and flotillins — are necessary for these responses. Both of these
families are known for their presence and orchestration of specialised membrane domains
such as nanodomains. My data reveal that they are also important for signalling responses
at the specialised plasmodesmal PM microdomain. | show how both tetraspanins and
flotillins are necessary to achieve chitin-triggered ROS bursts, plasmodesmal regulation, as

well as plant resistance against pathogenic fungi comparable to wild-type plants.

Together, the data presented in this work generate new insights on how chitin-triggered
signalling processes depend on different receptors, and also on their partner scaffolding

proteins, thereby creating new hypotheses and opportunities for future investigations.
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vi. Abbreviations used
General abbreviations

Abbreviation

Full text

Arabidopsis Arabidopsis thaliana

AU Arbitrary unit

BFA Brefeldin A

BR brassinosteroid

Ca Capsicum annuum

CDPK Calcium-Dependent Protein Kinase

co-IP Co-Immunoprecipitation

Col-0 Arabidopsis ecotype Columbia 0

CRKs Cysteine (C)-rich receptor kinases

CSLM Confocal laser scanning microscopy

DIM Detergent insoluble membranes

dpi days past infection

DRM Detergent-resistant membranes

E FRET-Efficiency

ER Endoplasmic reticulum

ETI Effector-triggered immunity

FRAP Fluorescence Recovery after Photobleaching
FRET-FLIM Forster resonance energy transfer—fluorescence lifetime imaging
gg Golden gate

GIPC Glycosyl inositol phospho ceramides

Gm Glycine max

GSL GLUCAN SYNTHASE-LIKE proteins, Callose synthases
gwW Gateway

HR Hypersensitive response

IP Immunoprecipitation

LysM Lysin motif

LRR Leucine-rich repeat

MAMP Microbe associated molecular patterns

MLD Malectin-like domain

Mp Mimosa pudica

Mt Medicago truncatula

MCTPs Multiple C2 domains and Transmembrane region proteins
Nb Nicotiana benthamiana

NLR Nucleotide-binding leucine-rich repeat

NLS Nuclear localisation signal

NMR Nuclear magnetic resonance

ns Non significant

Os Oryza sativa

PAMP Pathogen associated molecular patterns
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PCC Pearson correlation coefficient

PD index Plasmodesmata index

PHB Prohibitin

PM Plasma membrane

PVX Potato virus X

PRR Pattern recognition receptor

PTI Pattern-triggered immunity

PTM Post translational modification

Pto Pseudomonas syringae pv. tomato DC3000
REM Remorin

RSV Rice stripe virus

RLCK Receptor-like cytoplasmic kinase

RK Receptor kinase

ROS Reactive oxygen species

RP Receptor protein

SE Standard error

Ser Serine

SD Standard deviation

SP Signal peptide

SPFH Stomatin/prohibitin/flotillin/HfIK/C

TEM Tetraspanin enriched microdomains

TIRF Internal Reflection Fluorescence Microscopy
uB Ubiquitin

VAEM Variable-Angle Epifluorescence Microscopy
Ws-0 Arabidopsis ecotype Wassilevskija 0

WT Wild-type

Zm Zea mays

Abbreviations of plant proteins

Abbreviation | Full text Gene locus
ACR4 ARABIDOPSIS CRINKLY 4 AT3G59420
ATIF3-4 INITIATION FACTOR 3-4 AT4G30690
BAK1 BRI1-ASSOCIATED RECEPTOR KINASE AT4G33430
BIK1 BOTRYTIS-INDUCED KINASE1 AT2G39660
BRI1 BRASSINOSTEROID INSENSITIVE 1 AT4G39400
CaHIR1 Ca HYPERSENSITIVE INDUCED REACTION 1 AY237117
CalRR1 Ca LEUCINE-RICH REPEAT 1 AY529867
CALS3 CALLOSE SYNTHASE 3 AT5G13000
CAT3 REPRESSOR OF GSNOR1 AT1G20620
CERK1 CHITIN ELICITOR RECEPTOR KINASE 1 AT3G21630
CESA3/6 CELLULOSE SYNTHASE 3/6 AT5G05170
AT5G64740
CLvV1 CLAVATA1 AT1G75820
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CLC CLATHRIN LIGHT CHAIN AT2G40060
CLE40 CLAVATA3/EMBRYO SURROUNDING REGION 40 | AT5G12990
CML41 CALMODULIN-LIKE 41 AT3G50770
Ccp CAPPING PROTEIN subunit A: AT3G05520
and B: AT1G71790
CPK11 CALCIUM-DEPENDENT PROTEIN KINASE 11 AT1G35670
CPK5 CALCIUM DEPENDENT PROTEIN KINASE 5 AT4G35310
CPK6 CALCIUM DEPENDENT PROTEIN KINASE 6 AT4G23650
CRK2 CYSTEINE-RICH RLK2 AT1G70520
EFR EF-TU RECEPTOR AT5G20480
ELP ERLIN-LIKE PROTEIN AT2G03510
ESM1 EPITHIOSPECIFIER MODIFIER 1 AT3G14210
ESP EPITHIOSPECIFIER PROTEIN, TASTY AT1G54040
FER FERONIA AT3G51550
FLOT1 FLOTILLIN 1 AT5G25250
FLOT2 FLOTILIN 2 AT5G25260
FLOT3 FLOTILLIN 3 AT5G64870
FLS2 FLAGELLIN-SENSITIVE 2 AT5G46330
GAPA-2 GLYCERALDEHYDE 3-PHOSPHATE AT1G12900
DEHYDROGENASE A SUBUNIT 2
GLDT T-protein AT1G11860
GSL8 GLUCAN SYNTHASE-LIKE 8 AT2G36850
GOX2 GLYCOLATE OXIDASE 2 AT3G14415
HIR1 HYPERSENSITIVE INDUCED REACTION 1 AT1G69840
HIR2 HYPERSENSITIVE INDUCED REACTION 2 AT3G01290
HSC70-1 HEAT SHOCK COGNATE PROTEIN 70-1 AT5G02500
ICS1 ISOCHORISMATE SYNTHASE 1 AT1G74710
IMK2 INFLORESCENCE MERISTEM KINASE2 AT3G51740
ITD1 INTERCELLULAR TRAFFICKING DOF 1 AT4G00940
LiNFR5 Lj NOD FACTOR RECEPTOR 5 Lj2g3v1828350
LiSYMRK Lj SYMBIOSIS RECEPTOR KINASE Lj2g3v1467920
LOX2 LIPOXYGENASE 2 AT3G45140
LYK4 LYSM-CONTAINING RECEPTOR-LIKE KINASE 4 AT2G23770
LYKS LYSM-CONTAINING RECEPTOR-LIKE KINASE 5 AT2G33580
LYM2 LYSIN MOTIF DOMAIN-CONTAINING AT2G17120
GLYCOSYLPHOSPHATIDYLINOSITOL-
ANCHORED PROTEIN 2
MKK4/5 MITOGEN-ACTIVATED PROTEIN KINASE KINASE | AT1G51660
4/5 AT3G21220
MPK3/6 MITOGEN-ACTIVATED PROTEIN KINASE 3/6 AT3G45640
AT2G43790
MAPKKKS5 MITOGEN-ACTIVATED PROTEIN MITOGEN- | AT5G66850
ACTIVATED PROTEIN KINASE KINASE KINASE 5
MpPMA2 Mp H*-ATPASE 2 Fleurat-Lessard et al.
(1995)
MtFLOT1 Mt FLOTILLIN 1 MTR_3g106480
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MtFLOT2 Mt FLOTILLIN 2 MTR_3g106420
MtFLOT3 Mt FLOTILLIN 3 MTR_3g106485
MtFLOT4 Mt FLOTILLIN 4 MTR_3g106430
MtLYK3 Mt LYSINE MOTIF KINASE 3 MTR_5g086130
MtNFP Mt NOD FACTOR PERCEPTION MTR_5g019040
MtSYMREM1 | Mt SYMBIOTIC REMORIN 1 MTR_8g097320
NbREM1 Nb REMORIN 1 Fu et al. (2018)
NbREM1.3 Nb REMORIN 1.3 Perraki et al. (2018)
NbREM4 Nb REMORIN 4 Niben101Scf02086g00
004
NILR2 NEMATODE-INDUCED LRR-RLK 2 AT1G53430
OSCA1.3 HYPEROSMOLALITY-GATED CA2+ PERMEABLE | AT1G11960
CHANNEL 1.3
OsBRI1 Os BRASSINOSTEROID-INSENSITIVE 1 LOC_0s01g52050
OsCEBIP Os CHITIN ELICITOR-BINDING PROTEIN (CEBiP) | LOC_0s03g0133400
OsRAC1 Os ROP RAC-LIKE GTP-BINDING PROTEIN1 LOC_0s01g12900
OsRBOHB Os RESPIRATORY BURST OXIDASE HOMOGLOG | Q6J2K5-1
PROTEIN B
OsREM4.1 Os REMORIN 4.1 LOC_0s07g38170
OsSERK1 Os SOMATIC EMBRYOGENESIS RECEPTOR | Loc_0s08g07760
KINASE
PBL27 PBS1-LIKE 27 AT5G18610
PdBG2 PLASMODESMATA B-GLUCANASE 2 AT2G01630
PDCB1 PLASMODESMATA CALLOSE-BINDING PROTEIN | AT5G61130
1
PDLP1 PLASMODESMATA-LOCATED PROTEIN 1 AT5G43980
PIN3 PIN-FORMED 3 AT1G70940
PIP2 PLASMA MEMBRANE INTRINSIC PROTEIN 2 AT3G53420
PRK PHOSPHORIBULO-KINASE AT1G32060
PTAC16 PLASTID TRANSCRIPTIONALLY ACTIVE 16 AT3G46780
PYK10 BETA-GLUCOSIDASE 23 AT3G09260
QSK1 QIAN SHOU KINASE 1 AT3G02880
RBOHD RESPIRATORY BURST OXIDASE HOMOLOGUE D | AT5G47910
REM1.2 REMORIN 1.2 AT3G61260
REM1.3 REMORIN 1.3 AT2G45820
RIR1 REMORIN-INTERACTING RECEPTOR 1 AT1G53440
ROP6 RHO-RELATED PROTEIN FROM PLANTS 6 AT4G35020
RPS2 RESISTANT TO P. SYRINGAE 2 AT4G26090
SLP2 SUBTILISIN-LIKE SERINE PROTEASE 2 AT4G34980
StLecRK-IV.1 | St LECTIN RECEPTOR KINASE-IV.1 XP_006341207.2
StREM1.3 St REMORIN group 1 homologue 3 NP_001274989
XP_006353306
SUB STRUBBELIG AT1G11130
TET1 TETRASPANIN 1, TORNADO 2, TRN2, EKEKO AT5G46700
TET10 TETRASPANIN10 AT1G63260
TET11 TETRASPANIN11 AT1G18520
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TET12 TETRASPANIN12 AT5G23030
TET13 TETRASPANIN13 AT2G03840
TET14 TETRASPANIN14 AT2G01960
TET15 TETRASPANIN15 AT5G57810
TET16 TETRASPANIN 16 AT1G18510
TET17 TETRASPANIN 17 AT1G74045
TET2 TETRASPANIN2 AT2G19580
TET3 TETRASPANIN3 AT3G45600
TET4 TETRASPANIN4 AT5G60220
TETS TETRASPANINS AT4G23410
TET6 TETRASPANING AT3G12090
TET7 TETRASPANIN7 AT4G28050
TET8 TETRASPANINS AT2G23810
TET9 TETRASPANINS AT4G30430
TFP1 TETRASPANIN FAMILY PROTEIN1 (TOM2AH2) AT2G20230
TFP2 TETRASPANIN FAMILY PROTEIN2 (TOM2AH3) AT2G20740
TFP3 TETRASPANIN FAMILY PROTEIN3 (TOM2AH1) AT4G28770
TKL1 TRANSKETOLASE 1 AT3G60750
TMK1 TRANSMEMBRANE KINASE 1 AT1G66150
TOM2A TOBAMOVIRUS MULTIPLICATION 2A AT1G32400
TUB2 TUBULIN BETA CHAIN 2 AT5G62690
TUB4 TUBULIN BETA CHAIN 4 AT5G44340
TUBS TUBULIN BETA-5 CHAIN AT1G20010
TUB6 BETA-6 TUBULIN AT5G12250
TUB7 TUBULIN BETA-7 CHAIN AT2G29550
ZW9 TRAF-like family protein AT1G58270
Gm FLOTILLIN-LIKE GENE GmNod53b
Zm KNOTTED1 ZEAMMB73_Zm00001
d033859
STOMATIN-LIKE PROTEIN1 AT4G27585
STOMATIN-LIKE PROTEIN2 AT5G54100
ATPase, F1 complex, alpha subunit protein AT2G07698
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Abbreviations of non-plant proteins

Abbreviation Full text

BCR B cell receptor

BLI-3 BLIstered cuticle

CD ‘cluster of differentiation’

CDh14 Cluster of differentiation 14

CD19 Cluster of differentiation 19

CD79A Cluster of differentiation 79A

CD79B Cluster of differentiation 79B

CD81 Cluster of differentiation 81, Tspan28

CcDh9 Cluster of differentiation 9, Tspan29

DOXA-1 Dual oxidase maturation factor 1

EWI-2 EWI motif-containing protein 2

FtsH Fts class H

GLUT1 Glucose transporter 1

HF-I Host factor |

HfIK/C Protein host factor | region K/C

HopZ1la HopPsyH 1A

Ig immunoglobulins

NOX2 NADPH oxidase 2

NOXs NADPH oxidases

NfeD Nodulation formation efficiency D

NPHS2 Podcin

PLS1 Punchless 1

SMAD SMA "small worm phenotype" and MAD family "Mothers Against
Decapentaplegic"

STOM Stomatin

STOML1 Stomatin-like proteins 1

STOML2 Stomatin-like proteins 2

STOML3 Stomatin-like proteins 3

TGF-B Transforming growth factor B

TLR4 Toll-like receptor 4

TSP-15 CELE_F53B6.1

Ytal0 Yeast tat-binding analogs 10

Ytal224 Yeast tat-binding analogs 1224
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1 Introduction
1.1 Plant perception of microbes

Cells can perceive other organisms via cell-surface pattern-recognition receptors (PRRs)

capable of recognising conserved molecules. The selective binding of these ligands to
genetically encoded PRRs, initiates further downstream signalling processes that trigger
cellular responses to the presence of a microbe threat. This extracellular recognition of
molecules is referred to as pattern-triggered immunity (PTI), by contrast to intracellular
recognition of pathogen effector proteins which is termed effector-triggered immunity (ETI)

(Dodds and Rathjen, 2010; Ngou et al., 2021).

PRRs capable of perceiving a ligand and initiating signalling processes, can be classified into
two main categories. Receptor kinases (RKs) (Goff and Ramonell, 2007; Shiu and Bleecker,
2003; Shiu and Bleecker, 2001), which span from a receptor domain in the extracellular space
via a single transmembrane domain into the intracellular cytosol where a kinase domain is
located (Jose et al., 2020). By contrast, receptor proteins (RPs), which also consist of an
extracellular receptor domain, do not have extended intracellular domain and instead end
their C-terminus with a transmembrane domain and a short cytosolic tail (Jamieson et al.,
2018) or are anchored into the plasma membrane (PM) via the attachment of a
glycosylphosphatidylinositol (GPI) anchor (Gong et al., 2017). Receptor-like cytoplasmic
kinases (RLCK) are activated by ligand activated PRRs during the initiation of PTI (Yamaguchi
et al., 2013). PRRs have a diverse variety of different extracellular receptor domain that allow
selective recognition, such as Lysin motif (LysM) domains (Gust et al., 2012), Cysteine (C)-
rich receptor kinases (CRKs) (Quezada et al., 2019), leucine-rich repeats (LRR) (Xi et al., 2019),
Lectin (Sun et al., 2020) and Malectin-like domains (Ortiz-Morea et al., 2022). These domains
can recognise varying molecules such as specific peptides and polypeptides (Gomez-Gomez
et al., 1999; Rhodes et al., 2021; Zipfel et al., 2006), polysaccharides (Erbs et al., 2008; Felix

etal., 1993; Gust et al., 2007), or fatty acids and derivatives (Kutschera et al., 2019) as ligands.

This diversity in extracellular perceptive domains achieves the recognition of different
ligands acting as elicitors by different RKs and RPs. These molecules can be pathogen- or
microbe associated molecular patterns (PAMPs or MAMPs) and can be recognised from
pathogenic organisms as well as mutualistic organisms. For example, the perception of flg22
— a peptide fragment of bacterial flagella — is recognised by the Arabidopsis thaliana (from

here on referred to as Arabidopsis) RK FLAGELLIN SENSITIVE2 (FLS2) (Chinchilla et al., 2006).
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Legumes such as Medicago truncatula recognise the presence of mutualistically compatible
rhizobial bacteria by detection of bacterial lipochitooligosaccharide nodulation (Nod) factors

via RKs including NOD FACTOR PERCEPTION (MtNFP) (Amor et al., 2003).

RKs and RPs often undergo heteromeric complex formations, which enable efficient
signalling processes utilising co-receptors and can be specifically induced by the presence of
a ligand or constitutively formed. For example, FLS2 undergoes flg22 induced complex
formation with BRI1-ASSOCIATED RECEPTOR KINASE (BAK1) in Arabidopsis (Chinchilla et al.,
2007), while MtNFP and its co-receptor LYSIN MOTIF RECEPTOR-LIKE KINASE3 (MtLYK3)
already form a heteromeric interaction in the absence of Nod factors in M. truncatula
(Moling et al.,, 2014). Much effort is spent to identify and characterise co-receptors.
However, RKs and RPs also form heteromeric interactions with proteins of other classes and

families, but the full range of signalling machinery in complex with PRRs is not well described.

1.2 Signal transduction downstream of
PRR

The perception of a ligand by a RK or RP activates multiple different signalling processes and
cellular changes. Crucially, the elicitor is perceived extracellularly and signalling is transduced
intracellularly, for example by kinase domains of RKs phosphorylating other proteins. One
such protein which undergoes RK dependent phosphorylation in the presence of an elicitor
is the cytosolic BOTRYTIS-INDUCED KINASE1 (BIK1). Treatment of plant tissues with flg22 or
elfl8 — another bacterial peptide, consisting of the N-terminal peptide of the bacterial
elongation factor Tu (Kunze et al., 2004) — triggers RLCKs such as BIK1 to undergo
phosphorylation (Lu et al., 2010). However, not all elicitors result in equal BIK1
phosphorylation, as other RLCK can be functional in different signalling pathways (Rao et al.,
2018). For example, the fungal cell wall component chitin, does not induce BIK1
phosphorylation in seedlings (Lu et al., 2010) and the ability of the chitin RK CHITIN ELICITOR
RECEPTOR KINASE 1 (CERK1) to phosphorylate BIK1 is weak when compared to its ability to
phosphorylate PBS1-LIKE 27 (PBL27) (Shinya et al., 2014).

The perception of elicitors such as flg22 and elf18 trigger the activation of the MITOGEN-
ACTIVATED PROTEIN (MAP) kinase cascades (Asai et al., 2002; Zipfel et al., 2006). For
example, the signal progression from the chitin RKs CERK1 and LYSM-CONTAINING
RECEPTOR-LIKE KINASE 5 (LYK5) is relayed via the RCLK PBL27 to the MAPK cascade. The

phosphorylation of one MAPK in turn causes the phosphorylation of another MAPK, followed
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by a third round of MAPK phosphorylation, which is why this process is referred to as a
cascade. In a chitin perceiving plant cell, PBL27 activates this cascade by phosphorylation of
MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE 5 (MAPKKKS5), which in turn
phosphorylates MITOGEN-ACTIVATED PROTEIN KINASE KINASE 4 and 5 (MKK4/5), which
then again in turn phosphorylates MITOGEN-ACTIVATED PROTEIN KINASE 3 and 6 (MPK3/6)
(Kawasaki et al., 2017; Yamada et al., 2016). The MAPK cascade ultimately leads to the
phosphorylation of different transcription factors, such as members of the WRKY family,
which in turn affect and change gene expression in the nucleus to adapt for the pathogen

presence (Adachi et al., 2015).

The detection of MAMPs also leads to changes in the cytosolic and extracellular Ca?
concentrations. RLCKs such as BIK1 and Calcium-Dependent Protein Kinases (CDPKs) can
phosphorylate proteins dependent on the cytosolic calcium concentrations. CDPKs consist of
a calmodulin-like calcium-sensor and a protein kinase effector domain, and together those
two domains enable the CDPKs to perceive changes in the Ca® ion concentration triggering
the phosphorylation of downstream target proteins (Romeis and Herde, 2014). RLCKs,
activated by PRR triggered by various elicitors, are capable of phosphorylating and thereby
activating the NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOGUE D (RBOHD) to
produce superoxide which dismutates to H,O; (Li et al., 2014; Miller et al., 2009). This process
is calcium dependent for CDPKs, but calcium independent for BIK1, mediating RBOHD
phosphorylation. RBOHD has multiple potential phosphorylation sites, and although there is
some overlap in the phosphorylation sites targeted by BIK1 and CDPKs, they can target some
different sites (Kadota et al., 2014). The phosphorylation of different RBOHD sites is not only
dependent on the signalling pathway, but also on the signalling pathway’s localisation within
the membrane. The presence of MAMPs triggers changes to the connections and exchange
between adjacent cells, by regulating plasmodesmal closure. In Cheval et al. (2020) we
showed that the chitin-triggered PM localised reactive oxygen species (ROS) burst is
dependent on the RBOHD phosphorylation sites Ser39/Ser339/Ser343 and Ser133, while the
regulation of plasmodesmal cell-to-cell flux is only dependent on the phosphorylation sites
Ser347 and Ser133. Different signalling pathways can therefore converge at RBOHD, by

different phosphorylation signatures.

The phosphorylation of RBOHD triggers the production of extracellular ROS (Pogany et al.,
2009). In Arabidopsis, RBOHD is the primary member of the RBOH family responsible for
producing the ROS burst after MAMP perception (Miller et al., 2009). ROS act as secondary

messengers for rapid local and long-distance signalling (Miller et al., 2009; Sharma et al.,

24



2012). Treatment of leaves with MAMPs trigger the start of the ROS burst within minutes,
resulting in a strong readout often used to test for elicitor perception capabilities (Sang and
Macho, 2017). The ROS burst is able to further activate Ca?* channels in the PM (Bais et al.,
2003; Bowler and Fluhr, 2000; Price et al., 1994) thereby further promoting the activation
of CDPKs (Dubiella et al., 2013).

The primary MAMP-triggered ROS burst occurs into the extracellular space; however, ROS
can also be produced in other cellular compartments and this may further aid in the defence
against pathogens (Torres, 2010). For example the MAMP-triggered ROS production in
chloroplasts has been shown to be crucial for the execution of hypersensitive response (HR)

cell death in plants triggered by pathogens (Liu et al., 2007).

The plant HR is a localised cell death response which occurs rapidly at the point of pathogen
contact with the host plant and is associated with being beneficial for pathogen resistance
(Balint-Kurti, 2019). The HR response can be triggered by the perception of pathogen
effectors via intracellular nucleotide-binding leucine-rich repeat (NLR) proteins — effector-
triggered immunity (Coll et al., 2011; Mur et al., 2008). Few MAMPs can trigger HR-like cell
death via PRR perception, and most MAMPs alone cannot trigger HR (Feechan et al., 2015).
Nonetheless, the interplay between PTI and ETI can lead to an enhanced HR and thereby
increased plant resistance against the pathogen (Ngou et al., 2021). This is a prime example
of how perception reactions and processes in different cellular compartments can interplay
to achieve an enhanced orchestrated immune response in a localised part of the plant.
However, there is still no complete understanding of all the complexities and dynamics of

compartmentalisation necessary for such responses.

Taken together the perception of pathogens followed by the launching of defence
mechanisms result in either susceptibility or resistance of the plant towards the pathogen
(Nishimura and Dangl, 2010). This often depends on specific adaptations of the pathogen,
such as plant species specific effectors (Zess et al., 2021), as well as adaptations on the plant
host side such as evolution of specific NLR proteins detecting effectors of the pathogen (De
la Concepcion et al., 2019), and the evolution of appropriate PRRs (Man Ngou et al., 2022).
The initial success of the plant immunity responses is also crucial. For example Arabidopsis
is capable to control nascent infections of P. syringae at low concentrations thereby
preventing an outbreak of symptoms, whilst higher inoculums are capable of overcoming

this resistance (Ishiga et al., 2011).
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1.3 Different plant-microorganism
interaction outcomes

A multitude of different organisms can interact with plants, resulting in beneficial to neutral
and harmful pathogenic outcomes. Different organisms within the same kingdoms of life can
thereby exhibit drastically different behaviours and outcomes for the plant. For example,
rhizobia bacteria can undergo a symbiotic relationship with plants, fixing gaseous nitrogen
as a nutrient for the plant in exchange for carbon molecules (Oldroyd et al., 2011), whilst
other bacteria such as Pseudomonas syringae can be detrimental and destructive towards the
plant (Xin et al., 2018). Similarly, specialised species of fungi can associate themselves with
plants, forming mycorrhiza to enable the beneficial exchange of molecules. For these
interactions to proceed in a favourable way for the plant, the plant must successfully detect
and identify these microorganisms, such as via PRRs (Gutjahr et al., 2015; Liang et al., 2018;
Zipfel et al., 2006).

Some of these microorganisms can change their behaviour depending on their environment
and their life cycle stage. Pathogenic fungi generally can be classified according to their life
cycles as necrotrophic or biotrophic. Whilst biotrophic fungi derive their nutrients from living
host cells, necrotrophic fungi do so from dead or dying cells (Rajarammohan, 2021). Fungi
transitioning from an early biotrophic lifestyle to a later necrotrophic lifestyle can be referred
to as hemibiotrophs (Rajarammohan, 2021). However, these definitions are not always as
black and white as they may seem. For example, the fungus Botrytis cinerea is traditionally
referred to as a necrotrophic fungus (Chen et al., 2022), causing severe symptoms upon
infection (Williamson et al., 2007). Yet, it can also grow asymptomatically as an endophyte

without causing any clear disease symptoms (Sowley et al., 2010; van Kan et al., 2014).

1.4 Compartmentalisation of organelles
to achieve specialised functions

Eukaryotic cells are compartmentalised, containing different organelles, that have different
functions within the cell, such as the nucleus, peroxisomes, mitochondria, vacuoles, the
endoplasmic reticulum (ER), the Golgi apparatus, and specifically in plants chloroplasts. Both
mitochondria and chloroplasts likely evolved from prokaryotes which were engulfed and
previously lived as independent organisms. Through this endosymbiotic relationship these
individual organisms over time became completely dependent on and integral parts of the

host eukaryotic cell (Sagan, 1967). In this way further diverse compartments could develop
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and specialise to fulfil functions otherwise not efficiently possible within less
compartmentalised eukaryotic cells, such as electron transport chains or photosystem

reactions in chloroplast and citric acid or Krebs cycle reactions in mitochondria.

Even within organelles, further compartmentalisation is possible, which can thereby further
enhance desired specialised reactions. For example, within plant chloroplasts the thylakoid
membrane is folded and stacked to form called granal stacks, which allows the incorporation
of more protein complexes within the same total volume of the organelle, resulting in higher
rates of sugar production (Kirchhoff et al., 2002; Pribil et al., 2014). This increased level of
spatial compartmentalisation therefore allows to achieve higher rates of reactions. Starch
granules within chloroplasts are an example of a specialised energy storage
compartmentalisation, as they store glucose subunits in a limited and condensed way as a
biopolymer, which can then specifically be degraded during energy deficit times such as
night-time (Mérida and Fettke, 2021). This compartmentalisation thereby allows for a
temporally coordinated release of glucose, demonstrating how compartmentalisation can

be important to achieve tight temporal control over processes.

The concept of compartmentalisation has long been studied and evolved with the
progression of imaging techniques such as microscopy. First it allowed the realisation of
individual cells making up eukaryotic organisms, then the discovery of organelles within
those cells and further compartmentalisations within those organelles. And now the ever-
growing arsenal of scientific research techniques over the last decades such as growing
biochemical approaches and super-resolution techniques have driven the concept of
compartmentalisation for diversification, specialisation, spatiotemporal control and function

even further down to a level of compartmentalisation within membrane structures.

1.5 Membrane compartmentalisation

Membranes of plants consist mainly of lipids, generally structured with a polar hydrophilic
head connected to a glycerol backbone and hydrophobic tail made up of two fatty acids
(Reszczynska and Hanaka, 2020). These lipids form a phospholipid bilayer which separates
neighbouring cells and organelles from their surroundings (Andersen and Koeppe, 2007;
Ohlrogge and Browse, 1995). Plant membranes include three main classes of lipids:
glycerolipids, sphingolipids and sterols (Reszczyriska and Hanaka, 2020). The most abundant
glycerolipids can be separated into four different groups: phospholipids, galactolipids,
triacylglycerols and sulfolipids (Kunst et al., 1989; MacDonald et al., 2019). Depending on the

modifications of their head group, phospholipids can be further categorised as
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phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and phosphatidyl-
inositol (Kates, 1970). Proteins can be inserted or associated with membranes in different
ways depending on hydrophobic, hydrophilic, transmembrane domains or anchor domains

(Alberts et al., 2002)

There are different theories and ways to conceptualise the compartmentalisation of
biological membranes. Over time the scientific community’s knowledge and understanding
of PM compartmentalisation has changed and shifted with the available data and therefore
resulted in different theories and concepts. These concepts were progressively refined and

optimised and thereby resulted in different terminologies.

The fluid mosaic model was originally proposed by Singer and Nicolson (1972) and holds the
original basis for all following models. It describes the structure of the PM as a random
uniform mosaic of different components — such as phospholipids, cholesterol, proteins and

carbohydrates clustered in higher orders in short range of less than tenths of micrometres.

Updated versions of this model allow for clustering of different components to create

specialised domains within the PM (Nicolson, 2013).

1.5.1 Detergent resistant membranes — lipid rafts

Initial models of PM compartmentalisation into different domains relied on the self-
organising capacity of sterols in model membranes, as well as on biochemical separations of
PM fractions. Detergents solubilise the phospholipid cell membrane (Bush and Gertzman,
2016). However, partial resistance of parts of the PM to solubilisation with different non-
ionic detergents has been observed particularly at cold temperatures and gave rise to the
idea that there are subsections or domains within the PM which cannot be efficiently
solubilised with detergents (Bohuslav et al., 1993; Brown and Rose, 1992; Drevot et al., 2002;
Kurzchalia et al., 1992; Madore et al., 1999; Roper et al.,, 2000). These domains have
therefore been termed detergent-resistant membranes (DRMs) or detergent insoluble

membranes (DIMs).

The discovery of these DRM fractions led to more refined theories of lipid rafts. This idea
allows for subsections of the PM to exhibit float/raft-like characteristics on a metaphorical
sea surface. The raft itself has integrity and does not disintegrate, whilst embedded in the
more homogeneous water surface and flexibly moving in different directions on it. Like a
wooden raft constructed to float, representing an ordered partition in comparison to drift

wood floating randomly, molecules with a greater tendency to partition into an ordered

28



environment and state are enriched in DRMs (Brown and London, 1998). Lipids in DRM
therefore can be characterised by a highly ordered liquid state, in which acyl chains are
tightly packed (Magee and Parmryd, 2003). For example, sphingolipids are enriched, while
phospholipids are relatively depleted in DRMs (Brown and Rose, 1992).

In the lipid raft theory, spatial compartmentalisation of the PM is therefore achieved
between the lipid rafts and the rest of the PM. Originally lipid rafts were defined
biochemically by their insolubility in non-ionic detergents extracted at 4°C, yielding DRMs
(Magee and Parmryd, 2003). Due to a high lipid-to-protein ratio resulting in a low density,
DRM were also isolated by flotation on sucrose-density gradients (Magee and Parmryd,
2003). The lipid raft theory allowed to develop the hypotheses that specificity and fidelity of
signal transduction are achieved by different localisations of proteins which are part of
signalling pathways. This therefore allowed to conceptualise the PM and its components not
just as a random mosaic, but with distinctive compartmentalised platforms (Janes et al.,

2000) .

The use of different detergents, and in varying concentrations as well as changes to
extraction temperature resulted in strongly varying proteins present in DRM (Schuck et al.,
2003). This has raised concerns over the validity of using detergent-insolubility to describe in
vivo PM partitionings. For example, Heerklotz (2002) demonstrated that the addition of the
detergent Triton itself may create ordered domains in homogeneous fluid membranes,
which in turn are Triton resistant in later Triton based membrane solubilisation. The Triton
based observations of DRMs may therefore be to a certain degree artefactual observations
(Heerklotz, 2002), and this lead to postulations that DRMs should not be identified to

resemble membrane rafts (Lichtenberg et al., 2005; Munro, 2003).

At the “raft meeting” in Tomar, Portugal 2003, research groups of this field therefore stated
the following: “A general consensus that emerged at this meeting about the nature of a raft
in a cell membrane is summarized as follows. Considering the complexity of the system and
the poorly understood nature of DRM formation, it is unlikely that DRMs that are derived
from cells reflect some pre-existing structure or organization of the membrane.” (Malinsky

et al., 2013; Zurzolo et al., 2003).

The lipid raft theory has therefore moved on from DRM definitions and been further refined
over time as follows: “Membrane rafts are small (10-200 nm), heterogeneous, highly
dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular

processes. Small rafts can sometimes be stabilized to form larger platforms through protein-
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protein and protein-lipid interactions” (Pike, 2006). Membrane rafts can therefore change
over time and within their spatial distribution as well as composition — they are

spatiotemporally dynamic.

However flawed the lipid raft theory may be, it allowed the generation of hypotheses which
build on the compartmentalisation of the PM to achieve functionality of different proteins in
different membrane environment signalling pathways. This concept was utilised in the

development of further theories, such as the concepts of micro- and nanodomains.

1.6 Micro- and Nanodomains defined

Based on the compartmentalisation aspects of the lipid raft theory other definitions for the
observation of partitioning of the PM were created. For this thesis | am following the
definition of Ott (2017) for plant nano- and microdomains. This states that nanodomains are
defined as distinguishable submicron protein and/or lipid assemblies (usually in the range of
20 nm to 1 um) represented by homomeric or heteromeric protein complexes that often
appear as punctate or partially network-like structures at the cell surface (Ott, 2017). Such
nanodomains could either be maintained by constant protein turnover — via recruitment of

new proteins into the nanodomain, or may exhibit different temporal lifetimes (Ott, 2017).

Microdomains are significantly larger than nanodomains — which have a lower size limit of
about 1 um — and can be seen as a higher order of nanodomains. Microdomains can be
purpose and location specific, exemplified by the Casparian strip domain, cell polar domains,

host-derived membranes or plasmodesmata (Jaillais and Ott, 2020; Ott, 2017).

Similar to membrane domains defined by the lipid raft theory, nanodomains are enriched in
lipids (Schmid, 2017). Different types of lipids and sterols are not homogeneously distributed
within the PM, but rather there is a strong asymmetry between the outer and the inner
leaflets (Cooper, 2000). The outer leaflet is rich in glycosphingolipids, sterols and
phosphatidylcholine, while the inner leaflet is enriched in phosphoinositides and
phospholipids (Cacas et al., 2016; Gronnier et al., 2018; Tjellstrom et al., 2010). Further to
this outer and inner segregation of lipids, patterned lipid bilayers have been used to study
that there is lipid segregation laterally in each leaflet allowing for speculation of further

independent compartmentalisation (Kusumi et al., 2012; Wu et al., 2004).

Nanodomains are sites of higher liquid-ordered phases and are enriched in sterols and
sphingolipids, such as glycosyl inositol phospho ceramides (GIPC), which can interact with

phytosterols and thereby increase the lipid order even further (Cacas et al., 2016). Additional

30



evidence of liquid-ordered compartmentalisation of the PM comes from the liquid-order
sensitive dye di-4-ANEPPDHQ, which shows heterogeneous labelling of the PM (Gronnier et
al.,, 2017; Pan et al., 2020). However, by contrast to lipid raft definitions, nano- and
microdomains are not only defined by their specialised lipid content in comparison to the

rest of the PM, but also by their specific resident proteins.

cell surface with mid plane cell surface with
tissue optical section individual NDs

confocal images

1004S/100.

Figure 1-1: Conceptualisation of PM nanodomains. Cell surfaces are compartmentalised by nanodomains, which
can be visualised using fluorescent protein translational fusions with fluorophores with advanced confocal laser
scanning microscopy (CLSM). The use of conventional CLSM, often results in a lower resolution along the z-axis.
However, visual detection of nanodomains is dependent on this, and can therefore not always be observed in
mid-plane sections as individual domains, but rather as a falsely homogeneous PM. However, advanced CLSM
techniques like Total Internal Reflection Microscopy (TIRFM) or Variable Angle Epifluorescence Microscopy
(VAEM) can overcome these limitations. This figure has been reused and adapted with permission from Ott (2017)
(https://www.sciencedirect.com/journal/current-opinion-in-plant-biology; Copyright Elsevier). The panels with
confocal images had previously been published in Jarsch et al. (2014) and have been reproduced with permission
from Oxford University Press (www.plantcell.org; Copyright American Society of Plant Biologists) .
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1.7 Nanodomain proteins and their
characteristics

Multiple families of proteins are associated with and mark nanodomains, such as remorins
(REMs), SPFH (Stomatin, Prohibitin, Flotillin and HfIK/C family) proteins, tetraspanins, and
GPl-anchored proteins (Jaillais and Ott, 2020; Magal et al., 2009; van Zanten et al., 2009).
Although GPl-anchored proteins are often present within DRM and nanodomains (Borner et
al.,, 2005; Demir et al., 2013; Kierszniowska et al., 2009; van Zanten et al., 2009), they
themselves do not nucleate and form ordered membrane phase domains (Sevcsik et al.,
2015). Individual chapters of this thesis introduce and focus on tetraspanins (chapter 4) and
flotillins of the SPFH family (chapter 5). | will therefore only discuss the nanodomain

localisations of REMs proteins in this general introduction.

Nanodomain and DRM resident proteins play important roles in elicitor detection and
downstream signalling. For example, Lherminier et al. (2009) used transmission electron
microscopy of Nicotiana benthamiana to demonstrate that cryptogein elicitor-triggered ROS
bursts of H,O, at the PM are produced in restricted areas of the PM reminiscent of
nanodomains. They further show that antisense constructs of NtRBOHD abolished this
clustered H,0; production. Later Smokvarska et al. (2020) used Total internal reflection
fluorescent microscopy (TIRF) to show in vivo localisation of RBOHD of Arabidopsis into
nanodomains via photoactivatable fluorophore tagged RBOHD protein localisations,
demonstrating that this important signalling component is present and capable of specific
complex formations in nanodomains. These studies thereby demonstrated that important

signalling proteins can be specifically enriched and functional in nanodomains.

Currently REMs are the best-characterised proteins in plants for their residency in
nanodomains (Jaillais and Ott, 2020). The C-terminal anchor (CA) of REMs is a C-terminal lipid
binding motif and targets REMs to the cytosolic leaflet of the PM (Gronnier et al., 2017;
Konrad et al., 2014; Perraki et al., 2018). Oligomerisation has been proposed to be an
important feature of nanodomain localised proteins (Legrand et al., 2019). For example,
REMs are capable to oligomerise into trimers (Bariola et al., 2004; Perraki et al., 2012) — a
feature important for their recruitment to the PM. Martinez et al. (2019) proposed that
trimer-trimer interactions allow for the formation of higher order complexes, thereby

allowing REMs a to play role in organising membrane nanodomains.
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REMs are involved in a variety of different physiological processes such as in plant-microbe
interactions, for example during defence responses against bacteria (Albers et al., 2019).
They can also be targeted by pathogens themselves — for example the N. benthamiana
REMORIN 4 (NbREM4) has been identified as the target of the Pseudomonas syringae
HopZ1la effector. Different REMs have been shown to interact or be targets of virus encoded
proteins. The potato Solanum tuberosum StREM1.3 has further been shown to interact with
the TRIPLE GENE BLOCK PROTEIN1 of Potato virus X (PVX), and a change in StREM1.3 levels
leads to changes in the cell-to-cell movement of this virus (Raffaele et al., 2009). PVX
infections further trigger CDPKs to phosphorylate REM proteins, which again results in a
restriction of the virus cell-to-cell movement (Perraki et al., 2018). The NSvc4 movement
protein of Rice stripe virus (RSV) can bind to the C-terminal domain of N. benthamiana
REMORIN1 (NbREM1), which abolishes the S-acylation of NbREM1 and thereby allows the
virus to overcome host-plant REM-mediated inhibition of cell-to-cell movement (Fu et al.,

2018).

Endogenous molecules can also regulate REM function. For example, treatment with Salicylic
acid (SA) increases the lipid order as well as the diameter and intensity of nanodomains
marked by REMORIN 1.2 (REM1.2), and results in the restriction of the plasmodesmal flux in
Arabidopsis (Huang et al., 2019a). The increase in the lipid order triggered by exogeneous SA
application is dampened in the double mutant remi1.2/rem1.3c which also shows an
increased plasmodesmal aperture, while the overexpression of REM1.2 or REM1.3 causes a
restriction of the cell-to-cell movement of modified tobacco rattle virus (TRV)-GFP (Huang et
al., 2019a). Huang et al. (2019a) thereby demonstrated that the perception of a stimulus
such as salicylic acid resulting in changes to plasmodesmata can be dependent on
nanodomain localised proteins such as REMs. Many other changes to plasmodesmal flux
caused by different stimuli may also be either directly or indirectly dependent on

nanodomain defining proteins.

REMs have been found to interact with PRRs, and to be important for their function. Lefebvre
et al. (2010) demonstrate that the M. truncatula SYMBIOTIC REMORIN 1 (MtSYMREM1)
interacts with MtNFP and MtLYK3, which are essential for the perception of signalling
molecules of symbiotic bacteria. Liang et al. (2018) later determined that induction of
rhizobial infection is dependent on MtSYMREM1, as it is necessary for recruitment of ligand
activated MtLYK3 and stabilises the PRR in nanodomains. In the absence of MtSYMREM1,
MtLYK3 is destabilised at the PM and undergoes rapid endocytosis upon rhizobial infection,

causing premature abortion of the host-cell-infection process (Liang et al., 2018). They
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thereby demonstrated how a nanodomain defining protein — a REM — not only interacts
with a PRR, but also enables the PRR to initiate signalling pathways after ligand perception.
It will be interesting to see if other PRRs and nanodomain defining proteins exhibit similar

dynamics to achieve their functions.

Plant hormone signalling can also be dependent on REMs. In rice (Oryza sativa) the REM
OsREMA4.1 can interact with SOMATIC EMBRYOGENESIS RECEPTOR KINASE (OsSERK1), and
thereby inhibit the interaction and receptor complex formation between OsSERK1 and the
LRR brassinosteroid (BR) receptor BRASSINOSTEROID-INSENSITIVE 1 (OsBRI1) (Gui et al.,
2016). In the presence of BRs, OsBRI1 is capable of phosphorylating OsREMA4.1, thereby
reducing the binding affinity of OsSREM4.1 to OsSERK1, which in turn allows for complex
formation between OsBRI1 and OsSERK1 to initiate BR signalling (Gui et al., 2016). Gui et al.
(2016) thereby demonstrated that a nanodomain defining protein, such as OsREM4.1, not
only interacts with a RK, but also is important for the overall modulation of receptor complex

dynamics.

REM-receptor interactions in nanodomains are involved in further processes such as key
developmental pathways. Abel et al. (2021) demonstrate that the Arabidopsis RK REMORIN-
INTERACTING RECEPTOR 1 (RIR1) is present in nanodomains and interacts with REM1.2.
Double knockout mutants of rirl and its closest homologue NEMATODE-INDUCED LRR-RLK 2
(nilr2), showed a similar dwarfed growth phenotype as rem1.1ME7/1,2H0M/q 3HOM/q gHOM
plants, allowing for speculation that these proteins and their interactions might be important

for the same signalling processes during plant development and growth (Abel et al., 2021).

Given how more and more evidence is emerging on individual nanodomain defining proteins,
such as REMs (Abel et al., 2021; Gui et al., 2016; Lefebvre et al., 2010), interacting with
individual PRRs and being important for their signalling functions, it will be interesting to see

if this nanodomain dependence of PRR is a general theme or limited to individual proteins.
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1.8 Organisation of nanodomains

Martiniere and Zelazny (2021) define nanodomain formation and maintenance in plant cells
as driven by the interaction of lipids and proteins, as well as by the cell wall/PM/cytoskeleton
continuum. However, whether the formation of a nanodomain depends on an initial specific
lipid environment which triggers the recruitment and interaction of proteins, or whether
some proteins can actively cluster lipids to initiate nanodomain formation remains an open
question (Martiniére and Zelazny, 2021). Evidence for both the hypotheses of nanodomain
formation have been shown in recent years. Platre et al. (2019) demonstrated that
nanoclusters of phosphatidylserine (an anionic lipid) stabilise RHO-RELATED PROTEIN FROM
PLANTS 6 (ROP6) in nanodomains during auxin perception. In rice the presence of
sphingolipids containing 2-hydroxy fatty acids is necessary to enable the interaction of ROP
RAC-LIKE GTP-BINDING PROTEIN1 (OsRAC1) with RESPIRATORY BURST OXIDASE HOMOGLOG
PROTEIN B (OsRBOHB) in nanodomains enabling chitin-triggered ROS bursts (Nagano et al.,
2016).

By contrast to this dependence of proteins on lipids for their presence in nanodomains, the
opposite dynamic of lipid presence in nanodomains being dependent on and shaped by
nanodomain-residing protein has been shown multiple times as well. For example, REMs
have been shown to increase the level of ordered lipid domains (Huang et al., 2019a).
Legrand et al. (2019) used solid-state nuclear magnetic resonance (NMR) to determine that
the potato REM StREM1.3 not only influences lipid order in membranes, but also has an
effect on membrane thickness. Animal SPFH family proteins have been proposed to actively
participate in the formation of nanodomains as well, due to their ability to form multimeric
complexes and to bind to sterols (Browman et al., 2007; Huber et al., 2006; Langhorst et al.,
2005; Ma et al., 2022; Tatsuta et al., 2005). Tetraspanins can form multimeric complexes too,
and their crystal structures revealed that they are also capable of binding lipids (Umeda et
al., 2020; Zimmerman et al., 2016) making them another candidate protein family which may

regulate the presence of lipids in nanodomains.
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1.8.1The cytoskeleton affects nanodomains

These examples show that it is possible that both lipids and proteins influence each other
and are important for nanodomain formation and maintenance. However, not only the lipid
and protein composition define nanodomains, but also their surroundings affect them. One
of the most unified models for membrane organisation is the “picket and fence” model
(Kusumi et al., 2005; Martiniere and Zelazny, 2021). In this model, the cytoskeleton adjacent
to the PM acts as a molecular “fence”, which constrains the diffusion of membrane proteins.
In turn the cytoskeleton is anchored to the PM by more fixed transmembrane proteins, the
“pickets”, thereby resulting in a reduced lateral diffusion of lipids and proteins, even in the

outer PM leaflet (Kusumi et al., 2005; Ritchie et al., 2003).

Numerous studies in both animal and plant model systems have used different cytoskeleton
disruptive drugs and showed that nanodomain behaviour and dynamics are dependent on
cytoskeletal elements such as cortical actin and microtubules. Different proteins have been
used as micro- and nanodomain markers to demonstrate this. Lv et al. (2017) used
depolymerisation drugs and Variable-Angle Total Internal Reflection Fluorescence (VA-TIRF)
microscopy imaging to demonstrate that HYPERSENSITIVE INDUCED REACTION 1 (HIR1)
marked nanodomains are restricted and modulated in their density by the cortical
cytoskeleton — with more dependence on microtubules than on actin filaments. By contrast,
Liang et al. (2018) observed that treatment with the actin polymerisation inhibitor
cytochalasin D caused a reduction in MtSYMREM1 nanodomain density in M. truncatula
roots, while the destabilisation of microtubules triggered by oryzalin treatment did not affect

MtSYMREM1 nanodomain density.

FLS2 is present in nanodomains and flg22 triggers a reduction in displacement of
nanodomains which include FLS2 (Biicherl et al., 2017). McKenna et al. (2019) used single-
particle tracking to determine changes in the behaviour of FLS2 and determined that both
the cortical actin as well as the microtubule cytoskeleton limit the FLS2 marked nanodomain
diffusion rates. Curiously, in the same experiment they also demonstrated that the PIN-
FORMED 3 (PIN3) marked nanodomain diffusion rate is not limited by the presence of either
actin or microtubules. They have thereby determined that different nanodomains might be
differently constrained by the same “fence” cytoskeleton, possibly due to presence of

different or less “picket” proteins in different nanodomains.

Despite hinderance of lateral mobility of nanodomains by actin or microtubules, the

cytoskeleton is not directly affecting the nanodomain structural identity. Danék et al. (2020)
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demonstrated that even after treatment with oryzalin or latrunculin B (preventing actin
polymerisation), the overall PM-associated nanodomain patterns of SPFH domain proteins
persist. These studies have shown that the cytoskeleton does not initiate the formation nor
maintenance of nanodomains. However, microtubules and actin fibres enhance PM
compartmentalisation by the creation of “carrels”, which act as a “fence” restricting
nanodomains in their lateral mobility. How these spatiotemporal restrictions affect the

functional signalling capacity of nanodomain located proteins has yet to be unravelled.

1.8.2 Cell walls affect nanodomains

By contrast to animal cells, plant cells are embedded within comparably rigid cell wall
structures — which contain among other components, cellulose, non-cellulosic, and pectic
polysaccharides, proteins, phenolic compounds (Houston et al., 2016). These cell walls not
only contain the cell, but also constrain lateral movement of proteins reaching from the PM
into the extracellular matrix. Therefore, a similar concept as the “picket and fence” model of
the cortical cytoskeleton affecting the PM protein lateral diffusion applies to the extracellular

side of the PM in plant cells as well.

To study the effects of the plant cell wall on nanodomains, again a variety of different
nanodomain resident proteins and approaches have been used. Martiniere et al. (2012) used
Fluorescence recovery after photobleaching (FRAP) experiments to demonstrate that the
absence of the cell wall in protoplasts or plasmolysed cells increases the lateral mobility of
PM proteins. Detachment of the PM from the cell wall by plasmolysis is also capable of
increasing the diffusion rates of other nanodomain residing proteins such as FLS2 and PIN3
(McKenna et al., 2019). Pharmacological inhibition of cell wall component synthesis using
the cellulose synthase inhibitor 2,6-dichlorobenzonitrile (DeBolt et al., 2007) or with
epigallocatechin gallate which inhibits pectin methylesterase (Wolf et al., 2012) also lead to
a drastic increase in the diffusion rate and region length occupied by nanodomains of FLS2
and PIN3 (McKenna et al., 2019). Danék et al. (2020) similarly demonstrated in PM detached
from the cell wall by plasmolysis, SPFH family nanodomain proteins have an increased lateral
mobility, and that this can even further be increased by enzymatically releasing the PM

completely from the cell wall.

These studies demonstrated that not only the cytoskeleton restricts nanodomains in their
dynamics in the PM, but that in plants the cell wall also influences those dynamics. The cell
wall is capable of influencing the intracellular actin network (Tolmie et al., 2017), making a

connection between those two sides of the PM likely. Consistent with the observations of
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Sassmann et al. (2018), that there is a cytoskeletal-PM feedback loop, allowing for positional
adjustments, McKenna et al. (2019) speculates that the components of the
cytoskeleton/PM/cell wall as a continuum can regulate each other through proteins reaching
from one side of the PM to the other. Nanodomains and their resident proteins would likely
also be influenced by such transmembrane connections. Taken together, not only the cortical
cytoskeleton, but also the cell wall affects the dynamic of nanodomains. Nonetheless, many
questions regarding if and how this influences nanodomain resident proteins in their

signalling capability remain.

1.8.3Nanodomain residency of proteins can be
affected by post-translational modifications

Different post-translational modifications (PTM) can have an impact on the localisation of
specific proteins within nanodomains or outside of nanodomains. The attachment of a GPI
anchor is a post-translational protein modification, in which a signal peptide (SP) is cleaved
off and replaced by a GPI anchor (Beihammer et al., 2020; Strasser et al., 2005). Due to their
preference of association with membrane components such as sterols and sphingolipids —
which are often enriched in nanodomains — GPl-anchored proteins have been associated
strongly with lipid rafts or nanodomains, depending on the nomenclature used (Arumugam
et al., 2021; Cordy et al., 2003; Kenworthy et al., 2000; Kierszniowska et al., 2009; Tapken
and Murphy, 2015; Trotter et al., 2000; van Zanten et al., 2009).

Protein S-acylation is a PTM, where a cysteine amino acid undergoes a covalent linkage with
another molecule via a thioester bond. Commonly S-acylations tends to be an addition of
long chain fatty acids. A named subtype of S-acylation is S-palmitoylation, where a
hydrophobic 16 carbon lipid chain gets attached to the original protein (Forrester et al.,
2011). S-acylation can enhance a proteins membrane affinity (Greaves et al., 2009; Shahinian
and Silvius, 1995). Due to a preferred association with other hydrophobic membrane
components such as sterols and different fatty acids — which are more likely to be present
in ordered PM domains, S-acylation may enhance or be necessary for specific protein
nanodomain localisations (Levental et al., 2010a; Levental et al., 2010b). Hemsley et al.
(2013) identified 581 putatively S-acylated proteins in Arabidopsis, including some
nanodomain resident proteins such as the SPFH family proteins HYPERSENSITIVE INDUCED
REACTION (HIR) 1, 2 and 4, and members of the REM family such as REM1.2, REM1.3 as well
as 23 RKs and RPs. Borner et al. (2005) further predicted a putative S-acylation site for FLOT1.

More recently Kumar et al. (2022) identified 1,094 different Arabidopsis proteins with S-
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acylation modified cystines. Taken together this information suggests that S-acylation is a

common and potentially important PTM for nanodomain resident proteins.

S-acylation of REMs can contribute to their PM and nanodomain localisation. For example,
for N. benthamiana NbREM1, S-acylation is necessary for its localisation in nanodomains,
and without it, it is targeted to be degraded (Fu et al., 2018). By contrast, S-acylation of M.
truncatula MtSYMREM1 is contributing to its membrane association but is dispensable for
its micro-/nanodomain localisation (Konrad et al., 2014). Chen et al. (2021) demonstrated
that the receptorP2K1 undergoes S-acylation, and that its nanodomain localisation is strongly
dependent on this PTM. P2K1’s phosphorylation status and degradation rates are further
affected by this (Chen et al., 2021). Recently Hurst et al. (2021) showed that FLS2 populations
undergo a rapid flg22-triggered S-acylation increase in a BAK1-dependent manner. They
further showed that this PTM is essential for FLS2-mediated signalling during bacterial
infections. These data suggest that PTMs influence nanodomain presence and retention
time of proteins, which in turn might be important for a protein’s ability to undergo specific

complex formations and execute downstream signalling.
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1.9 Protein activity in nanodomains

The localisation of a specific protein within or outside of a specific nanodomain may diminish
or enhance the protein’s activity. For example, a PRR could undergo oligomerisation in a
nanodomain dependent way. This can either be due to active inclusion of the PRR with other
proteins in the nanodomain, or by active release of important components for
oligomerisation from the nanodomain (Fig. 1-2). Such as possibly in the case of the
interaction between OsREM4.1 and OsSERK1 in rice as described above. The association of
OsSERK1 with OsREMA4.1 inhibits the interaction with OsBRI1. Only once OsSERK1 gets
released from OsREMA4.1, can it interact with OsBRI1 to efficiently initiate signalling (Gui et
al., 2016). These interactions could either happen within the same nanodomain — defined
by the presence of OsREM4.1 — or the initial interaction between OsSERK1 and OsREM4.1
is present in a nanodomain defined by the REM, and OsSERK1 gets “released” from this
nanodomain to interact with OsBRI1. Gui et al. (2016) show data which suggest that the

second option is more likely.

Alternatively, a protein could be actively excluded from nanodomains during resting-state
conditions, but recruited into nanodomains after elicitor perception, where together with
partner proteins it initiates signalling processes (Fig. 1-2B). A third way of how nanodomains
may control protein activities could be by actively triggered merging or clustering of different
nanodomains, allowing for an overlap of different protein populations only during specific
circumstances (Fig. 1-2C). This could either result in domains of bigger sizes or lead to a
reorganisation of components followed by subsequent separation. These different
association possibilities of a specific protein may lead to different competitive binding or
even PTM possibilities, resulting in further different stability, retention or recycling pathway

dynamics.

Multiple different nanodomains can be present within the plant PM at the same time. For
example, while the Arabidopsis BRI1 and FLS2 are both present in the PM in nanodomain
clusters, they do not show a strong nanodomain overlap, suggesting spatiotemporal
separation during resting state conditions (Blcherl et al., 2017). Further FLS2 shows a strong
overlap with nanodomains defined by REM1.2 (Blicherl et al., 2017), while BRI1 showed an
overlap with micro/-nanodomains defined by FLOT1 (Wang et al., 2015c). This multitude of
different nanodomains allows for speculation that nanodomain fusion and separation on a

dynamic or stable basis, might occur in response to elicitor perception.
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Figure 1-2: Example models of nanodomain partitioning and signal initiation. Different species of RKs and RPs
are marked in different colours and labelled with different letters. (A) Both receptor partners are present in the
same nanodomain during resting-state conditions, however they do not interact with each other. Upon ligand
binding they interact and initiate downstream signalling. (B) The receptor partners are not present within the
same nanodomain during resting state conditions. One RK (green) is located within the nanodomain, while other
RK (blue) are preferentially excluded from the nanodomain. Upon ligand binding, the previously excluded RK, is
now preferentially included in the nanodomain (blue) and can interact with the already nanodomain resident RK
(green). (C) Individual nanodomains harbour specific compositions of different proteins. Upon ligand perception
these nanodomains undergo dynamic fusion processes, allowing for interactions between the receptors which
would otherwise not have been able to physically associate with each other. blue circles: phosphorylation activity
symbolic of downstream signalling, RK: receptor kinase, RP: GPl-anchored receptor protein, PM: plasma
membrane. Grey: bulk PM. Nanodomains are illustrated in different colours from the surrounding non-
nanodomain PM (bulk PM). For illustration purposes nanodomains have been drawn with sharp boarders to the
bulk PM, this may not reflect reality. This diagram is redrawn and adapted after Simons and Toomre (2000).
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1.10 The plasmodesmal membrane
microdomain

The compartmentalisation of multicellular organisms creates a need for efficient
communication and exchange of molecules between cells, to coordinate individual and
neighbouring cells. By contrast to animal cells, plant cells have an additional hurdle in these
transport processes, as they are surrounded by rigid cell walls limiting direct exchange
between cells. Plant cells therefore have developed connecting structures between adjacent
cells — so called plasmodesmata. Plasmodesmata are membrane-lined bridges, which cross
the cell walls of neighbouring cells, thereby connecting the cytoplasms and allowing for a

cytoplasmic continuity within the plant (Fig. 1-3).

These plasmodesmata in turn can be seen as compartmentalisations of other cellular
structures. For example, the desmotubule which traverses the cell wall inside of
plasmodesmata is a continuation of the ER (Nicolas et al., 2017; Robards, 1968, 1971).
However, by contrast to the rest of the ER, it is a tightly appressed form of the ER (Overall et
al., 1982; Pérez-Sancho et al., 2016) associated with specialised proteins, such as the
embedded transmembrane domains of members of the MULTIPLE C2 DOMAINS AND
TRANSMEMBRANE REGION PROTEINS (MCTPs) family (Brault et al., 2019). The PM traversing
the plasmodesmata is a specialised part of the PM and made up of a specific protein and lipid

composition (Brault et al., 2019; Fernandez-Calvino et al., 2011; Grison et al., 2015a).

Plasmodesmata are important and tightly regulated during plant-microbe interactions. The
flux between two adjacent cells is tightly regulated by the deposition and degradation of
callose in the neck region of plasmodesmata (Benitez-Alfonso et al., 2013; Vatén et al.,
2011). The presence of different pathogens, such as bacteria and fungi can be perceived by
PRRs, such as flg22 by FLS2 and CALMODULIN-LIKE 41 (CML41) and chitin by LYSM DOMAIN
GPI-ANCHORED PROTEIN 2 (LYMZ2), resulting in the closure of plasmodesmata, which in turn
contributes to resistance against pathogens (Faulkner, 2013; Xu et al., 2017). The closure of
plasmodesmata occurring simultaneously or triggered by active signalling pathways could
have additional additive effects for signalling reactions or might be an independent way of
establishing signalling feedback loops (Cheval and Faulkner, 2017). Lipids in the

plasmodesmal microdomain.

The PM traversing the cell wall through plasmodesmata is a specialised subsection of the

PM, and therefore a further cellular compartmentalisation structure. The plasmodesmal PM
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is made up of a special lipid and protein composition — this allows its conceptualisation as a
special microdomain (Jaillais and Ott, 2020; Ott, 2017; Tilsner et al., 2011). Analyses of
“native” plasmodesmal membrane fractions showed that plasmodesmata are enriched in
very-long chain saturated GIPC sphingolipids and sterols in comparison to the bulk of the PM
(Grison et al., 2015a; Grison et al., 2015b). This composition is reminiscent of the
composition of DRMs or nanodomains within the non-plasmodesmal PM (Cacas et al., 2016),

strengthening the hypothesis that plasmodesmal membranes are specialised microdomains.

The GPl-anchored proteins PLASMODESMATA CALLOSE-BINDING PROTEIN 1 (PDCB1) and
the R-1,3-glucanase PdBG2 (AT2G01630) localise to the PM, and are enriched at the
plasmodesmal PM in resting-state conditions (Benitez-Alfonso et al., 2013; Grison et al.,
2015a; Simpson et al., 2009). Grison et al. (2015a) demonstrate that disruption of the
membrane sterol content causes these proteins to lose their plasmodesmata enrichment.
These changes of lipid composition by treatment with pharmacological inhibitors acting at
different steps in the biosynthesis pathway of sterols — fenpropimorph (Hartmann et al.,
2002) and lovastatin (Vogeli and Chappell, 1991) — further altered the callose-mediated
plasmodesmal permeability (Grison et al., 2015a). Whether this change of plasmodesmal flux
is directly due to changes in the sterol concentration affecting callose deposition, or
indirectly by affecting plasmodesmal proteins which in turn modulate callose deposition,
remains unclear. However, these experiments demonstrated that the lipid composition of
the plasmodesmal PM microdomain may contribute to the specific recruitment of proteins,

as well as to the regulation of plasmodesmata.

Recently Grison et al. (2019) showed that QIAN SHOU KINASE 1 (QSK1) and INFLORESCENCE
MERISTEM KINASE2 (IMK2) are enriched at plasmodesmata and enhance their
plasmodesmal localisation in comparison to rest of the PM within minutes when triggered
by environmental stimuli (Grison et al., 2019). Hunter et al. (2019) observed a similar
behaviour for CYS-RICH RECEPTOR KINASE 2 (CRK2) induced by salt stress, and we observed
the same response for LYM2 when induced by chitin (Cheval et al., 2020). Therefore the
plasmodesmal protein composition is able to undergo rapid changes and adaptations
depending on environmental triggers. However, whether this stimuli-triggered
plasmodesmal localisation enhancement is a general mechanism and pattern which other
proteins follow too, still needs to be elucidated. Further whether the plasmodesmal PM can

undergo changes to its lipid composition in a similar time frame is still not known.
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1.11 Proteins in the plasmodesmal
microdomain

Plasmodesmata represent a highly specialised interface and are responsible for controlling
very specific signalling and communication processes (Otero et al., 2016; Sager and Lee,
2014; Sevilem et al., 2015; Stahl and Faulkner, 2016). The modulation of plasmodesmal flux
has been shown to be tightly controlled particularly during stress responses, pathogen
infections, growth and development (Faulkner et al., 2013; Liu et al., 2022; Xu et al., 2017,
Yadav et al., 2014).

To finely tune and, spatially and temporally regulate plasmodesmal functions, the
plasmodesmal PM microdomain contains a variety of specific sets of proteins (Nicolas et al.,
2017). If the presence of a protein is enriched at plasmodesmata in comparison to the
protein’s presence in the PM, this can be assessed by determining a fluorescence intensity
ratio between these two localisations and is referred to as a plasmodesmal index (Brault et
al., 2019; Grison et al., 2019). Different RKs and RPs have been determined to be enriched at
plasmodesmata via translational fusion constructs with fluorophores using CLSM, such as the
flg22 receptor FLS2 and CML41 (Cheval et al., 2020; Thor et al., 2020), as well as the chitin
receptor protein LYM2 (Faulkner et al., 2013), where both MAMPs triggering localised
plasmodesmal responses (Cheval et al., 2020; Xu et al., 2017). Other RK such as STRUBBELIG
(SUB), which modulates inter-cell layer signalling during tissue morphogenesis, also localise
to plasmodesmata (Vaddepalli et al., 2014). The RKs CLAVATA1 (CLV1) and ARABIDOPSIS
CRINKLY4 (ACR4) are enriched at plasmodesmata and show an enhanced interaction with
each other in the plasmodesmal PM (Stahl et al., 2013). Activated by the peptide ligand
CLAVATA3/EMBRYO SURROUNDING REGION40 (CLE40) they control and restrict root

stemness (Stahl et al., 2013).

Multiple members of the REM family, which has been discussed in detail above, are enriched
at plasmodesmata and have been shown to be important for plasmodesmal modification
and adaptations. For example the potato StREM1.3 is present at plasmodesmata and
capable of reducing the virus propagation of PVX through plasmodesmata (Raffaele et al.,
2009). Perraki et al. (2018) similarly determined that the N. benthamiana NbREM1.3 is
present at plasmodesmata, and that NbREM1.3, as well as Arabidopsis REM1.2 and REM1.3
limit the cell-to-cell spread of PVX. Arabidopsis REM1.2 and REM1.3 were further detected

at plasmodesmata using transmission electron microscopy, and their presence was shown
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to influence plasmodesmal aperture compared to wild type (WT) plants, particularly

triggered by SA, and can restrict plasmodesmal TRV spread (Huang et al., 2019a).

The plasmodesmal PM microdomain further contains specific callose-modifying enzymes,
which allow for additional callose deposition as well as callose degradation in the
plasmodesmal neck region to regulate plasmodesmal flux (Benitez-Alfonso et al., 2013;
Vatén et al., 2011). Callose synthases such as GLUCAN SYNTHASE-LIKE 8 (GSL8) and CALLOSE
SYNTHASE 3 (CALS3) (also referred to as GLUCAN SYNTHASE-LIKE 12) are required for callose
synthesis and deposition, which restricts plasmodesmal flux (Guseman et al., 2010; Vatén et
al., 2011). By contrast, plasmodesmal 8-1,3-glucanases degrade and remove callose, thereby
allowing for an increase of plasmodesmal flux (Benitez-Alfonso et al., 2013; Levy et al.,
2007a). Other plasmodesmal localised proteins such as PLASMODESMATA CALLOSE-
BINDING PROTEIN 1 (PDCB 1) are further capable of binding and regulating callose at
plasmodesmata, although the mechanism by which this is regulated and how it contributes

to plasmodesmal functions is unclear (Simpson et al., 2009).

Another indicator of the special composition of the plasmodesmal PM microdomain is not
just that specific proteins are enriched there, but rather that specific other proteins are
excluded from this domain. A plasmodesmal exclusion has been observed for the PM proton
pump of Mimosa pudica H*-ATPASE 2 (MpPMAZ2) (Fleurat-Lessard et al., 1995), the aquaporin
PLASMA MEMBRANE INTRINSIC PROTEIN 2 (PIP2), as well as the cellulose synthase subunits
CELLULOSE SYNTHASE 3 (CESA3) and CESAG6 (Grison et al., 2015a).

The plasmodesmal PM microdomain is therefore evidently a special sub-
compartmentalisation of the PM. However, even within the plasmodesmal PM microdomain
further levels or sub-compartmentalisations are possible, from individual nanodomains to
regional domains (Fig. 1-3). These separations might share a bulk of their characteristics,
making them all part of the overarching plasmodesmal PM microdomain, but individual
evidence suggests that there are differentiations within this microdomain. For example,
PDCB1 localises precisely at the neck region of plasmodesmata (Simpson et al., 2009) —
which is where the bulk of plasmodesmal callose is present — and thereby modulates the
plasmodesmal flux (Hughes and Gunning, 1980; Levy et al., 2007a; Levy et al., 2007b). By
contrast to the neck localisation, is the preferential clustering of PLASMODESMATA-
LOCATED PROTEIN 1 (PDLP1) inside of the plasmodesmal pore (Maule et al., 2011), which is

also capable of reducing the plasmodesmal flux (Thomas et al., 2008).
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Figure 1-3: Model of plasmodesmal microdomain compartmentalisation within a single plasmodesmata. The
possibility for different and multiple nanodomains within the plasmodesmal PM microdomain is drawn in
different pink tones. Putatively there should be at least different nanodomains between the callose rich neck
regions and the pore lumen regions. PM: plasma membrane, ER: endoplasmic reticulum, This diagram is redrawn
and adapted from Maule et al. (2011).

Although some components of the plasmodesmal PM microdomain have already been
successfully identified and characterised, there are still a lot of putative components which
have not yet been studied in detail (Brault et al., 2019; Kirk et al., 2021), and many questions
about plasmodesmata are still unanswered and unclear. How is this specialisation of the
plasmodesmal PM microdomain initiated and how is it maintained? Could plasmodesmata
membrane identity be keyed to a particular set of “picket and fence” conditions? The
composition of biopolymers in the cell wall surrounding plasmodesmata is different from the
rest of the bulk of the cell wall — adjacent to plasmodesmata the cell wall is enriched in
callose (Fitzgibbon et al., 2010; Turner et al., 1994) and contains a distinct pectin composition
(Faulkner et al., 2008; Giannoutsou et al., 2013; Knox and Benitez-Alfonso, 2014; Orfila and
Knox, 2000; Roy et al., 1997). The desmotubule is a specialised continuation of the ER (Overall
and Blackman, 1996), while the protein and lipid composition of the plasmodesmal PM
microdomain differ from the bulk of the PM as well (Brault et al., 2019). Could it be an

interplay between a specialised ER compartmentalisation (the desmotubule), a specialised
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biopolymer composition surrounding the plasmodesmal cell wall and the specialised protein
and lipid composition of the plasmodesmal PM microdomain which all affect and maintain

each other?

Many individual threads of evidence point towards the compartmentalisation of the
plasmodesmal PM microdomain, in comparison to the rest of the PM, being an important
aspect of plasmodesmata. However, many details and facets of its dynamics and
characteristics are still unknown. For example, what is the composition of individual
nanodomains necessary for enabling efficient signalling processes at plasmodesmata? To
understand how protein and lipid composition of the plasmodesmal PM microdomain is
established and maintained, it would be of particular interest to understand if and which
individual proteins are responsible for these processes, as well as to determine their
mechanisms. Given that various RKs and RPs are important for plasmodesmal regulation, the
mechanism by which they localise to plasmodesmata could be vital for adjusting the cell-to-
cell flux depending on abiotic and biotic stimuli. Could specific nanodomain resident proteins

interact with the RKs and RPs, and thereby enable their functions?
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1.12 Aims and objectives of this thesis

The RP LYM2 localises to plasmodesmata and is necessary for chitin-triggered plasmodesmal
closure. We identified two RKs —LYK4 and LYK5 — which are also required for this process
(Cheval et al., 2020). The first main aim of this thesis was to determine if these RKs and LYM2
form signalling complex(es) which are necessary for chitin-triggered regulation at the
plasmodesmal PM microdomain, as well as how these proteins’ dynamics might be different

depending on chitin at the plasmodesmal PM microdomain versus rest of the PM.

Members of the tetraspanin family have been shown to be present at plasmodesmata and
to be important during fungal infections. As membrane domain maintaining proteins capable
of interacting with other membrane proteins, they are good candidates for domain proteins
which recruit specialised machinery to plasmodesmata to execute localised responses. |
hypothesise that tetraspanins interact and recruit chitin perceiving receptors in plants and

explored their role in plasmodesmal and cellular responses to chitin.

To identify novel membrane domain components of plasmodesmata, | used an unbiased,
immunoprecipitation and mass spectrometry approach, using LYK4 as a bait. With this, |
aimed to populate our understanding of the membrane domains resident proteins in

plasmodesmata that are functionally relevant for chitin-triggered plasmodesmal responses.

Thus, the overarching aim of this thesis was to identify and characterise novel protein

components necessary for plasmodesmal modulation during plant-microbe interactions.
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2 Materials and Methods

2.1 Plant growth
2.1.1 Arabidopsis seed sterilisation

Arabidopsis seeds were placed in an exicator, together with a glass beaker containing 100

mL Sodium hypochlorite (Purum ~10%, Merck). Chlorine gas was produced by addition of 3
mL HCl (37%) before immediately closing the exicator. The seeds were exposed to the

chlorine gas overnight, for a maximum of 14 h.

2.1.2 Selection of Arabidopsis transgenics

After sterilisation, T1 seeds were sown on MS plates (4.41 mg/mL Murashige & Skoog
Medium Including Vitamins (Duchefa), 10 mg/mL Sucrose (Fisher), 0.8 mg/mL agar
(Formedium)), together with the appropriate selective antibiotic (50 ng/mL Kanamycin, or
10 ng/mL Phosphinothricin (Basta)) and sealed with micropore tape. Plates were stratified in
the dark at 4°C for three days, before being placed in a controlled environment room (CER)

with 16 h light/8h dark cycles at 20°C.

2.1.3 Arabidopsis growth (soil)

Threshed Arabidopsis seeds were stratified at 4°C in centrifuge tubes without the addition
of liquids for two- to four-days in the dark, before sowing individual seeds directly onto soil
(90% peat, 10% grit, 4 kg/m* dolomitic limestone, 1.2 kg/m3® osmocote start (ICL)).
Arabidopsis plants grown for seed collection purposes were grown in a CER with ‘long day’
conditions (16 h light at 22°C/8h dark at 20°C). CERs were fitted with Philips 58W fluorescent
tubes and two gro-lux tubes per shelf, resulting in a light level at plant hight of roughly 230
umol m2 s, constant relative humidity at 80%. Plants for experiments were grown in
Versatile Environmental Test Chambers MLR-352-PE (PHCbi) equipped with six LED T8 colour
temperature 4000 K (Newlec) and nine LED T8 colour temperature 6500 K (Newlec) light
tubes under ‘short day’ conditions (10 h light/14 h dark, consistent 22°C).
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Table 2-1: Arabidopsis lines used in this work. All Arabidopsis lines used in this work were of the Ecotype
Columbia-0 (Col-0). All plant lines with an introduced construct, have their origin in this work. NASC: Nottingham

Arabidopsis Stock Centre; nptll: Kanamycin; bar: Basta/PPT; sul: Sulfadiazin.

. Plant
Line NASC . . . q
Background Line explanation, or introduced construct resistance
name number
cassette
Col-0 Columbia, wild type (WT)
. lyk4 mutant,
lykd WiscDsLox N850683 described in Wan et al. (2012) Basta
297300_01C .
- provided by Gary Stacey
lyk5-2 mutant,
lyk5-2 | SALK_131911C N631911 described in Cao et al. (2014) Kanamycin
provided by Gary Stacey
. Kanamycin
lyk4 pLYK4::LYK4-mCherry (+Basta)
lyk5-2 pLYKS5::LYK5-turbolD-3xFLAG Kanamycin
Ivka pLYK4::LYK4-mClover3-3xFLAG_ Kanamycin
y PAtAct2:: TET7-mRuby3-6xHA (+Basta)
Ivka pLYK4::LYK4-mClover3-3xFLAG_ Kanamycin
Y PpAtAct2:: TET8-mRuby3-6xHA (+Basta)
tet3 SALK_116766 N616766 tet3 mutant Kanamycin
tet7 SALK_205244C N694330 tet7 mutant Kanamycin
tet8 mutant,
tet8 SALK_136039C N636039 described in Reimann et al. (2017) Kanamycin
and Cai et al. (2018)
Ivka pLYK4::LYK4-mClover3-3xFLAG_ Kanamycin
y PpAtAct2:: TET3-mRuby3-6xHA (+Basta)
Ivkd pLYK4::LYK4-mClover3-3xFLAG _ Kanamycin
y PAtACt2::FLOT1-mRuby3-6xHA (+Basta)
Ivka pLYK4::LYK4-mClover3-3xFLAG _ Kanamycin
y pAtAct2::FLOT2-mRuby3-6xHA (+Basta)
flot1 mutant, .
flot1 SALK_203966C N692506 described in Kroumanova et al. (2019) Kanamycin
flot2 GK-430C05 N2109061 flot2 mutant Sulfadiazin
flot3 mutant, .
flot3 SALK_143325C N669186 described in Kroumanova et al. (2019) Kanamycin

2.1.4 Nicotiana benthamiana growth

Nicotiana benthamiana was grown on soil (100% peat, 4 kg/m? dolomitic limestone, 1.2
kg/m* osmocote start (ICL)) in a CER at a light intensity of roughly 200-230 pmol/m?/s, a
relative humidity of 85% and a constant temperature at 22°C, at 16h light/8h dark cycles
(fitted with Philips 58W fluorescent tubes and two gro-lux tubes per shelf), for four weeks

before Agrobacterium infiltration.
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2.2 Microscopy based techniques

Leaves were cut into roughly 1.5 x 1.5 cm samples and mounted adaxially upwards facing on
a slide with double-sided sticky tape. Unless otherwise stated, samples were imaged using a
ZEISS LSM800 CLSM equipped with W "N-Achroplan" 20x/0.5 water dipper lens, Plan
Apochromat 40x/1.0 water dipper, VIS-IR 63x/1.0 water dipper, C-APOCHROMAT 63x/1.2
water immersion lens objectives. Unless stated otherwise eGFP, mCitrine, and mClover3
constructs were excited at 488 nm with an argon laser and emission was collected at 500 -
546 nm. mCherry, mRFP1, mRuby3 constructs were excited at 561 nm with a DPSS laser, and
emission collected at 590 — 617 nm. Aniline blue was excited at 405 nm with an UV light laser

and the emission collected at 430 — 485 nm.

2.2.1Callose staining of N. benthamiana
Callose staining was performed using 0.1% aniline blue (Sigma-Aldrich-415049) in 1xPBS

(phosphate buffered saline), pH 7.4. Fully expanded N. benthamiana leaves of four-week-old
plants were syringe-infiltrated with aniline blue two days after Agrobacterium infiltration,

immediately before imaging for co-localisation experiments.

2.2.2 Callose quantification in Arabidopsis

Mature individual Arabidopsis leaves of four- to six-week-old plants, were cut, and syringe-
infiltrated with 0.01% Silwet L-77 (De Sangosse) with 0.5 mg/mL chitin (mixture of chitin
oligosaccharides, NaCoSy, Yaizu Suisankagaku) or mock (0.01% Silwet L-77 in water) and
placed for 30 min. on MS (4.41 mg/mL Murashige & Skoog Medium Including Vitamins
[Duchefa M0222], 1% Sucrose [Fisher S/8600/60], 0.6% agar [Formedium]) plates with their
petioles inserted into the agar to reduce the stress on the leaf. After mounting half of the
leaf with the adaxial side up, to a slide with double-sided sticky tape, a droplet of 1% aniline
blue (in 1xPBS) was deposited onto the leaf surface. After two minutes the droplet was
removed, a droplet of water followed by a coverslip was gently placed onto the leaf, and the
callose deposits between epidermal cells were imaged as z-stacks. To ensure comparability,
the image acquisition settings were tested in multiple different sites before determining the
best acquisition settings for laser intensity and gain to ensure capture of the whole
bandwidth of fluorescence intensity detection. From then onwards only the exact same
settings were used for the rest of the experiment. For each genotype and treatment five
leaves, with two sites per fully-extended leaf of four to six week old Arabidopsis plants, were
imaged. Aniline blue was excited using a 405 nm UV-light laser, at 3.5% power. Z-stacks were

set to 8-12 slices per stack and an interval between slices of 1 um was kept constant within
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the experiment. Images were collected with image size 1024 x 1024 pixels, 16 bit depth and

4 line averaging.

Aniline blue signal at plasmodesmata was quantified in Fiji (Schindelin et al., 2012) using
macros developed by Annalisa Bellandi and Matthew Johnston. First the macro converts the
image to binary grayscale, using a user-defined experimental-specific threshold, using the
‘convert tomask’ command. | used 20 000 as a threshold consistently throughout my
experiments. The threshold was chosen to ensure the optimal recognition of plasmodesmata
at the cell periphery while keeping the noise and background signals to a minimum. The
‘analyse particles’ command determined the number of particles in the image which fit the
criteria of a set minimum and maximum size, which is again experiment-specific and user-
defined. | defined my minimum size as 10, and the maximum size as 450, and kept them
consistent throughout my experiments. | set those criteria ensuring that spots of signal which
were not plasmodesmata, but made it through the previous thresholding process, were not
included in the further analysis. The ‘analyse particles’ command was then used to extract
the number of particles, size and integrated density (the sum of all the pixel intensities).
These data were then further analysed in R (R Core Team, 2021) using a script developed by
Matthew Johnston and adapted by Annalisa Bellandi

(https://github.com/faulknerfalcons/PD_detection). The summary of plasmodesmata

measurements obtained included the mean number, size, and integrated density of all the
detected particles per z-stack. The mean integrated density was used for further statistical
analysis. This is the mean total intensity of aniline blue staining signal per plasmodesmata in
each z-stack, which as aniline blue stains callose, correlates to the levels of callose at each
detected plasmodesma. Statistical analysis for comparisons between treatments of the same

genotype were carried out using the Wilcoxon signed-rank test.
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2.2.3 Quantification of the plasmodesmal Index

Fully expanded leaves of four-week-old N. benthamiana plants were syringe-infiltrated with
either 0.5 mg/mL chitin or water (mock), while still attached to the plant, three days after
infiltration with Agrobacterium carrying constructs to express pAtAct2:: TET3-mRuby3-6xHA,
PAtAct2:: TET8-mRuby3-6xHA, pAtAct2:: TET8-mRuby3-6xHA. The petiole was cut 30 min.
later, and the same areas were infiltrated with 0.5 mg/mL chitin in 0.1% aniline blue (in
1xPBS) or just 0.1% aniline blue (in 1xPBS, mock). 10 z-stacks per leaf and treatment were
acquired, with 10 slices at 1.89 um distance each, 4xline averaging and 16 bits per pixel. Both
the fluorescence of the tetraspanin constructs as well as of aniline blue were acquired. Three
experimental repeats with independent transient N. benthamiana transformations were

carried out.

Using ImagelJ (Schindelin et al., 2012) each z-stack was z-projected, and a script was used to
define 49 equally sized square boxes in every projection. In every box, the plasmodesmata
marked by the aniline blue channel, the closest to the centre was chosen to be measured. A
region of interest (ROI) was drawn by hand using the polygon tool around the
plasmodesmata and a second region of interest was drawn around the PM close by the
plasmodesmata. If a box did not have a clearly distinguishable plasmodesmata by aniline
blue staining, no measurement was taken from within that box. Both ROls were measured
for their mean grey value of the mRuby3 signal. The mean grey value of each plasmodesmal
ROl was divided by the mean grey value of the PM ROI to result in the plasmodesmal index
of an individual plasmodesmata. The mean of all the plasmodesmal indexes from
plasmodesmata selected from the same images was calculated and this individual value per

z-stack was used for further statistical analysis using a Wilcoxon signed-rank test.

2.2.4Pearson correlation for protein correlation
quantification

The Pearson correlation coefficient analysis to quantify the correlation between two
different fluorescently tagged membrane proteins has been carried out in Fiji (Schindelin et
al., 2012) using the JACoP plugin (Bolte and Cordeliéres, 2006). Regions which showed
additional fluorescence possibly from underlying structures such as chloroplasts were
excluded from the image analysis. The Pearson’s coefficient was determined for every image
individually using Costes’ automatic threshold. One value was returned per image and used
for further statistical analysis. Statistical analysis to compare between different treatments

was carried out using the Mann-Whitney-Wilcoxon test.
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2.3 Bacterial strains

Escherichia coli DH5a cells were used for all basic molecular biology, apart from the assembly
and propagation of level 2 golden gate constructs where | used DH10B cells. Agrobacterium
tumefaciens (referred to as Agrobacterium in this thesis) strain GV3101 was used for all

Arabidopsis transformations as well as N. benthamiana transient expressions.

2.4 Cloning

Golden Gate cloning (Engler et al., 2014) was used to generate the plasmids used in this work.
| used the following pipeline to generate level 0 constructs. The fragment of interest was
amplified from gDNA or cDNA using PCR (utilising Phusion® high fidelity polymerase; New
England Biolabs), separated via electrophoresis in a 1% agarose gel (with 0.5 pg/mL ethidium
bromide). The gel was visualised using a UV transilluminator and the band corresponding to
the expected size was removed from the gel using a fresh razor blade. | extracted the DNA
fragment from the gel using the QIAquick® Gel Extraction kit (QIAGEN) and protocol. The
purified DNA fragment was inserted into the appropriate plasmid backbone together with
the following components: 100-200 ng of acceptor plasmid in a 3:1 molar ratio of
insert(s):acceptor, 1 puL T4 Ligase buffer (New England Biolabs), 1 pL Bovine Serum Albumin
(10x), 0.25 puL Bpil (New England Biolabs), 0.25 uL T4 Ligase (400U/uL) (New England Biolabs),
in a total volume of 10 pL. For the assembly of level 1 and level 2 plasmids, | used the
following components: 1 pL of every lower-level plasmid at 100 ng/uL, 2 uL T4 Ligase buffer
(New England Biolabs), 2 puL Bovine Serum Albumin (10x), 0.5 uL Bpil (New England Biolabs)
or Bsal (Thermo Scientific), 0.5 pL T4 Ligase (400U/uL) (New England Biolabs), in a total

volume of 20 puL.

Golden gate expression constructs (Table 2-2) were assembled using the components
detailed in Table 2-3, which in turn were generated with the primers listed in Table 2-5.

Expression constructs
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Table 2-2: Golden gate expression constructs used in this work.

Name Description Assembled from
. L pICSL869000D + plCH41388 + FPO9005 + FPO9008
FP09017 35s::mCherry-LYK4-mCitrine + AGGT-LYKA-TTCG + FP09009 + EC15320
. - pICSL869000D + pICH41388 + FP09010 + FPOS008
FP09018 35s::mCherry-LYK5-mCitrine + FP09011 + FP09009 + EC15320
. pICSL869000D + FP09033 + FPO9S005 + FP09035 +
FP09037 PpLYK4::SP yka-LYK4-mCherry pICSL50004 + EC15320
. pICSL869000D + FP09034 + FPO9010 + FP09036 +
FP09038 PLYK5::SP yks-LYK5-mCherry pICSL50004 + EC15320
3 pICSL869000D + pICH87644 + FP09030 +
FP09039 AtAct2::TET3-mCherry pICSL50004 + EC15320
. pICSL869000D + plCH87644 + FP09031 +
FP09040 AtAct2::TET7-mCherry pICSL50004 + EC15320
3 pICSL869000D + pICH87644 + FP09032 +
FP09041 AtAct2::TET8-mCherry pICSL50004 + EC15320
. pICSL869000D + pICH51277 + FP09047 +
FP09049 35s::LTI6b-6xXHA pICSL50009 + EC15320
. pICSL869000D + plCH41388 + FPO9005 + FPO9035
FP09056 35s::LYK4-6xHA + pICSL50009 + EC15320
B pICSL869000D + pICH41388 + FP09010 + FP09036
FP0O9057 35s::LYK5-6xHA + pICSL50009 + EC15320
. pICSL869000D + FP09034 + FPO9010 + FP09036 +
FP09063 PLYKS5::LYK5-turbolD-3xFLAG pICSL50040 + EC15320
. pICSL869000D + plCH51277 + FPO9030 + FPO9004
FP09084 355::TET3-mTurq2 +EC15320
. pICSL869000D + pICH51277 + FP09031 + FP09004
FP09085 35s::TET7-mTurq2 +EC15320
. pICSL869000D + plCH51277 + FP09032 + FP09004
FP09086 355::TET8-mTurq2 +EC15320
. pICSL869000D + plCH41388 + FPO9005 + FPO9035
FP09088 35s::LYK4-Clover3-3xFLAG + FP09079 + EC15320
3 pICSL869000D + pICH50581 + FP09031 + FP09080
FP09089 PpAtAct2:: TET7-mRuby3-6xHA + pICHA4300
FP09091 Position2F_pLYK4::LYK4-mClover3- pICH47742 + FP09033 + FPO9005 + FPO9035 +
3xFLAG FP09079 + EC15320
+ + + +
FP09092 | Position3F pAtAct2:TET3-mRuby3-6xHa | P/CHA7751+pICH87644 + FPOS030 + FPOS080
plCH44300
FP09093 | Position3F_pAtAct2:TET7-mRuby3-6xHA | PICHA7751+pICH87644 + FPOS031 + FPOS080 +
pICH44300
. B pICH47751 + pICH87644 + FP09032 + FPO9080 +
FP09094 Position3F_pAtAct2::TET8-mRuby3-6xHA pICH44300
+ + + +
FP0909S | Position3F pAtAct2::LTicb-mRuby3-6xHa | P/CHA7751+pICH87644 + FPOS047 + FPOS080
plCH44300
. B plCH47751 + pICH50581 + FP0910 + FP09036 +
FP09096 Position3F_pLYK5::LYK5-mRuby3-6xHA FPO9080 + pICH44300
pLYK4::LYK4-mClover3-
FP09099 3XFLAG_and_pAtAct2::TET3-mRuby3- plCSL4723 + pICSL31853 + FP09091 + FPO9092 +
pICH41766
6xHA
FP09100 pLYK4::LYK4-mClover3-3xFLAG_ pICSL4723 + pICSL31853 + FP09091 + FPO9093 +
PAtAct2:: TET7-mRuby3-6xHA plCH41766
FP09101 pLYK4::LYK4-mClover3-3xFLAG_ plCSL4723 + pICSL31853 + FP09091 + FPO9094 +
PAtAct2:: TET8-mRuby3-6xHA pICH41766
FP09102 pLYK4::LYK4-mClover3-3xFLAG_ pICSL4723 + pICSL31853 + FPO9091 + FPO9095 +
PAtAct2::LTieb-mRuby3-6xHA pICH41766
FP09103 pLYK4::LYK4-mClover3-3xFLAG_ plCSL4723 + pICSL31853 + FP09091 + FPO9096 +
pLYK5::LYK5-mRuby3-6xHA plCH41766
FP09107 Position2F_pLYK5::LYK5-mClover3- pICH47742 + FP09034 + FP09010 + FP09036 +
3xFLAG FP09079 + EC15320
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Position3F_pAtAct2::FLOT1-mRuby3-

pICH47751 + pICH87644 + FP09104 + FPO9080 +

FP03108 6xHA pICH44300
FP09110 Position3F_pAtAct2::FLOT2-mRuby3- pICH47751 + pICH87644 + FP09097 + FPO9080 +
6xHA pICH44300
pLYK4::LYK4-mClover3-
FP09113 3xFLAG. and._pAtAct2::FLOT1-mRuby3- plCSL4723 + pICSL31853 + FP09091 + FP09108 +
pICH41766
6xHA
pLYK4::LYK4-mClover3-
FP09114 3xFLAG and_pAtAct2::FLOT2-mRuby3- pICSL4723 + pICSL31853 + FP09091 + FP09110 +
pICH41766
6xHA
FP09115 pLYKS5::LYK5-mClover3-3xFLAG plCSL4723 + pICSL31853 + FP09107 + pICH41744
pLYK5::LYK5-mClover3-
FP09116 3xFLAG and_pAtAct2::FLOTI-mRuby3- pICSL4723 + pICSL31853 + FP09107 + FP09108 +
pICH41766
6xHA
pLYKS5::LYK5-mClover3-
FP09117 3xFLAG and_pAtAct2::FLOT2-mRuby3- plCSL4723 + pICSL31853 + FP09107 + FP09110 +
pICH41766
6xHA
FP09118 pLYK4::LYK4-mClover3-3xFLAG plCSL4723 + pICSL31853 + FP09091 + pICH41744
. pICSL869000D + pICH51266 + FP09104 + FPO9080
FP09123 p35s::FLOT1-mRuby3-6xHA +EC15320
+ + +
FPO9128 | pAtAct2::LTi6b-mRuby3-6xHA-TerAtActz | PICot809000D + pICHE7EA + FPOS047+ FPOS080
+ plCH44300
. pICSL869000D + plCH87644 + FPO9030 + FPO9080
FP09135 PAtAct2:: TET3-mRuby3-6xHA + pICH44300
. pICSL869000D + plCH87644 + FP09032 + FPO9080
FP09136 pAtAct2:: TET8-mRuby3-6xHA + pICHA4300
. pICSL869000D + pICH51277 + FP09031 + FP09080
FP09152 35s::TET7-mRuby3-6xHA +pICHA1414
. pICSL869000D + plCH41388 + FP09010 + FP0O9036
FP09155 35s::LYK5-mRuby3-6xHA + FPO9080 + pICHA1414
. pICSL869550D + plCH51277 + FP09030 +
FP09167 35s::TET3-mCherry pICSL50004 + pICHA1414
. pICSL869550D + pICH51277 + FP09031 +
FP09168 35s::TET7-mCherry pICSL50004 + pICHA1414
. pICSL869550D + plCH51277 + FP09032 +
FP09169 35s::TET8-mCherry pICSL50004 + pICHA1414
. pICSL869000D + pICH41373 + FPO9005 + FPO9035
FP09176 35s::LYK4-eGFP +FP09175 + pICHA1414
EP09195 356+ TET3-mREP1 pICSL869550D + pICH51277 + FPO9030 + FP09179
+ plCH41414
FP09196 355 TET7-mRFP1 plCSL869550D + plCH51277 + FPO9031 + FP09179
+ plCH41414
EP09197 355::TETS-mREP1 pICSL869550D + pICH51277 + FP09032 + FP09179
+ plCH41414
FP09199 355:-FLOT1-mREP1 pICSL869550D + plCH51277 + FP09104 + FP09179
+ plCH41414
FP09200 355:-FLOT2-mREP1 plCSL869550D + plCH51277 + FPO9097 + FP09179
+ plCH41414
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Table 2-3: Golden Gate parts used in constructing expression constructs in this work. The primers used to
domesticate and generate the level 0 constructs as well as the PCR templates are further listed in detail.

. . L. Primers used to
Name Origin Description create it Template
Binary vector with nos:nptll:ocs
pICSL86900 TSL selection cassette in backbone.
oD svnbio Accepts level 0 modules to assemble
¥ one transcriptional unit (GGAG-
CGCT)
Binary vector with nos:bar:nos
pICSL86955 TSL selection cassette in backbone.
oD svnbio Accepts level 0 modules to assemble
¥ one transcriptional unit (GGAG-
CGCT).
TSL -
pICH47742 ) Position 2-F, AddGene #48001
synbio
TSL -
pICH47751 ) Position 3-F, AddGene #48002
synbio
TsL Binary vector no plant selection
plCSL4723 svnbio cassette ORANGE/WHTE cloning
y selection, AddGene #48015
TSL End-linker for level 2 construction,
PICH41766 synbio pELE-3 AddGene #48018
TSL End-linker for level 2 construction,
pICHA1744 synbio pELE-2 AddGene #48017
TSL GGAG_P-CaMV355Short_TACT,
pICH41388 synbio AddGene #50253
TSL GGAG_P-AtuNos_5U-TMV_AATG,
pICH87644 synbio AddGene #50274
TSL GGAG_P-CaMV355Short_5U-
pICH51277 synbio TMV_AATG, AddGene #50267
TSL GGAG_P-AtACT2_TACT, AddGene
pICH50581 synbio #50256
TSL TGCC-Nos:ecbeNPTII+Intron:NosT-
pICSL31853 synbio GCAA
TSL GGAG_P-CaMV35SLong_5U-
pICH51266 synbio TMV_AATG, AddGene #50267
TSL GGAG_CaM\V35SLong_TACT,
pICH41373 synbio AddGene #50252
FP09033 \;2'; PLOM-P-GGAG-pLYK4::-TACT 55059+55060 Arabidopsis gDNA
PartA:
$s062+ss063,
PartB:
this $s064+ss065,
FP09034 pLOM-P-GGAG-pLYKS5::-TACT PartC: Arabidopsis gDNA
work
$s066+ss067,
PartD:
$ss068+ss069,
PartE: ss070+ss071
FP09005 vtzlrsk pLOM-5U-TACT-5Pyka-AATG $s014+ss015 Arabidopsis gDNA
FP09010 Vtv:':k PLOM-5U-TACT-SPLyxs-AATG 55027+55027 Arabidopsis gDNA
FP09008 \;2'; pLOM-NT2-AATG-mCherry-AGGT $5022+55023 pICSL50004
this pLOM-CDS2ns-AGGT-LYKS5 (noSP)- domesticated LYK5S
FPOS011 work TTCG 55030455031 from Cecilia Cheval
PartA:
i +
FP09030 this pLOM-CDS1ns-AATG-TET3-TTCG $5043+s5044, Arabidopsis gDNA
work PartB:
$s045+ss046,
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PartC: ss047+ss048

. PartA:
FP09031 this pLOM-CDS1ns-AATG-TET7-TTCG ss051+ss052, Arabidopsis gDNA
work
PartB: ss053+ss054
this PartA:
FP09032 pLOM-CDS1ns-AATG-TET8-TTCG $s055+ss056, Arabidopsis gDNA
work
PartB: ss057+ss058
FP09035 this pLOM-CDSIns-AATG-LYK4 (no SP)- $5073+s5074 Arabidopsis gDNA
work TTCG
FP09036 this pLOM-CDSIns-AATG-LYKS (no SP)- 55076+55031 Arabidopsis gDNA
work TTCG
FP09047 Vtv:':k pLOM-CDS1ns-AATG-LTI6b-TTCG 55083+55084 Arabidopsis gDNA
FP09097 vtzlrsk pLOM-CDS1ns-AATG-FLOT2-TTCG ss138+ss139 Arabidopsis gDNA
PartA:
$s163+ss164,
this PartB:
FP09104 work pLOM-CDS1ns-AATG-FLOT1-TTCG $5165+ss5166, Arabidopsis gDNA
PartC:
$s167+ss168,
PartD: ss169+ss170
AGGT-LYK4- Cecilia
T1CG Cheval AGGT-LYK4-TTCG
TSL TTCG_CT-mCherry_GCTT, AddGene
PICSL50004 synbio #50316
TSL TTCG_CT-3xFLAG_GCTT,
PICSLS0007 | o hio SYNBIO#0026
ToL TTCG_CT-6xHA_GCTT (Human
pICSL50009 synbio influenza hemagglutinin) AddGene
#50309
6xHA (Human influenza
pICSL50009 TSL hemagglutinin). Contains a unique 3'
a synbio sequence for easier PCR
amplification
TSL TTCG-T7 tag + TurbolD + 3' 3xFLAG-
pICSL50040 synbio GCTT
PartA: pKK-BI16-
. PartA: ORF1-3C-
FP09079 this pLOM-CT-TTCG-mClover3-3xFLAG- ss144+ss145, mRuby3_ORF2-
work GCTT PartB: ss146+ss147 TEV-mClovers3,
Addgene #105802,
PartB: pICSL50007
PartA: pKK-BI16-
ORF1-3C-
this PartA: mRuby3_ORF2-
FP09080 work pLOM-CT-TTCG-mRuby3-6xHA-GCTT $5148+ss149, TEV-mClovers3,
PartB: ss150+ss151 | Addgene #105802,
PartB:
pICSL50009A
created by
FPoo175 | S pLOM-CT-TTCG-eGFP-GCTT Christine Faulkner.
work Verified in this
work.
gene block
this synthesis of
FP09179 pLIM-CT-TTCG-mRFP1-GCTT domesticated
work
product (base 436
GtoA)
FP09009 vt:lrsk pLOM-CT-TTCG-mCitrine-GCTT $5025+ss026
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pmVenus(L68V)-

FP09004 Vt:':k pLO-CT-TTCG-mTurq2-GCTT ss012+ss013 mTurquoise2,
Addgene #60493
TSL GCTT_3U+Ter-CaMV35S_CGCT,
PICHA1414 | o nbio AddGene #50337
EC15320 Ensa GCTT-HSP terminator-CGCT
TSL GCTT_3U+Ter-AtACT2_CGCT,
pICH44300 synbio AddGene #50340

Table 2-4: Gateway plasmids used in this work and their origin.

Description

35s::Citrine-LYM2

described in Faulkner et al. (2013)

35s::LYK4-eGFP

Generated by Cecilia Cheval. Described in Cheval et al. (2020)

35s::LYK5-eGFP

Generated by Cecilia Cheval. Described in Cheval et al. (2020)

35s::LYK4-mRFP1

Generated by Cecilia Cheval. Described in Cheval et al. (2020)

35s::LYK5-mRFP1

Generated by Cecilia Cheval. Described in Cheval et al. (2020)

35s::TET7-mRFP1

TET7 in pB7RWG2.0. Generated by Cecilia Cheval (unpublished)

free eGFP

pB7WG2.0.GFP described in Thomas et al. (2008)

35S::5P-RFP-HDEL

pB7WG2.0.RFPer described in Thomas et al. (2008)

35s::BRI1-mRFP1

BRI1 in pB7RWG2.0. A gift from Cyril Zipfel's laboratory. Described in Blicherl et al.

(2017)

35s::BRI1-6xHA

BRI1 in pGWB14. A gift from Cyril Zipfel's laboratory.

2.5 PCR and Primers

The primers used to generate inserts for golden gate cloning are listed in Table 2-5, and the

primers used for genotyping and expression analysis of Arabidopsis plants are listed in Table

2-6. All PCR to generate golden gate Level0 components used Phusion® High-Fidelity DNA

Polymerase (NEB) and the bounce PCR protocol according to Sam Mugford (2018). All PCR

for genotyping or plasmid confirmation purposes used the GoTaq® Flexi (Promega) system.

For this the following temperatures and times were used: An initial denaturation step at 95°C

for 2 min. was carried out. 35 amplification cycles of 30 sec. at 95°C denaturation, 30 sec. at

50°C annealing, followed by 72°C for 1 min. per 1 kb expected product length, before a final

extension at 72°C for 5 min.

Table 2-5: Cloning primers used in this work.

Name

Sequence

ss012 F_mTurqg2n_CT

TTGAAGACATTTCGATGGTGAGCAAGGGCGAGGA

ss013 R_mTurg2n_CT

TTGAAGACATAAGCCCTTACTTGTACAGCTCGTCCA

ss014 F_only-SP-of-LYK4_5U

TTGAAGACATTACTATGATCTCGTTTTCATTTCATC

ss015 R_only-SP-of-LYK4_5U

TTGAAGACATCATTCCTGCTGTTGCGAAGGAAGA

ss022 F_mCherry_NT2

TTGAAGACATAATGGTGAGCAAGGGCGAGGAGGA

ss023 R_mCherry_NT2

TTGAAGACATACCTCCCTTGTACAGCTCGTCCATGC
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55025 F_mCit_CT

TTGAAGACATTTCGAGCAAGGGCGAGGAG

55026 R_mCit_CT

TTGAAGACATAAGCCTACTTGTACAGCTCGTCCATGC

$5027 F_SP-of-LYK5_5U

TTGAAGACATTACTATGGCTGCGTGTACACTCCACGCGC

55028 R_SP-of-LYK5_5U

TTGAAGACATCATTCCAGCTTTCGCCGGTGACACGG

ss030 F_LYK5_CDS2ns

TTGAAGACATAGGTCAGCAACCGTACGTCAACAA

$s031 R_LYK5_CDS2ns

TTGAAGACATCGAACCGTTGCCAAGAGAGCCGGAAC

ss043 F_TET3_CDS1ns_A

TTGAAGACATAATGAGAACAAGCAACCATCTCAT

ss044 R_TET3_CDS1ns_A

TTGAAGACATTCCTAAGGAAGAACATATCAGCAG

$s045 F_TET3_CDS1ns_B

TTGAAGACATAGGAGACTTAGCCCTGTTGAG

ss046 R_TET3_CDS1ns_B

TTGAAGACATTTTCATTCACATATGAAAAACCGC

$s047 F_TET3_CDS1ns_C

TTGAAGACATGAAACCGGATGGGACACGAGAGGA

ss048 R_TET3_CDS1ns_C

TTGAAGACATCGAACCAAGATGGAAATGACTAGGAT

ss051 F_TET7_CDS1ns_A

TTGAAGACATAATGGTTCAGTGTAGCAACAATCT

$s052 R_TET7_CDS1ns_A

TTGAAGACATATACAATGTTGACCTTAGCCACCT

ssO53 F_TET7_CDS1ns_B

TTGAAGACATGTATTCCTCATATTCCTCATTATC

ss054 R_TET7_CDS1ns_B

TTGAAGACATCGAACCCCAACTGCGTTTCCTGTTGT

ss055 F_TET8_CDS1ns_A

TTGAAGACATAATGGCTCGTTGTAGCAACAATCTCGT

$s056 R_TET8_CDS1ns_A

TTGAAGACATACACAAGGAACACGATGTTAACGA

ss057 F_TET8_CDS1ns_B

TTGAAGACATGTGTTCCTCATCATTGTCTACTCT

ss058 R_TET8_CDS1ns_B

TTGAAGACATCGAACCAGGCTTATATCCGTAGGTA

$s059 F_pLYK4::_P

TTGAAGACATGGAGAAACGAATCACATTTGGTGT

ss060 R_pLYK4::_P

TTGAAGACATAGTACCCGTGATTCTGTAAGATTTGG

ss062 F_pLYK5::_levelO(P)_A

TTGAAGACATGGAGATTTTCTGTTAAGTTTGAAC

ss063 R_pLYK5::_levelO(P)_A

TTGAAGACATCGACTACATCAAGTCATCAACAAG

ss064 F_pLYK5::_levelO(P)_B

TTGAAGACATGTCGTCTAACCGAATTTGTATCCG

ss065 R_pLYKS5::_levelO(P)_B

TTGAAGACATTGGCCTCTTGGATCTCATGTGAAA

ss066 F_pLYK5::_levelO(P)_C

TTGAAGACATGCCAAGACCATCTTTATGTCCAT

ss067 R_pLYKS5::_levelO(P)_C

GTGAAGACATACATCTTCTAGAAAGTTGACCAGG

ss068 F_pLYKS5::_levelO(P)_D

AGGAAGACATATGTACCAAAATCTCCTCTAATCC

ss069 R_pLYKS5::_levelO(P)_D

GGGAAGACATTAGACTTATTTAGTCAATGGAAAC

ss070 F_pLYKS5::_levelO(P)_E

TTGAAGACATTCTACGCCGTCTCCTTTGGTTCAT

ss071 R_pLYK5::_levelO(P)_E

TTGAAGACATAGTACCGTTTTGTGGTGTTCTGATCT

ss073 F_LYK4_CDS1ns

TTGAAGACGGAATGCAACAGCCTTATGTCGGAAT

ss074 R_LYK4_CDS1ns

TTGAAGACATCGAACCGTACGACGATTCTTCCCAGT

$s076 F_LYK5_CDS1ns

GGGAAGACATAATGCAGCAACCGTACGTCAACAA

ss083 F_LTI6b_CDS1ns

TTGAAGACGGAATGAGTACAGCCACTTTCGTAGA

$s084 R_LTI6b_CDS1ns

TTGAAGACATCGAACCCTTGGTGATGATATAAAGAG

ss138 F_TET9_CDS1ns

TTGAAGACGGAATGGTACGTTTTAGTAACAGTCTTGTAGGAATACTCAACTTC

TTCGTGT

ss139 R_TET9_CDS1ns

TTGAAGACATCGAACCTCAAGAATTGTTGAAACCAT

ss144 F_mClover3-
3xFLAG_CT_PartA

AAGAAGACGGTTCGGATGACGATAAGGTGAGCAAGGGCGAGGAGC

ss145 R_mClover3-
3xFLAG_CT_PartA

TTGAAGACATACCAGAACCAGAACCCTTGTACAGCTCGTCCAT

ss146 F_mClover3-
3xFLAG_CT_PartB

AAGAAGACGGTGGTTCGGATTATAAGGACCATGACGGA
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ss147 R_mClover3-
3xFLAG_CT_PartB

TTGAAGACATAAGCCCTCACTTATCGTCATCGTCCTTAT

ss148 F_mRuby3-
6xHA_CT_PartA

AAGAAGACGGTTCGGATGACGATAAGGTGTCTAAGGGCGAAGAGCT

ss149 R_mRubys3-
6xHA_CT_PartA

TTGAAGACATACCAGAACCAGAACCCTTGTACAGCTCGTCCATGC

ss150 F_mRuby3-
6xHA_CT_PartB

AAGAAGACGGTGGTTCTCATTCGTACCCATAC

ss151 R_mRuby3-
6xHA_CT_PartB

TTGAAGACGGAAGCCCTCAAGCGTAGTCGGGCACATCGTACGGG

ss163 F_AtFLOT1_CDS1ns_PartA

AAGAAGACGGAATGTTCAAAGTTGCAAGAGC

ss164 R_AtFLOT1_CDS1ns_PartA

TTGAAGACATCTCGATACCAGCACCG

ss165 F_AtFLOT1_CDS1ns_PartB

AAGAAGACGGCGAGGACATCAAGCTTTCCAAGAA

5166 R_AtFLOT1_CDS1ns_PartB

TTGAAGACGGACACGGTGCAAGATTGCCA

ss167 F_AtFLOT1_CDS1ns_PartC

AAGAAGACGGGTGTTCGACGTTTCTCCG

ss168 R_AtFLOT1_CDS1ns_PartC

TTGAAGACATTTTCTGACCCAAGTAAGAGAAGT

5169 F_AtFLOT1_CDS1ns_PartD

AAGAAGACGGGAAAACTCAAATGGAAGCAGCAA

ss170 R_AtFLOT1_CDS1ns_PartD

TTGAAGACATCGAACCGCTGCGAGTCACTTGCTTCG

Table 2-6: Genotyping and qPCR primers used in this work.

Name Sequence
55186 LP_SALK_116766 TATCGGTTTCATCATCTTCGC
ss187 RP_SALK_116766 ACACTTTTGAACGTTCCATGC
ss188 LP_SALK_205244 TGATGTTGTCAAGCAGACCAG
ss189 RP_SALK_205244 AACGGACAAAGTTCCCAATTC

$s190 LP_SALK_136039

TATCCACCACTCGCGTAAAAG

ss191 RP_SALK_136039

TGATATGCATCGAAGTTCAAAAC

ss193 LBb1.3 _better_for_SALK

ATTTTGCCGATTTCGGAAC

$s200 F_promoter_FLOT2

AATTTGCAAAAAGTCTCCGATCCT

55201 R_within_FLOT2

ATCGATATGATCTTTGACTCCGCG

$s202 F_NJ_GK-430C05_FLOT2

AATTTGCAAAAAGTCTCCGATCCT

$s203 R_SJ_GK-430C05_FLOT2

ATCGATATGATCTTTGACTCCGCG

ss204 GK_o08474

ATAATAACGCTGCGGACATCTACATTTT

$s205 F_AT2G32870

TGCATGAGAGTATAAGATTTGCGT

ss206 R_AT2G32870

TAAAAGAGAAGCTAAAGGACCGCA

$s207 F_NJ_AT2G32870

TGCATGAGAGTATAAGATTTGCGT

$s208 R_SJ_AT2G32870

TAAAAGAGAAGCTAAAGGACCGCA

$s209 LP_SALK_143325

TCCCTTCTCCTAGCCTTTGAG

$s210 RP_SALK_143325

TGTAAATAACCGCGTTTCAATG

ss229 F_Tet3_qPCR

AGAAGACTTAGCCCTGTTGAGTCC

ss230 R_Tet3_qgPCR

TGTCCCATCCGGTCTCATTCAC

ss231 F_Tet7_qPCR

TGGGAACGGATCAGGAGTTGTTTG

ss232 R_Tet7_qgPCR

CGGCTTACAACAACCAGACTGAAG

ss233 F_Tet8_qPCR

GGAGTTGTCTTGTGGAGAGCAAAG

ss234 R_Tet8 gPCR

TTGCAGCAACCAGACTGAAGAGC
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2.6 Bacterial transformations and growth

1 pL of plasmid DNA (50—-4000 ng/uL) was mixed with 10-20uL aliquots of electrocompetent
Escherichia coli DH5a, DH10B or Agrobacterium GV3101, and subjected to electroporation
(200 ohms resistance, 25 UF capacitance, 2.5 kV voltage). E. coli cells were resuspended in
500 pL LB (Luria Broth: 25 mg/mL LB Broth Miller (Formedium)), and Agrobacterium cells in
500 pL S.0.C. (20 mg/mL Tryptone (Peptone from casein) (Merck), 5 mg/mL yeast extract
(Merck), 0.58 mg/mL NaCl (Fluka), 0.186 mg/mL KCl (Sigma), 2.03 mg/mL MgCl, (Fisher), 2.46
mg/mL MgSQ,, 3.6 mg/mL Glucose (Fisher)). The bacterial suspension was left to recover for
1 h at 37°C for E. coli and 2 h at 28°C for Agrobacterium, both with 220 rpm agitation. The
bacteria were spread evenly on LB-agar plates containing the plasmid resistance
corresponding antibiotics: Kanamycin (50 pg/mL), Rifampicin (50 pg/mL), Spectinomycin (50
pg/mL), Carbenicillin (100 pg/mL), Gentamycin (10 pg/mL). E. coli was incubated for 12-24 h
at 37°C and Agrobacterium at 28°C for 40-72 h, before confirmation by PCR of correct

plasmid uptake of individual colonies.

2.7 Isolation of plasmid DNA from bacteria

Plasmid DNA from bacteria was extracted according to the protocol of the QlAprep Spin
Miniprep Kit (Qiagen). The buffers used were purchased from Qiagen, and used in

combination with Mini Spin Columns from Epoch Life Science (EconoSpin® #1910-050/250).

2.8 Extraction of genomic DNA of plants

For genomic DNA extraction from Arabidopsis, one leaf of a minimum size of 1 cm? to a
maximum size of 4 cm? per three to six week old plant was frozen in liquid nitrogen in a
centrifuge tube and ground using a Geno/Grinder®. After addition of 100 pL extraction buffer
(0.2 M Tris-HCI pH8, 0.4 M LiCl, 25 mM EDTA, 1% SDS), the sample was mixed thoroughly by
vortexing, and the soluble fraction collected by centrifugation at 21130 x g for 10 min. at 4°C.
75 uL of ice cooled isopropanol was added to 75 pL of the supernatant and gently mixed.
After centrifugation at 21130 x g for 15 min. at 4°C, the supernatant was discarded and the
pellet was washed with 200 pL of 70% ethanol. After drying of the pellet at room
temperature (RT) for 10-15 min., the pellet was resuspended in 60 uL of nuclease-free water.
Concentration and purity of the extracted DNA were assessed using NanoDrop 800
spectrophotometer (Thermo Scientific), and 5-50 ng DNA was used as a template for

genotyping PCR using GoTaqg® Flexi (Promega).

62



2.9 Plant transformation
2.9.1 Microprojectile bombardment assays

Microprojectile bombardment assays were performed as described in Faulkner et al. (2013)
and Tee et al. (2022). Mature leaves of four- to six-week-old Arabidopsis plants were
bombarded with gold particles (1 nm, BioRad), after coating with pB7WG2.0-eGFP and
pB7WG2.0-RFPg in @ PDS-1000/He Biolistic Particle Delivery System (BioRad), whilst being
placed on petri dishes with their petioles reaching into the media (4.41 mg/mL Murashige &
Skoog Medium Including Vitamins, 10 mg/mL Sucrose, 0.6% Agar). Two hours after
bombardment, leaves were syringe-infiltrated with 0.5 mg/mL chitin or water (mock).
Bombardment sites were assessed 16-30 h after bombardment using a ZEISS LSM800 CLSM,
using the W "N-Achroplan" 20x/0.5 water dipper lens objective. The leaves were screened
for individual transformation sites marked by ER localised mRFP1. Z-stacks were acquired of
the whole area of eGFP movement and total cell number with eGFP presence per individual
transformation site was counted. A maximum of 10 sites per leaf were recorded, before
moving ono the next leaf, to avoid individual leaf bias. Statistical analysis was carried out
using a bootstrap approach according to Johnston and Faulkner (2021) to compare the

medians between mock and chitin treated samples.

2.9.2 Transient expression in N. benthamiana

Agrobacterium mediated transient expression in N. benthamiana was carried out as
described in Cheval et al. (2020). In brief, Agrobacterium GV3101 carrying the desired
plasmid, was cultured overnight in 10 mL LB, containing the corresponding antibiotics. This
bacterial suspension was pelleted and resuspended twice in 0.01 M 2-(N-
morpholino)ethanesulfonic acid (MES) pH 5.6, 0.01 M MgCl, 0.01 M acetosyringone, diluting
to a final optical density at 600 nm (ODgo), of 0.3-0.5 ODggo for each expression constructs
and 0.2 for the silencing suppressor P19 (Win and Kamoun, 2004). Each Agrobacterium strain
carrying the desired plasmid was mixed with the Agrobacterium strain carrying P19, and
syringe-infiltrated into expanded leaves of 4-week-old N. benthamiana plants. Leaf material

was harvested and processed for experiments two days post-infiltration.
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2.9.3 Agrobacterium mediated Arabidopsis
transformation

Stable genetic transformation of Arabidopsis has been carried out using the floral dip method
(Clough and Bent, 1998) adapted by L. Michael Weaver. In brief: A single colony of
Agrobacterium (GV3101) transformed with the desired plasmid (Table 2-1, 2-2) was
inoculated into 10 mL LB liquid culture and grown overnight with the additional appropriate
selective antibiotics. 1-2 mL of this culture was used to inoculate 200 mL LB, including the
appropriate antibiotics. After a further day of growth, the cultures were centrifuged for 15
min., at 5422 x g, discarded the supernatant and resuspended the pellet in 200 mL infiltration
media (2.165 g/L Murashige and Skoog (MS) medium basal salt mix, 50 g/L Sucrose), by
shaking. The flask was left for 1-3 h at room temperature (RT) with gentle agitation. Silwet L-

77 (50 pL per 200 mL) of was added to the bacterial suspension mixed manually.

Arabidopsis plants were soil-grown during ‘long day’ conditions, and the first bolts were cut
to promote the development of multiple bolts per plant. Any already formed siliques were
removed with scissors, as a preparation before the dipping process. Nine Arabidopsis plants
grown in a 9 cm diameter pot, were dipped for 45-60 s in the bacterial solution. For this
purpose, the bacterial suspension was transferred into a plastic bag, which could be pressed
down and flattened once the plant material was inside, to ensure covering all of the plants.
Gentle agitation and movement of the bacterial suspension was applied to the plastic bag
during this time. After dipping, the plants were completely covered with a black plastic bag

overnight, to maintain high humidity and block the light to promote Agrobacterium infection.

2.9.4 Protoplast transfection

To generate and transfect protoplasts at a high transformation rate, | used an adaptation of
Yoo et al. (2007), with changes as suggested by Jen Sheen’s laboratory website

(https://molbio.mgh.harvard.edu/sheenweb/protocols reg.html). In brief, 10 mL of enzyme

solution (0.4 M mannitol [pH 6.7 with NaOH], 20 mM KCl, 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) pH 5.7 was prepared and 1.5% (w/v) cellulose R10
and 0.4% (w/v) macerozyme R10 were stirred in using a sterile plastic loop. The solution was
heated to 55°C for 10 min., before adding CaCl, and bovine serum albumin (BSA) to a final
concentration of 10 mM and 1 mg/mL respectively) and to solution was filter sterilised into
a 5.5 cm diameter plastic petri dish. One side of this petri dish was stacked onto its lid, to
pool the enzyme solution on one side. Well-expanded mature leaves from four- to five-week-

old plants grown on soil under ‘short day’ conditions were used for these experiments.
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Leaves were placed on a stack of white office paper, and incisions at a distance of 0.5-1 mm
were cut with a fresh razor blade. These strips of leaf material were immediately transferred
into the enzyme solution with flat ended tweezers. They were first dipped with their adaxial
side into the solution, before immediately turning them over to put them with their abaxial
side facing the enzyme solution. Twenty leaves were processed per genotype. The petri
dishes were closed and left at gentle shaking rotations of roughly 25 rpm, at RT for 3-4 h.
The enzyme solution was further agitated at roughly 80-100 rpm for an additional five

minutes to allow for a better release of individual protoplasts.

The digested leaf tissue was filtered to remove bigger debris through a W5 (0.5 mM NaCl,
125 mM CaCly, 5 mM KCl, 2mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.7) buffer-
wetted mesh. Protoplasts were pelleted in round bottom tubes at 100 x g at 4°C for 2 min.,
and washed twice more with cooled W5 buffer. The intact protoplast concentration was
assessed using a haemocytometer. The protoplasts were pelleted again and resuspended in
cooled MMG (0.4M mannitol pH 6.7, 15 mM MgCl,, 4 mM 2-(N-morpholino)ethanesulfonic
acid (MES) pH5.7) buffer, to reach a final concentration of 2*10° pp/mL. Depending on the
amount of protoplasts to be transfected, a different tube was chosen for the transfection
process to ensure appropriate gentle mixing. For 100 — 200 uL of protoplasts 2 mL
centrifugation tubes, and for > 800 UL of protoplasts 50 mL conical tubes, were used. 4 ug of
each transfection plasmid per 100 pL protoplasts was added to protoplasts and gently mixed
by flicking and swirling the tube. A 1.1x protoplast volume of PEG (0.2 M mannitol pH 6.7,
0.1 M CaCl,, 40% (w/v) PEG4000) solution was added at RT, and the tubes gently completely
inverted 13 times. The caps were opened to allow for gas exchange and left to incubate for
15 min. at RT. 4.4 x protoplast volume of W5 was added and gently inverted. The protoplasts
were pelleted and washed once in W5 and pelleted and resuspended in 1 x protoplast
volume with WI buffer. Protoplasts were left undisturbed in a dark cupboard overnight at a

45° angle in round bottom tubes before assessment of fluorescence and transfection rate.

2.10 BFA treatment

N. benthamiana leaves transiently expressing Cit-LYM2, were syringe-infiltrated two days
after Agrobacterium infiltration, with either 0.05 mM Brefeldin A (BFA) in combination with
0.5 mg/mL chitin or mock (only water). Before imaging, the leaves were again infiltrated with

0.05 mM BFA, 1 % aniline blue (in 1xPBS), with or without 0.5 mg/mL chitin.
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2.11 FRAP analysis

Fluorescence recovery after photobleaching (FRAP) experiments were carried out as
described in Cheval et al. (2020). In brief: leaves of N. benthamiana, two days after
Agrobacterium infiltration, transiently expressing Cit-LYM2, LYK4-mRFP1, LYK5-mRFP1, were
syringe-infiltrated with 0.5 mg/mL chitin or water (mock for 30 minutes). FRAP experiments
were carried out using a Leica TCS SP8X CLSM with a 63x/1.20 water immersion objective
(Leica HC PL 135 APO CS2 63x/1.20). Citrine was excited at 514 nm, and its emissions
detected at 527-550 nm. mRFP1 was excited at 561 nm, and its emission detected at 567-
617 nm. Regions of interest (ROIs) were defined for plasmodesmata-localised Cit-LYM2, as
well as for PM-localised Cit-LYM2, LYK4-mRFP1 and LYK5-mRFP1. The photobleaching and
recovery were carried out as: 30 iterations were imaged at 0.095 s/frame (pre-bleach); 15
(Cit) or 60 (RFP) iterations at 0.095 s/frame (bleach); and 50 iterations at 0.095 s/frame
followed by 120 iterations every 0.5 s (post-bleach). For bleaching iterations, the laser power

was set to 100% output and the FRAP booster was activated.

The ROl intensity data were normalised to the mean intensity of the first five frames of pre-
bleach and corrected for imaging bleaching induced by pre- and post-bleach iterations. To
correct for the latter, non-bleached image acquisition decay curves were collected, which
themselves were normalised to the mean intensity of the first five pre-bleach frames and

were fitted by a LOESS regression. All FRAP data collected was therefore corrected as follows:

Leorr = Inorm + (100_ Idecay) [%]

I o+ is the corrected intensity used for further analysis, 1,5, is the normalised intensity,

lgecay is the modelled intensity of the acquisition decay curve. In order to establish the

bleached intensity as a baseline, the data was further transformed as follows:

I — Iy
[final = a;rr—ea x 100 [%]
pre—bleach

Ifinqu is the final intensity used for further analysis, Ipjeqcn is the intensity measured at the

last bleaching frame, I,re_pieacn is the mean of the pre-bleach values.

For each of these datasets an individual LOESS curve was modelled, and the curve fit
manually sanity checked (Spira et al., 2012). The intensity value at 60 s post-bleach,
representing the recovery within 1 min., was used as an approximation of the relative mobile
fraction, adapted from Martiniere et al. (2012). A comparisons of estimated marginal means,

was carried out using a Tukey’s HSD test to determine statistical significance.
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2.12  FRET-FLIM analysis
2.12.1 FRET-FLIM using a Leica TCS SP8X

These experiments and analyses have been carried out as documented in Cheval et al.
(2020). In brief: Leaves of N. benthamiana, two days after Agrobacterium infiltration,
expressing constructs of interest, were syringe-infiltrated with 0.5 mg/mL chitin or water
(mock), 30 min. before usage. FLIM data was acquired 30 — 60 min. after treatment using a
63x/1.2 water immersion objective lens (Leica C-APOCHROMAT 63x/1.2 water). This Leica
TCS SP8X, was further equipped with TCSPC (time correlated single photon counting)
electronics (PicoHarp 300), photon sensitive detectors (HyD SMD detector), as well as a
pulsed laser (while light laser, WLL), capable of emitting a range of 470-670 nm. The WLL was
used to excite eGFP at 488nm, with a low laser power (0.5-3%) to avoid unwanted acquisition
bleaching of the samples and a repetition rate of 40 Mhz. Emission of eGFP was collected in
the range of 509-530 nm, with additional 488 nm and 561 nm notch filters to reduce
interference of reflected light. An erythrosine B based instrument response function (IRF)
was measured as described by Weidtkamp-Peters and Stahl (2017). A Leica LASX FLIM wizard
was linked to the PicoQutn SymPhoTime64 software to acquire the FLIM data. Each image
was scanned until a suitable number of photon counts per pixel (minimum 1000) was
reached. For FLIM data acquisition, the image size was reduced to 250 x 50 pixels, to allow
for a short pixel dwell time of 19 ps. The laser power was adjusted to reach a maximum of
2000 kcounts/s. ROIs at the PM were selected to exclude any fluorescence of potential
chloroplast origin. Calculations of lifetime were carried out following the PicoQuant
SymPhoTime 64 software instructions for FRET-FLIM-analyses using multi-exponential
donors, using a two-exponential decay for eGFP. The lifetimes were initially fitted using the
Monte Carlo method, followed by fitting using the Maximum likelihood Estimation (MLE).
The tp4 (amplitude weighted average donor lifetime) of LYK4-eGFP was calculated and used
for further statistical analysis. In the text the amplitude weighted average donor lifetime is
referred to as T. These data were analysed using pairwise Wilcoxon rank sum tests using the
Bonferroni p-value adjustments for multiple comparisons. All FRET-Efficiencies are further

listed in Table 7-2.
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2.12.2 FRET-FLIM using a Leica Stellaris 8

These experiments have been carried out on a Leica STELLARIS 8 equipped with a FAst
Lifetime CONtrast (FALCON) for FLIM measurements. The Leica LASX FLIM wizard as used to
set up the imaging pipeline. Data was acquired using a Leica HC PL APO CS2 63x/1.20 WATER
objective, and high precision coverslips (170 = 5 um, Paul Marienfeld GmbH & Co. KG) to
ensure higher consistency and reducing the need for objective collar corrections. A pulsed
white light laser (WLL) was used at 488 nm at 40 MHz, and emission of LYK4-eGFP was
collected at 505-545 nm. The format was set to 512x512, the speed to 100, and the pixel
dwell time to 15.39 ps, resulting in a frame rate of 0.194 frames/s. Each image was scanned

until a suitable number of photon counts per pixel (minimum 1000) was reached.

Analysis of FLIM was carried out in LASX FLIM/FCS. An ROl was drawn using the inverted
brush option to exclude any non-PM signals. An intensity threshold was set at 100 to
Maximum, and the Fit Model of Multi-Exponential Donor with two components was chosen
for LYK4-eGFP and LYK4-mClover3-3xFLAG, and the fitting range adapted to the intensity
counts curve. The donor only samples were first analysed, without the additional presence
of acceptor proteins and used a the generated Tt to calculate a mean value Tt for the
unquenched donor lifetime. An initial fit was carried out while allowing the model to
optimise the IRF Background and the IRF Shift. Then those values were locked, and a further
fit carried out. As in the analysis with PicoQuant SymPhoTime 64 above, the T4 (amplitude
weighted average donor lifetime) of LYK4-eGFP was used for further statistical analysis.
These data were analysed using pairwise Wilcoxon rank sum tests using the Bonferroni p-
value adjustments for multiple comparisons. All FRET-Efficiencies are further listed in Table

7-2.

2.13 Biochemical methods

2.13.1 Protein extraction for SDS-PAGE and
Western blotting

Six leaf discs (cork borer size 4; 8.9 mm diameter) of N. benthamiana leaves two days past
Agrobacterium infiltration (42-55 h), expressing the desired constructs, were placed in a 2
mL centrifuge tube together with a metal ball and the tissue was frozen in liquid nitrogen.
The tissue was then ground and homogenised using a Geno/Grinder® at 1000-1200 rpm for
90 sec. 500 pL of ice cold IP buffer (immunoprecipitation buffer: 50 mM Tris-HCl pH 7.5, 150
mM NacCl, 5mM dithiothreitol (DTT), protease inhibitor cocktail (Sigma 5892953001) 1:100,

68



phosphatase inhibitor (Sigma 04906845001) 1:200, 1 mM phenylmethanesulfonyl fluoride
(PMSF), 0.5% IPEGAL® CA-630 (Sigma 13021), 1 mM EDTA, 1 mM Na;Mo04x2H,0, 1 mM NaF,
1.5 mM activated Na3V0,) were added to each sample. The samples were allowed to defrost
on ice with occasional vortex mixing to ensure equal contact with the buffer, and then gently
agitated for 30 min. at 4°C. The samples were centrifuged at max. speed (21 130 x g), for 10
min. at 4°C. The supernatant was transferred into a fresh centrifuge tube, centrifuged again,
and transferred again, to avoid any contaminations of cell wall debris. This twice centrifuged

supernatant was used as the basis protein extraction for co-immunoprecipitations.

2.13.2 Co-immunoprecipitation

For co-immunoprecipitation (co-IP), 50 pL of the protein extract were kept for Input analysis,
and 370 pL were processed further. Magnetic beads of GFP-Trap Magnetic Agarose
(Chromotek) or Anti-FLAG® M2 Magnetic Beads (Merck) — 20 uL each — were washed four
times with ice cold IP buffer, before addition of the protein extract. The protein-bead
solution was gently agitated for 30 min. at 4°C. The beads were magnetically separated, and
the supernatant removed, before 500 uL ice cold IP buffer were added and gently agitated
for 5 min. at 4°C again. This process was repeated 3 times. Proteins were released from the
beads by heating to 95°C in Lammli buffer (final concentration: 20 mM Tris-HCl pH 6.8, 8.3%
(v/v) Glycerol, 1% (w/v) Sodium dodecyl sulfate (SDS), 0.0083% (w/v) Bromophenol Blue, 2%

(w/v) 2-Mercaptoethanol).

2.13.3 SDS-PAGE and Westen blotting

Gels of 1 mm thickness, 8 cm wide and 7 cm long, with a roughly 6 cm separating gel and 1
cm stacking gel were cast and run using the Bio-Rad Mini-PROTEAN Il apparatus (Bio-Rad
Laboratories). Separating gels were made to a final concentration of 10% (w/v)
acrylamide:bis-acrylamide (37.5:1), 0.1% (w/v) SDS, 390 mM Tris-HCl pH 8.8. The stacking gel
was made to a final concentration of 5% (w/v) acrylamide:bis-acrylamide (37.5:1), 1% 0.1%
(w/v) SDS, and 12 mM Tris-HCl pH 6.8. Both gels were polymerised by addition of a final
concentration of 0.1% (w/v) ammonium persulfate and 0.1% (w/v)
Tetramethylethylenediamine. At least half an hour of time was allowed for polymerisation
of the separating gel under a layer of deionised water, before casting the stacking gel on the

separating gel, as well as before loading the completed gel.

Gels were run in Running buffer (3.03 g/L Tris, 14.4 g/L Glycine, 1% (v/v) SDS) at a constant
140 V, until the dye front ran either off the bottom of the gel or close to the end. If not

otherwise stated the dye front has then been cut off the gel before proceeding with the
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transfer. The proteins were transferred using the Mini Trans-Blot® Cell (Bio-Rad
Laboratories) in Transfer buffer (3.02 g/L Tris, 14.4 g/L Glycine, 20% (w/v) methanol) either
for 75 min. at a constant 100 V or overnight (12-16 h) at a constant 30 V, to Immuno-blot®

PVDF 0.2 um membranes (BioRad).

Proteins were separated by SDS-PAGE (10% acrylamide:bis-acrylamide gels if not specified
otherwise), and after the transfer visualised as follows: After blocking in 5% milk (20 mM Tris,
150 mM NacCl, 0.1% Tween20, with 5 mg/mL powdered skimmed milk (Tesco/Marvel)), the
membranes were left at gentle agitation at 4°C overnight. Primary antibodies conjugates
with horseradish peroxidase (HRP) were four times washed off with TBST and immediately
visualised. Membranes requiring secondary antibody treatment, were washed once with
TBST (Tris-buffered saline: 20 mM Tris, 150 mM NaCl, 0.1% Tween20) by giving a quick
manual shake, and then washed three times for five minutes with 5% milk, before addition

of the secondary antibody solution.

Proteins were detected with anti-GFP (1:1000, Roche, 11 814 460 167 001), anti-HA (1:5000,
Sigma, H3663), anti-HA-HRP (1:5000, Abcam, ab173826), anti-RFP-biotin (1:2000, Abcam,
ab34771), Anti-FLAG-HRP (1:5000, Abcam, ab49763), Anti-Ubiquitin (1:2000, Abcam,
ab19169) antibodies. | further used anti-mouse-HRP (1:10 000, Sigma, A0168) and anti-
rabbit—HRP (1:20 000, Sigma, A0545) for detection of the primary antibodies. HRP was
visualised using an ImageQuant LAS500 (GE Healthcare), with SuperSignal™ West Femto

(Thermo Scientific).
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2.13.4 |IP followed by Mass spectrometry

Mature leaves of four- to six-week-old Arabidopsis plants were syringe infiltrated with 0.5
mg/mL chitin or water (mock), sampled 30 min. post infiltration, and frozen in liquid
nitrogen. Three leaves were taken from one plant as one sample, their proteins extracted

and immunoprecipitated as described above.

The immunoprecipitated proteins were run approximately 5 mm into a 10% resolving gel.
Gel slices were prepared according to standard procedures adapted from Shevchenko et al.
(2006). Briefly, the slices were washed with 50 mM TEAB buffer pH8 (Sigma), incubated with
10 mM Dithiothreitol (DTT) for 30 min at 65 °C followed by incubation with 30 mM
iodoacetamide (IAA) at RT (both in 50 mM TEAB). The further processing and handling of the
analysis machines was carried out by the JIC proteomics facility staff Gerhard Saalbach and

Carlo de Oliveira Martins, who also supplied the following procedural details.

After washing and dehydration with acetonitrile, the gels were soaked with 50 mM TEAB
containing 10 ng/ul Sequencing Grade Trypsin (Promega) and incubated at 40°C for 8 h. The
eluted peptide solution was dried down, and the peptides dissolved in 0.1% TFA
(Trifluoroacetic acid) with 3% acetonitrile. Aliquots were analysed by nanoLC-MS/MS on an
Orbitrap Eclipse™ Tribrid™ mass spectrometer coupled to an UltiMate® 3000 RSLChano LC
system (Thermo Fisher Scientific, Hemel Hempstead, UK). The samples were loaded and
trapped using a pre-column with 0.1% TFA at 20 pl min™ for 3 min. The trap column was then
switched in-line with the analytical column (nanoEase M/Z column, HSS C18 T3, 100 A, 1.8
um; Waters, Wilmslow, UK) for separation using the following long gradient of solvents A
(water, 0.05% formic acid) and B (80% acetonitrile, 0.05% formic acid) at a flow rate of 0.2 pl
min™t: 0-4 min 3% B (trap only); 4-10 min linear increase B to 8%; 10-60 min increase B to
25%; 60-80 min increase B to 38%; 80-90 min increased to 60%; followed by a ramp to 99%

B and re-equilibration to 3% B, for a total running time of 118 minutes.

Data were acquired with the following mass spectrometer settings in positive ion mode:
MS1/0T: resolution 120K, profile mode, mass range m/z 300-1800, spray voltage 2300 V,
AGC 2e®, maximum injection time of 50 ms; MS2/IT: data dependent analysis was performed
using HCD and CID fragmentation with the following parameters: top20 in IT turbo, centroid
mode, isolation window 1.6 Da, charge states 2-5, threshold 1.0e*, CE = 30, AGC target 1.0e*,
maximum inject time 35 ms, dynamic exclusion 1 count, 15 s exclusion, exclusion mass

window 5 ppm.
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Recalibrated peaklists were generated with MaxQuant 1.6.10.43 (MaxQB - The MaxQuant
DataBase, 2020) in using the Arabidopsis protein sequence database (The Arabidopsis
Information Resource (TAIR), 2020) (35,386 entries) plus the Maxquant contaminants
database (250 entries). The results from Maxquant with default parameters were used
together with search results from an in-house Mascot Server 2.7 (Matrixscience, London, UK)
on the same databases. For this search a precursor tolerance of 6 ppm and a fragment
tolerance of 0.6 Da was used. The enzyme was set to trypsin/P with a maximum of 2 allowed
missed cleavages; oxidation (M) and acetylation (protein N-term) were set as variable
modifications; carbamido-methylation (C) as fixed modification. The Mascot search results
were imported into Scaffold version 4.11.0 (2020) using identification probabilities of 99%

for proteins and 95% for peptides.

For interaction data analysis, SAINTexpress (Teo et al., 2014) was used to analyse the
quantitative results produced by Scaffold and generate a BFDR (Bayesian False Discovery

Rate) and AvgP (Aware average Probability score) as the SAINT score.

2.13.5 Detection of protein glycosylation

Enzymatic removal of N-linked oligosaccharides from glycoproteins was carried out as an
adapted method from New England Biolabs (2015). In brief 0.5 uL of magnetic bead slurry
carrying immunoprecipitated proteins of choice (before protein elution), were added to 1 uL
of Glycosylation Denaturation Buffer (New England Biolabs) together with 0.85 pL dH,0, and
heated for 5 min. at 95°C, before being cooled down on ice. After the further addition of 2
pL Glycobuffer 2 (New England Biolabs), 2 uL 10% NP40 (New England Biolabs), and 6 plL
dH,0, either 1 pL PNGaseF (New England Biolabs) or 1 uL dH,0 (mock) were added. The
samples were incubated for 14 h at 37°C, before the proteins were eluted off the magnetic

beads using Lammli buffer at 95°C and visualised using SDS-PAGE.

2.14  Botrytis cinerea infection assay

Botrytis cinerea isolate B05.10 was drop inoculated in the centre of an MEA plate (Malt
extract agar and yeast extract: 30 mg/mL Malt extract OXOID (LP0039), 5 mg/mL Oxoid™
Peptone Mycological, 2 mg/mL yeast extract (Merck), 20 mg/mL Agar (Formedium)). This
was incubated at 20°C for three days, before cutting a piece of the expanding hyphal edge
as an agar plug to inoculate a fresh MEA plate. This petri dish was sealed with micropore
tape and roughly 1 cm of it was not sealed to ensure enough air contact to trigger spore
formation. After growth for 10-14 days at 20°C, the spores were harvested by flooding the
plate with 15 mL of 0.05% TWEEN® 20 (Merck P9416) and using a glass cell spreader to scrape
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the conidia off. The spore solution was filtered once through miracloth (Merck), before
centrifuging it for 5 min. at 129 x g. The supernatant was discareded and the spore pellet
resuspended in 10 mL of 0.25x PDB (0.25x PDB: 6 mg/mL Potato dextrose broth
(Formedium)). A 1:1000 dilution in water was used to assess the spore concentration using
a haemocytometer. The spore concentration was adjusted to 2.5x10° spores/mL. The spore
suspension was incubated at RT for 1.5-2 h while shaking at 300 rpm, to induce synchronised
germination. The germination was assessed by determining if hyphae were emerging from

spores.

Detached leaves of four- to six-week-old Arabidopsis plants were placed with their petiole in
WA (water agar: 15 mg/mL agar (Formedium)). Droplets of 2 uL of the spore suspension were
placed on the leaf surface, twice per leaf, between the mid-vein and the leaf edge. The plates
were sealed with parafilm, wrapped in a single layer of blue roll, and left for four days (10 h:
14 h, light: dark; 22°C). Four days past infection, the plates were photographed, and the
lesion sizes measured in Imagel (v1.52i) (Schneider et al., 2012). Statistical analysis was
carried out by fitting a linear mixed-effects models (package Ime4 1.1-27.1) accounting for
the fixed effect of genotype and the random effect of experimental repeats, followed by
comparison of the estimated marginal means using the emmeans package (1.7.0) using a

Tukey’s HSD test in R (4.1.2).

2.15 Oxidative burst assay

A 96-well-plate was prepared by filling every well with 200 pL dH,0. Leaf discs of four- to six-
week-old Arabidopsis plants were cut into leaf discs (cork borer size 2; 6.3 mm diameter),
briefly placed into a petri dish filled with dH,O (adaxial epidermis facing up), before being
placed individually into the wells of the 96-well plate (adaxial epidermis facing up). This plate
was placed in the dark overnight at RT covered with aluminium foil. In the morning the water
in each well was replaced by 50 puL WS (working solution: 20 ug/mL horseradish peroxidase
(AppliChem), 20 uM L-012 (FUJIFILM Wako Pure Chemical Corporation)). Immediately before
the plate imaging process was started, 50 uL WS containing 1 mg/mL chitin, or the equivalent
dH,0 (mock) were added to each well. A Varioskan™ LUX (Thermo Scientific) was used to
collect luminescence information emitted in each well every 30 s for 90 minutes. Statistical
analyses were carried out by a fitting linear mixed-effects model (packages Imtest 0.9-38,
Ime 4 1.1-27.1), followed by comparison of the estimated marginal means using the

emmeans package (1.7.0) applying a Tukey’s HSD test.
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2.16  Graphical data visualisation and
statistical analysis

Data visualisation was carried out using R (4.1.2) (R Core Team, 2021), with the ggplot2
package (3.3.5) (Wickham H., 2016). In the box plot, the line within the box marks the
median, the box signifies the upper and lower quartiles, and the whiskers represent the
minimum and maximum within 1.5 x interquartile range. An ‘x’ has been used to mark the

mean of the data. Violin plots represent the data contribution.

All statistical analyses were carried out in in R (4.1.2) (R Core Team, 2021), and denoted in
each materials and methods section as well as in each figure legend. All linear models and
linear mixed-effects models were carried out using the packages Imtest 0.9-38, and Ime 4
1.1-27.1, followed by comparison of the estimated marginal means using the emmeans
package (1.7.0) applying a Tukey’s HSD test. The Analyses of Variance table data are listed in
Table 7-5.
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3 Receptor dynamics

3.1 Chapter 3 —introduction

3.1.1 Receptor complex formation for chitin
detection

Chitin binding PRRs in plants are characterised by the presence of LysM domains (Sanchez-

Vallet et al., 2015). The LysM domain has been originally identified in bacterial enzymes
involved in cell wall degradation (Birkeland, 1994; Jerse et al., 1990; Joris et al., 1992). The
first chitin binding PRR in plants was identified in rice as the CHITIN ELICITOR-BINDING
PROTEIN (OsCEBiP) (Hayafune et al., 2014; Kaku et al., 2006; Kouzai et al., 2014). According
to Fliegmann et al. (2011), LysM receptors are not present in algae or mosses and first
appeared in the plant lineage in Selaginella moellendorfii, while all vascular plants contain at

least two genes coding for LysM domain carrying proteins.

At the PM of Arabidopsis, multiple different RKs such as CERK1, LYK4 and LYKS5 are important
for the perception of chitin (Cao et al., 2014; Miya et al., 2007) — an insoluble polymer of B-
1,4-linked N-acetylglucosamine of fungal cell walls (Numata and Kaplan, 2011). Often such
receptors do not function as individual protein units in signalling processes, but rather
undergo dynamic or stable complex formations — e.g. asin a flg22 ligand-dependent manner
between FLS2 and BAK1 (Chinchilla et al., 2007). Depending on the method used to assess
this, these potential changes in complex formation can be observed or resemble artifacts
and each such result therefore has the be critically assessed based on the experiment used.
For the perception of fungal chitin, multiple receptor interactions and complexes have been
reported, such as the chitin-dependent association between a CERK1 homodimer (Liu et al.,
2012), and heterodimers between CERK1 and LYK5 and the chitin-independent association
between CERK1 and LYK4 (Cao et al., 2014).

As described in chapter 1, these receptor complexes are capable of initiating a plethora of
further signalling and immunity response processes at the PM, such as allowing BIK1 to
phosphorylate and activate RBOHD, which in turn triggers the production of apoplastic ROS
(Kadota et al., 2014; Li et al., 2014; Liu et al., 2018). Further receptor complexes can trigger
the activation of MAPK cascades via RLCKs (Yamada et al., 2016). However, before this work
and Cheval et al. (2020) no comprehensive understanding of the receptors involved and how
these processes might be regulated or active at plasmodesmata in chitin-triggered immunity

was available.
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3.1.2 Chitin-triggered immune signalling at PD

Treatment with MAMPs such as flg22 triggers a reduction of the molecular exchange
between two adjacent cells by reducing the plasmodesmal flux (Faulkner et al., 2013; Xu et
al., 2017). This change of plasmodesmal flux is achieved by an increase in callose deposition

at the plasmodesmal neck region (Xu et al., 2017).

Some components necessary for these plasmodesmal responses triggered by chitin, were
already determined. For example, Faulkner et al. (2013) showed that the RP LYM?2 is vital for
chitin-triggered plasmodesmal closure. Curiously, they also showed that this chitin-triggered
response is independent of the RK CERK1, which is important for chitin-triggered PM

localised responses as discussed above.

The perception of MAMPs by receptors can relayed to RBOHD via different proteins. By
contrast to the bulk of the PM, the activation of plasmodesmal RBOHD is putatively not
dependent on BIK1, as bikl mutants are still capable of undergoing chitin-triggered
plasmodesmal closure. Instead this response is dependent on cytoplasmic CALMODULIN-
DOMAIN PROTEIN KINASE 5 (CPK5), CPK6, and CPK11 (Cheval et al., 2020). Chitin-triggered
plasmodesmal closure further depends on RBOHD, and in particular its phosphorylation sites
Ser39/Ser339/Ser343 and Ser133 (Cheval et al., 2020). Different signalling pathways can

therefore converge in the activation of RBOHD.

Chitin triggered signalling processes are mediated through multiple different receptors.
LYM2 is a RP which is anchored into the outer envelope of the PM via a GPI anchor
(Fliegmann et al., 2011), and therefore needs other protein partners to inducing a signal
transduction through the PM into the cytoplasm. This could be achieved via receptor
complex formation with a RK involved in chitin detection such as a LysM-RK. The Arabidopsis
LysM-RK family consists of five members: CERK1, LYK2, LYK3, LYK4, and LYK5. As CERK1 is not
necessary for chitin-triggered plasmodesmal closure (Faulkner et al.,, 2013), it can be
excluded as a potential candidate to form an important complex with LYM2. LYK2 exhibits a
very low expression in mature Arabidopsis leaves (Arabidopsis eFP Browser 2.0, 2022; Winter
et al., 2007), and in Cheval et al. (2020) we couldn’t detect any transcripts in leaves. LYK2 can
therefore be speculated to be excluded from playing important for chitin-triggered
plasmodesmal closure in this tissue type. In Cheval et al. (2020) we therefore tested mutants
of lyk3, lyk4 and lyk5-2 for their ability to close their plasmodesmata in a chitin dependent

manner in leaves. We determined that LYK4 as well as LYK5S are necessary for this response,
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while LYK3 is not. This data now allows for speculation that LYM2, LYK4 and LYKS5 are capable

of forming receptor complexes important for chitin perception at plasmodesmata.

3.1.3 Plasmodesmal localisation of proteins

Scarcely little is known about how proteins localise to plasmodesmata. Four protein
sequences were so far published to be involved in plasmodesmal targeting. They can be
conceptualised similarly to nuclear localisation signals (NLS), as they are by themselves
necessary and sufficient for targeting to their designated compartment, and by contrast to
signal peptides are non-cleavable (Yuan et al., 2017). One such plasmodesmata targeting
signal is based on the transcription factor INTERCELLULAR TRAFFICKING DOF 1 (ITD1), which
contains a sequence necessary for intercellular trafficking as well as plasmodesmal
localisation (Chen et al., 2013). A second one is based on the homeobox domain of the Zea
mays transcription factor ZmKNOTTED1 (Kim et al.,, 2002; Lucas et al., 1995). The
transmembrane domain of PLASMODESMATA-LOCATED PROTEIN 1 (PDLP1) has been
identified as a third motif establishing plasmodesmal localisation (Thomas et al., 2008).
Possession of a GPl-anchored modification motif resulting in a GPI anchored protein
represents a fourth motif which can lead to plasmodesmata localisation (Zavaliev et al.,
2016). Although these four sequences have been identified, no universal way of predicting a
protein’s plasmodesmal localisation has been identified to date, as well as no universal

explanation of how a protein is able to be enriched at plasmodesmata.

Different proteins can exhibit different lateral movement dynamics. Components of
biological membranes such as proteins and lipids can generally move laterally in the plane of
the membrane (Jacobson et al., 2019). However, this “free” lateral movement behaviour
depends on intrinsic protein characteristics such as size (Ramadurai et al., 2009), interaction
partners (Sheetz et al., 1980) and concentration (Pink, 1985) and whether or not the protein
inhabits a domain in the PM and the domain’s characteristics (Li et al.,, 2011).
Compartmentalisation of the PM is achieved by domains of higher order with specific protein
or lipid compositions. The plasmodesmal PM can be defined as such a special PM
microdomain compartmentalisation, being made up of a specific protein and lipid
composition (Brault et al., 2019; Grison et al., 2015a), and therefore expected to exhibit
particular characteristics of protein lateral mobility. The lateral mobility of membrane
proteins might therefore be an important defining characteristic of plasmodesmata and

different for proteins localising predominantly in the rest of the PM.
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LYM?2 is present within the PM and enriched at plasmodesmata (Faulkner et al., 2013).
Curiously we noticed that LYM2 enrichment at plasmodesmata increases in a chitin-
dependent manner (Cheval et al., 2020). This allows me to ask if this increase in
plasmodesmal localisation could be a hook useful in unravelling general patterns of how a
protein localises to plasmodesmata? Could this behaviour be triggered by changes in
individual protein dynamics and behaviours within the membrane, or even secretion, or
protein cycling processes? And how do other interacting proteins interplay in this response

and possibly influence it?
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3.1.4 Post translational modifications

While studying the involvement of LYK4 and LYKS5 in chitin-triggered plasmodesmal closure,
we biochemically determined that LYK4 is present at plasmodesmata while LYK5 itself is not
(Cheval et al., 2020). So, if LYK5 is absent at plasmodesmata, how can it still affect

plasmodesmal responses?

LYK5 at the PM could be important for another protein at the PM, before these assume their
role at plasmodesmata. We determined that LYK4 shows a reduced protein size when
expressed in a lyk5-2 mutant (Cheval et al., 2020). This size shift could be due to a LYK5-
dependent PTM of LYK4, which in turn influences LYK4’s capability to regulate chitin-
triggered plasmodesmal closure. This could be one possible way in which LYK5 could
influence plasmodesmata localised signalling responses, even though it itself is absent from
this microdomain. However, it is still unknown which PTMs LYK4 undergoes and how they

could depend on LYKS5.

3.1.4.1 Ectodomain shedding
Could cleavage of LYK4 be caused by the absence of LYK5? A plethora of different membrane

proteins undergo proteolytic cleavage within their extracellular domains (Lichtenthaler et al.,
2018). This process is referred to as ectodomain shedding (Hayashida et al., 2010). It is highly
researched in the animal cell biology field — particularly for its roles in the regulation of
signalling processes (Adrain et al., 2011; Laurent et al., 2015), as well as for the cleaved
ectodomains fulfilling further active role (Grell et al.,, 1995). However, relatively little
research has been published to-date on plant receptor proteins undergoing ectodomain
shedding, and how this affects their signalling capabilities. Ectodomain shedding can regulate
protein-protein interactions as well as degradation processes. SYMBIOSIS RECEPTOR KINASE
(LjSYMRK) of the plant Lotus japonicus is a PM-localized RK, whose extracellular domain is
made up of a malectin-like domain (MLD) and LRR domains. The malectin-like domain is
cleaved at a conserved GDPC motif, in the absence of symbiotic stimulation (Antolin-Llovera
et al., 2014b). 41 out of 50 of the Arabidopsis LRR-I RK family members have an ectodomain
comprising of an MLD followed by a GDPC motif and LRRs (Hok et al., 2011). It therefore
stands to reason that the GDPC motif dependent ectodomain cleavage could be a common

feature of these RKs (Antolin-Llovera et al., 2014a).
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RKs such as BAK1 can undergo proteolytic cleavage triggered by stimulation of
developmental or immunity cues (Zhou et al., 2019). This can further result in downstream
effects in the regulation of other RKs. In the example of BAK1, ectodomain shedding has been

demonstrated to play a critical role in the phosphorylation of BIK1 (Zhou et al., 2019).

However, how ectodomain shedding is capable of achieving regulatory effects is not always
clear or straight forward to determine. For example, LiISYMRK without its ectodomain is more
competitive than its full-length version in protein complex formation with NOD FACTOR
RECEPTOR 5 (LjNFR5), even though the truncated protein can be more prone to recycling or
degradation processes. Thereby the balance in the abundance of the unshed and the shed
pool of proteins can be skewed and detected as such, affecting complex formation dynamics

and signalling.

Chitin-triggered signalling can also be regulated by ectodomain shedding. Petutschnig et al.
(2014) showed that CERK1 undergoes ectodomain shedding and releases the cleaved soluble
CERK1 ectodomain into the extracellular space. Different mutant accessions of cerkl have
been identified with different causes for phenotypes. While cerk1-2 (T-DNA insertion, Miya
et al. (2007)) abolishes the presence of CERK1 proteins, cerk1-4 (a single nucleotide mutation
in position 370 of the coding region of CERK1), results in full length proteins (Petutschnig et
al., 2014). However, by contrast to the WT form of CERK1, they cannot undergo ectodomain
shedding and therefore result in no detectable form of the soluble CERK1 ectodomain
(Petutschnig et al., 2014). Curiously, plants expressing CERK1-4 are still able to carry out
canonical PM localised chitin signalling processes. However, they exhibit phenotypes of
deregulated cell death in the presence of pathogens as well as hyper-inducible salicylic acid
concentrations. This suggests a receptor can directly or indirectly fine-tune and affect

signalling and defence pathways depending on its ability to undergo ectodomain shedding.

CERK1 shares high sequence similarities to other chitin binding proteins such as LYK4 and
LYK5 (Zhang et al., 2007). Could these RK therefore also undergo ectodomain shedding

processes, and could their function be regulated and fine-tuned by them?

3.1.4.2 Ubiquitination

Additive PTMs, such as ubiquitination can also affect protein abundance and regulate
interaction processes. Ubiquitination is a biochemical process in which ubiquitin — a 76
amino acid protein — is biochemically attached to another protein (Guo and Tadi, 2022).
Ubiquitin itself can be ubiquinated resulting in a polyubiquitin chain attached to the original

protein (Swatek and Komander, 2016). Poly-ubiquinated proteins are often primed for
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degradation by the 26S proteasome (Kaiser and Huang, 2005). Monoubiquitination can fine-
tune signalling processes but does not necessarily lead to protein degradation (Braten et al.,
2016; Zhang et al., 2013). LYK5 is known to undergo ubiquitination and its abundance is
regulated by this PTM (Liao et al., 2017), making it a reasonable assumption that other closely

related LysM -RK such as LYK4 could also be ubiquitinated.

3.1.4.3 Glycosylation

The addition of a carbohydrate moiety called glycosylation can be a cotranslational and/or
posttranslational modification of proteins (Abou-Abbass et al., 2016). The main types of
glycosylation are N-linked and O-linked glycosylation, depending on if they are attached to a
nitrogen or oxygen molecule respectively (An et al., 2009). Uniprot predicts 6 different N-
linked glycosylation sites within the ectodomain of LYK4

(https://www.uniprot.org/uniprot/064825) (The UniProt Consortium, 2021). Additionally,

O-linked glycosylation can occur at any threonine or serine amino acid, and there is no
common consensus within the protein sequence to predict those glycosylation sites (An et
al., 2009). Therefore, it is not possible to predict where and how much LYK4 might be

undergoing O-linked glycosylation.

Other PRR such as FLS2 and EF-TU RECEPTOR (EFR) are highly glycosylated and this PTM is
important for their signalling functions in plant immunity (Haweker et al., 2010; Nekrasov et
al., 2009; Saijo et al., 2009). Glycosylation is therefore a highly likely PTM candidate of LYK4.
Particularly as this PTM might directly influence LYK4's function it might be a good candidate

for its functional dependence on LYK5.

3.1.50verview and aims of this chapter

The aim of this chapter was to evaluate the dynamics of receptors involved in chitin-triggered
plasmodesmal closure. | started by elucidating the increase in plasmodesmal enrichment of
LYM?2 triggered by chitin, to answer if this process is secretion dependent or caused by
changes in lateral membrane mobility. Further | aimed to test if and in which combinations
LYM2, LYK4 and LYK5 associate with each other, a characteristic their signalling function
might be dependent on. In Cheval et al. (2020) we demonstrated that LYK4 changes its
protein size depending on the presence or absence of LYK5S. | assessed LYK4 for some of the
likely PTMs which could be the cause of this, and therefore the reason why chitin-triggered

plasmodesmal closure also depends on LYKS5.
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3.2 Results

3.2.1LYM2 maintains plasmodesmal association
after protein transport inhibition

In Cheval et al. (2020) we described LYM2's curious localisation behaviour, of its fluorescence
ratio between plasmodesmata and PM (PD index) increasing in response to the MAMP chitin.
It is currently unknown how specific proteins are sorted and enriched at plasmodesmata and
only a few plasmodesmal localisation signals have been identified to date (Yuan et al., 2017).
Data on virus movement proteins suggest that these proteins transport their cargo to
plasmodesmata using secretion mechanisms and the endocytic recycling pathway (Lewis and
Lazarowitz, 2010). Connecting the observations of PD index changes and the virus mediated
plasmodesmata targeting via endocytosis, lead me to ask: Does the plasmodesmata

localisation of LYM2 depend on a functional protein transport and secretion pathway?

The fungal toxin BFA causes a breakdown of the separation between the ER and Golgi
compartments via membrane fusions (Nebenfihr et al., 2002). Protein secretion is inhibited
in BFA-treated cells at an early step in the secretory pathway due to a block in a pre-Golgi
compartment (Brandizzi et al., 2002; Klausner et al., 1992). | therefore used BFA treatment
assay to test if the disruption of secretion processes disturbs the plasmodesmal localisation

of LYM2.

Cit-LYM2 exhibits a preferential plasmodesmal localisation as previously described in
Faulkner et al. (2013) under mock conditions (Fig. 3-1A). This plasmodesmal localisation
persists 30 min. after treatment with BFA (Fig. 3-1B). As expected, treatment with BFA
resulted in the formation of BFA-compartments as observed in Cheng et al. (2017) and
Kubiasova et al. (2020) within 30 min marked with Cit-LYM2 fluorescence (Fig. 3-1, marked

with *).

Three hours after BFA treatment one can still observe fluorescent foci of Cit-LYM2 associated
around callose deposits marked by aniline blue in some cells. However, this association is no
longer located between the two adjacent PMs, but rather visible on the intracellular side of
the callose deposit. This suggests that 3 h post BFA treatment, Cit-LYM2 fluorescence is
associated with endomembrane accumulations adjacent to plasmodesmata but is not
located within the plasmodesmal pore. These Cit-LYM2 fluorescence foci can no longer be
clearly assigned to the plasmodesmata, but rather raise the possibility of a PM or the PM

adjacent ER localisation. Similar observations were also made 5 h after BFA treatment (Fig.
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3-1D). As BFA not only affects protein secretion, but also inhibits membrane protein recycling
and turnover, this plasmodesmal adjacent association of Cit-LYM2 is not perturbed in the
absence of these processes, while the general PM localisation and the localisation within the

plasmodesmal pore is.
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Citrine aniline blue overlay

V'

mock 30 min.

+BFA 30 min.

+BFA 3 h

+BFA 5h

Figure 3-1: BFA induces changes to Cit-LYM2 localisation when transiently expressed in N. benthamiana. (A)
Mock treated Cit-LYM?2 localises at plasmodesmata; co-localising with the plasmodesmal marker aniline blue. (B)
Cit-LYM2 fluorescence 30 min after treatment with BFA; resulting in visible BFA compartments marked by Cit-
LYM2 as well as continuous co-localisation with aniline blue. (C) Cit-LYM2 fluorescence 3 h after treatment with
BFA; resulting in visible BFA compartments marked by Cit-LYM2 as well as continuous co-localisation with aniline
blue. (B) Scalebars (A) and (B) 25 um, (C) 10 um, (D) 5 um. Arrows indicate example plasmodesmata and * mark
example BFA compartments. This experiment was carried out twice with similar results. In the overlay, blue
indicates aniline blue fluorescence and green indicates Cit-LYM2 fluorescence.
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3.2.2 Localisation of LYK4 and LYK5

Previously LYK4 and LYK5 were observed to be evenly distributed within the PM, without
showing any enhanced localisation at plasmodesmata (Cheval et al., 2020; Erwig et al., 2017,
Wan et al., 2012). The PM localisation for LYK4 and LYK5 was confirmed by transiently
overexpressing translational fusions with fluorophores in N. benthamiana (Fig. 3-2 A and B).
Overexpression constructs of LYK4 and LYK5 fused to a fluorophore are capable of increasing
chitin-triggered ROS production when transiently expressed in N. benthamiana (Cheval et
al., 2020). This allows to suggest that LYK4 and LYK5 C-terminal translational fusion proteins
are indeed functional. However, as not all RK translational fusions with an epitope tag on the
same terminal side exhibit the same functionality (Hurst et al., 2018), no functionality of a

RK fusion protein can be guaranteed until proven to be real.

Expression of a gene from its native promoter can enhance the visualisation of preferential
plasmodesmal localisation over PM localisation (Thomas et al., 2008). LYK4 and LYK5
fluorophore translational fusion constructs under the control of their native promoter could
potentially show a plasmodesmal localisation which is obscured when using a stronger
constitutive promoter. | therefore set-out to generate translational fusion constructs for
LYK4-mCherry and LYK5-mCherry under their native promoters complementing their
corresponding mutant lines. Erwig et al. (2017) first attempted to create such Arabidopsis
lines and chose a native promoter of an arbitrary length of 1 kb which only resulted in clear
expression for their LYK5 construct but not for their LYK4 construct. To result in levels of
expression putatively closer to native expression, longer stretches of DNA before the genes’
start codons were chosen as their promoters. They were chosen accordingly to where the
previous gene on the chromosome ended, resulting in 1.47 kb for the LYK4 promoter and
1.56 kb for the LYK5 promoter. The lines expressing pLYK4::LYK4-mCherry constructs in the
lyk4 mutant background produced relatively low fluorescent signals. However, it was still a
stable and detectable signal. Using these native promoter driven translational fusion lines of
LYK4 in lyk4 and LYK5 in lyk5 an even PM localisation without any indications of enhanced
presence of fluorescence at plasmodesmata was observed (Fig. 3-2 C and D). The same was
confirmed in more than eight lines generated by independent genetic transformation of each
construct. To allow for stronger conclusions these lines should further be tested for whether
or not they indeed are capable of complementing the loss of functions in the lyk4 and lyk5-

2 mutant backgrounds as well as ensuring their similar to WT expression levels.
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Figure 3-2: Single-plane confocal images in leaves expressing different fluorescent constructs, infiltrated with
water before imaging. All LYK4 and LYK5 constructs exhibit PM localisation. (A) 35s::LYK4-eGFP; (B) 35s::LYK5-
MRFP1; (C) pLYK4::LYK4-mCherry in lyk4; (D) pLYK5::LYK5-mCherry in lyk5-2. (A) and (B) transiently expressed in
N. benthamiana with 10 um scalebars. (C) and (D) stably transformed in Arabidopsis with 25 um scalebars.

3.2.3 Chitin changes receptor lateral membrane
mobility

We demonstrated in Cheval et al. (2020) that Cit-LYM2 undergoes a chitin-triggered change

in its PD index. Within half an hour the PD index of LYM2 increases significantly. | wanted to

test if this is due to changes in the lateral protein movement of LYM2 within the membrane

and therefore carried out Fluorescence Recovery after Photobleaching (FRAP) experiments.

For this, the recovery of fluorescence was measured within 60 s for the PD and PM pool of

LYM2, as well as the PM pools of LYK4 and LYKS5.

A mobile fraction measured in this way indicates the percentage of proteins which undergo
an exchange from the non-bleached areas to the bleached areas. For example, 35.94 + 1.54%

(mean * standard error) of Cit-LYM2 proteins at plasmodesmata exchange from non-
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bleached (bulk PM) to bleached (plasmodesmata) areas, indicating that 35.94 + 1.54% of Cit-
LYM2 proteins localised at plasmodesmata get exchanged within 60 s between the PD and
the PM. A similar value for Cit-LYM2 exchanges within the PM (37.65 + 1.60%), and lower
values for LYK4-mRFP1 (22.84 + 0.80%) and LYK5-mRFP1 (27.04 + 0.76%) exchanging from

defined areas of the PM with others were observed.

The lateral mobility of these proteins changes after chitin treatment. Cit-LYM2 (mock 35.94
+ 1.54%) at plasmodesmata showed a significant increase in its mobile fraction when
compared to chitin treated samples (38.80 + 1.67%). No significant changes were observed
when comparing mock treated Cit-LYM2 at the PM (37.65 + 1.60%) with chitin treated
samples (39.59 + 1.88%). This is in contrast to LYK4-mRFP1 and LYK5-mRFP1 which both
exhibited a significant increase of their mobile fraction at the PM in the presence of chitin
(LYK4-mRFP1 mock 22.84 + 0.80% to chitin 27.48 + 0.91%; LYK5-mRFP1 mock 27.04 £ 0.76%
to chitin 31.74 £ 0.78%).

40-
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Cit-LYM2 Cit-LYM2 LYK4-mRFP1 LYK5-mRFP1
PD PM

Figure 3-3: Mobile fractions [%] of LYM2, LYK4 and LYK5 as measured by Fluorescence recovery after
photobleaching (FRAP) assays within 60 s of post-bleaching. For Cit-LYM2 measurements were taken from
plasmodesmata (PD) and PM localised pools of fluorescence. LYK4-mRFP1 and LYK5-mRFP1 pools were measured
from the PM. All samples were imaged 30 — 60 min after treatment with either water or chitin. A linear mixed
model followed by a Tukey’s HSD test was applied to compare the estimated marginal means. Error bars
represents the SE. ns: non-significant; * p<0.05; *** p<0.001. Number of FRAP curves from independent cells
analysed is n 243 (technical repeats), per construct and treatment. These have been generated from three
independent transient expression experiments on different days. This data is replicated from Cheval et al. (2020).
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3.2.4 Chitin receptors localise to PM in absence of
a cell wall

| wanted to test whetherLYM2, LYK4 and LYK5 associate with each other to achieve their

chitin detection and signalling function. To further test if the interactions between two of

them would depend on the third one in different combinations, | originally planned to co-

transfect protoplasts of mutant Arabidopsis plants with two interaction candidates each.

To test probe for protein-protein interactions, first consistently high rates of successful
protoplast transformation had to be achieved, and for this purpose the protocol from Yoo et
al. (2007) was adapted and optimised. For the final optimised protocol which consistently
resulted in 70-90% transfection rates, please see chapter 2.8.4. In successfully transfected
protoplasts all three translational fusions of Cit-LYM2, LYK4-mRFP1 and LYK5-mRFP1 were
localised to the PM of the protoplasts (Fig.3-4).

fluorescence bright field overlay

LYK4-mRFP1 Cit-LYM2

LYK5-mRFP1

Figure 3-4: Single-plane confocal images of successfully transfected Arabidopsis protoplasts. (A) Cit-LYM2, (B)
LYK4-mRFP1, (C) LYK5-mRFP1. All scale bars 25 um.
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3.2.50ptimisation of co-Immunoprecipitations

Initial co-IP experiments have been carried out with samples generated by co-transfection of
protoplasts. These experiments demonstrated the successful detection of the prey LYK5-
mRFP1 when immunoprecipitating the bait Cit-LYM2 (Fig. 3-5A). However, these
experiments were carried out with a negative association control BRI1-mRFP1 — another PM
localised RK, an association not expected as BRI1 is involved in brassinosteroids signalling (Xu
et al., 2008). Similarly to LYK5-mRFP1, the negative control BRI1-mRFP1 was detected after
anti-GFP immunoprecipitation of Cit-LYM2. Under these experimental conditions | was
therefore able to immunoprecipitate a negative control prey with my bait, suggesting that
the detection of BRI1-mRFP in Fig. 3-5A is not due to unspecific binding to the magnetic
beads.

Proteins can non-specifically bind to antibody-based immunoprecipitation beads (Moser et
al., 2009). To test for nonspecific binding of BRI1-mRFP1, | tested whether the negative
control BRIZ-mRFP1 would also bind to the Anti-GFP beads in the absence of the bait used in
this assay as a first trouble shooting step. For this purpose, a co-IP experiment was conducted
without the presence of Cit-LYM2 (Fig. 3-5B). In the presence of the bait Cit-LYM2 the
negative control BRI1-mRFP1 was detected as a false positive prey. However, in the absence

of the bait, BRI1-mRFP1 was not detected in the immunoprecipitation fraction.
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Figure 3-5: Initial co-Immunoprecipitations (co-IPs) from protoplasts experiments to elucidate the association
between different receptor proteins. (A) A set of co-IPs precipitating the bait Cit-LYM2 and detecting for the
prey LYK5-mRFP1 as well as the negative control BRI1-mRFP1. Both the desired prey as well as the negative
control precipitate together with LYM2. (B) A set of co-IPs precipitating onto Anti-GFP beads, in the presence or
absence of the bait protein Cit-LYM2 and detected for the presence of the negative control BRI1-mRFP1 in the
precipitation. The negative control is not detected in the IP in the absence of the bait Cit-LYM2. These
experiments have been carried out using 50 mM Tris-HCI pH7.5, 150 mM NaCl, 1mM EDTA pH8, 1% IGEPAL CA-
630, 5mM DTT, 1mM PMSF, protease inhibitor cocktail (Sigma) 1:100, phosphatase inhibitor (Sigma) 1:200 as a
buffer.

Extraction, solubilisation and purification of membrane proteins from cells is achieved by
detergents (Orwick-Rydmark et al., 2016). The detergent concentration has direct effects on
membrane protein aggregation — with a higher detergent concentration generally resulting
in a lower protein-protein aggregation and enhanced disruption of lipid rafts (Garner et al.,
2008; Li et al., 2021). To test whether an increase or reduction of the detergent (IGEPAL CA-
630) leads to an abolishment of false prey signals co-IPs were carried out using a series of
different detergent concentrations (Fig. 3-6). Under all different tested detergent
concentrations (0.1%, 0.5%, 1%, 1.5%, 2%), the prey BRI1-mRFP1 was detected in the IP of
Cit-LYM2.
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To maintain proteins under physiological conditions as well as to disrupt ionic and
hydrophobicinteractions of membrane proteins, the salt NaCl is present in protein extraction
buffers (Okamoto et al., 2000). A disruption of these conditions due to non-optimal NaCl
concentrations can lead to different membrane protein aggregation states and thereby to
nonspecific protein aggregations (Gutmann et al., 2007). To test whether anincrease in NaCl
concentration leads to a reduced false prey signal when using the bait Cit-LYM2, different
salt concentrations were tested (150 mM and 300 mM) in the extraction and IP buffer. In

both NaCl concentrations BRI1-mRFP1 was detected in the Cit-LYM2 IP(Fig.3.6).

CitLlymM2 + + + _ + + +
=5 BRI1T-mRFP1 4+ <+ 4+ %’ + 4+ <+
QEextraction buffer 0.5 1.0 1.5 g 20 1.0 2.0
(<§°~ washing buffer 0.1 1.0 1.5 o 20 1.0 2.
NaCl[mM] 150 150 150 5 150 300 300
100-
70— #ws - . wm s o« 0-GFP GFP
250 ’ IP
Cit-LYM2 <+ 4+ + + + +
S BRI1-mRFP1 4+ + + + + +
%\?extraction buffer 05 1.0 1.5 2.0 1.0 2.0
5'9— washing buffer 0.1 1.0 1.5 2.0 1.0 2.0
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55-
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Figure 3-6: Does a variation of the buffer components get rid of the false positive prey signals? A set of co-IPs
from protoplasts transiently expressing both Cit-LYM2 as well as BRI1-mRFP1. The bait Cit-LYM2 has been
precipitated. The prey BRI1-mRFP1 has been detected in this fraction as well. These experiments have been
carried out using 50 mM Tris-HCl pH7.5, 1ImM EDTA pH8, 5mM DTT, 1mM PMSF, protease inhibitor cocktail
(Sigma) 1:100, phosphatase inhibitor (Sigma) 1:200 as a wash- and extraction-buffer with varying concentrations
of IGEPAL CA-630 as well as NaCl.
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To avoid the experimental time bottle neck of successfully transfecting protoplasts | changed
to using transiently expressing N. benthamiana leaves instead. As | struggled with the
detection of mRFP1, | further aimed to optimise this. Using monoclonal antibodies to detect
for the presence of translational fluorophore fusion proteins does not allow for the same
detection sensitivity as with smaller epitope tags which are repeated multiple time, which
allow for binding of multiple antibodies per protein. To further increase detection sensitivity,
| changed from mRFP1 tagged prey to 6xHA tagged prey proteins. Carrying out the first set
of co-IP precipitating Cit-LYM2 and detecting for association with LYK4-6xHA, LYK5-6xHA, or
the negative control LTI6b-6xHA, showed a new problem needing optimisation (fig 3-7). In
the a-HA blots of the Anti-GFP IP, a signal was detected roughly at the same size as LTI6b-
6xHA (~13 kDa), which as a negative control should not be detected in this blot. As this signal
overlaps with any potential LTI6b-6xHA signal, it does not allow to clearly determine if this

negative control prey results in a signal in the immunoprecipitation or not.

To test if the loading buffer and in particular if the bromophenol blue in the loading buffer
could be the cause of this additional signals in a western blot, a gel was run with different
concentrations of loading buffer with and without bromophenol blue (Fig. 3-7). When
probing a Western blot with a-HA followed by the corresponding a-mouse-HRP antibodies a
strong signal at the same height as the running front was detected, where loading buffer
including the bromophenol blue was run and in some adjacent lanes. This suggests that
bromophenol blue in the loading buffer does cause unspecific antibody binding. For all co-IP

experiments using LTI6b-6xHA | therefore used loading buffer without bromophenol blue.

However, even after removal of the artefactual signal seen in Fig. 3-7A, the
immunoprecipitated fractions of my co-IPs showed signals for the presence of the negative
control LTI6b-6xHA. Further optimisation attempts tested whether the addition of the
receptor stabilising compound and phosphatase inhibitor 1 mM Sodium molybdate
dihydrate (Na;MoO, -2H,0) (Mauck et al., 1982; Miiller et al., 1982; Ogle, 1983; Rowley et
al., 1984), the inhibitor of serine/threonine phosphatases 1 mM NaF (Haier and Nicolson,
2000; Sayeski et al., 2000), and the inhibitor for protein phosphotyrosyl phosphatases 1.5
mM activated Sodium orthovanadate (NasVO.) (Gordon, 1991; Huyer et al., 1997) in the
extraction and wash buffer changed the immunoprecipitation success according to Kadota

et al. (2016)(Fig. 3-8).
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Figure 3-7: LTI6b-6xHA runs at a similar height as artefacts caused by the bromophenol blue in the loading
buffer. (A) Western blot analysis of immunoprecipitated proteins from N. benthamiana tissue expressing Cit-
LYM2, and LYK4-6xHA, LYK5-6xHA, or LTI6b-6xHA. LYK4-6xHA, LYK5-6xHA (indicated by the arrow) are detected
in detergent extracted fractions by IP of Cit-LYM2, as well as a signal throughout the whole blot roughly at the
size of LTI6b-6xHA indicated by the *. Input and immunoprecipitated (IP) samples were probed with a-GFP or a-
HA antibodies as indicated. The SDS-page gels were 10% Acrylamide/Bis-acrylamide gels. (B) A 15% SDS-page gel
with different concentrations of loading buffer as indicated, and two lanes with protein extracts of N.
benthamiana tissue expressing LYK5-6xHA (indicated by the arrow). The Western blot has been probed with a-
HA as indicated. An HRP signal has been detected in most of the blot indicated by the *. The SDS-page gel was a
15% Acrylamide/Bis-acrylamide gel. These experiments have been carried out using 50 mM Tris-HCl pH7.5, 1mM
EDTA pHS8, 5mM DTT, 1mM PMSF, 0.5% IGEPAL CA-630, protease inhibitor cocktail (Sigma) 1:100, phosphatase
inhibitor (Sigma) 1:200 as a wash- and extraction-buffer. PageRuler™ Plus Prestained Protein Ladder
(ThermoFisher Scientific) has been used as the protein size marker.

In samples showing a stronger signal of the negative control LTI6b-6xHA in comparison to
the other prey proteins in the input, LTI6b-6xHA can be detected after immunoprecipitation
of Cit-LYM2, both in the presence as well as the absence of the three phosphatase inhibitor
chemicals (NazMoQ, -:2H,0, NaF and activated NasVO,) (Fig. 3-8). However, a clear reduction
of this signal in the IP could be observed in samples processed with these inhibitors in their
extraction- and wash-buffers. One hypothesis to explain this, is that LTI6b-6xHA had a lot
higher concentrations in the input than the other preys, which therefore resulted in a carried
over presence in the IP fraction. The same trend of a signal reduction in the IP fraction of
samples processed with the three inhibitors was also observed for samples using BRI1-6xHA
as prey. Addition of the three inhibitors lead to a stark reduction in the detection of BRI1-
6xHA in the IP. This is in contrast to the prey of choice LYK5-6xHA, which is still clearly
detectable when processed with the buffers containing these inhibitors. This could be due
to the receptor stabilising capabilities of activated Sodium orthovanadate, or due to different

phosphorylation preservation, or an entirely different so far unexplored mechanism.

This experiment demonstrates that the addition of the phosphatase inhibitors NaMoO4
-2H,0, NaF and activated Na3VO, reduces the detection of possibly artefactual negative
control prey membrane proteins in co-IPs, although it is not known why this could be the
case. All further co-IPs of this work have therefore been carried out using buffers including

these additional inhibitors.
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Figure 3-8: Phosphatase inhibitors reduce amount of artefactual negative control detection. Western blot
analysis of immunoprecipitated proteins from N. benthamiana tissue expressing Cit-LYM2, and LYK5-6xHA, BRI1-
6xHA, or LTI6b-6xHA. LYK5-6xHA, BRI1-6xHA and LTI6b-6xHA are detected in detergent extracted fractions by IP
of Cit-LYM2. The detection of LTI6b-6xHA in the IP was lowered in the sample which had the additional inhibitors
present. BRI1-6xHA is indicated by a circle, LYK5-6xHA by an arrow and LTI6b-6xHA by a *. Input and
immunoprecipitated (IP) samples were probed with a-GFP or a-HA antibodies as indicated. The SDS-page gels
were 10% Acrylamide/Bis-acrylamide gels. This experiment has been carried out using 50 mM Tris-HCI| pH7.5,
1mM EDTA pH8, 5mM DTT, 1mM PMSF, 0.5% IGEPAL CA-630, protease inhibitor cocktail (Sigma) 1:100,
phosphatase inhibitor (Sigma) 1:200 as a wash- and extraction-buffer. In lanes indicated to have the additional
inhibitor present, the buffer further included 1 mM Na;MoQO, -2H,0, 1 mM NaF and 1.5 mM activated NasVOa.
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3.2.6LYM2, LYK4 and LYK5 associate

Using the optimised conditions of 3.2.5. The three PRR LYM2, LYK5 and LYKS5 were tested for
their associations between each other (Fig. 3-9 and 3-10). The first experiment showed that
the prey LYK5-6xHA immunoprecipitates with the bait LYK4-eGFP, while the negative control
LTI6b-6xHA did not (Fig. 3-9). No consistent decrease or increase in the LYKS5 prey detection
was observed when comparing chitin or water treated samples, suggesting a chitin

independent association between LYK4 and LYK5.

The second experimental series showed that the prey LYK4-6xHA and LYK5-6xHA
immunoprecipitates with the bait Cit-LYM2, while the negative control LTI6b-6xHA did not
(Fig. 3-10). Although similar levels of input were detected of LYK4-6xHA and LYK5-6xHA, a
consistently observed a stronger signal for LYK5-6xHA than for LYK4-6xHA in the
immunoprecipitation was observed throughout all experiments. This suggests that the
association between LYM2 and LYKS is stronger or more prevalent in the PM than the
association between LYM2 and LYK4, or that these two associations have different
sensitivities to the extraction buffer and extraction conditions. However, it does not

necessarily reveal any information about association prevalence within the plasmodesmata.

In three out of four experimental series, the addition of chitin resulted in a reduction of the
prey LYK5-6xHA detection in the Cit-LYM2 IP. Only in one of the four experiments, no
significant change in the signal could be detected for LYK5-6xHA between the chitin and the
mock treated samples. This suggests, that although the association between LYM2 and LYK5
can be detected, both in the presence and absence of chitin, it is dynamically changing in the
presence of chitin. This dynamic change hints at a flexibility and changing protein complex

formation upon chitin perception.
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Figure 3-9: LYK4 associates with LYK5 but not with the negative control LTI6b. Western blot analysis of
immunoprecipitated proteins from N. benthamiana tissue expressing LYK4-eGFP, and LYK5-6xHA, or LTI6b-6xHA.
Samples were infiltrated with either 0.5 mg/mL chitin or water (mock) 30 min. before sampling. Only LYK5-6xHA
was detected in detergent extracted fractions by IP of LYK4-eGFP. No LTI6b-6xHA was detected in the IP fraction.
LYK5-6xHA is indicated by an arrow and LTI6b-6xHA by a *. Input and immunoprecipitated (IP) samples were
probed with a-GFP or a-HA antibodies as indicated. The SDS-page gels were 10% Acrylamide/Bis-acrylamide gels.
This experiment has been carried out using 50 mM Tris-HCI pH7.5, 1mM EDTA pH8, 5mM DTT, 1mM PMSF, 0.5%
IGEPAL CA-630, protease inhibitor cocktail (Sigma) 1:100, phosphatase inhibitor (Sigma) 1:200, 1 mM Na;MoO,
:2H,0, 1 mM NaF and 1.5 mM activated NasVO, as a wash- and extraction-buffer. This experiment was repeated
three times producing similar results. The Western blots shown in this figure are the same as used in Cheval et
al. (2020).
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Figure 3-10: LYM2 associates with LYK4 and LYK5, but not with the negative control LTI6b. Western blot analysis
of immunoprecipitated proteins from N. benthamiana tissue expressing Cit-LYM2, LYK4-6xHA and LYK5-6xHA, or
LTI6b-6xHA. Samples were infiltrated with either 0.5 mg/mL chitin or mock 30 min. before sampling. Only LYK4-
6xHA and LYK5-6xHA were detected in detergent extracted fractions by IP of Cit-LYM2. No LTI6b-6xHA was
detected in the IP fraction. LYK4-6xHA and LYK5-6xHA are indicated by an arrow and LTI6b-6xHA by a *. Input
and immunoprecipitated (IP) samples were probed with a-GFP or a-HA antibodies as indicated. The SDS-page
gels were 10% Acrylamide/Bis-acrylamide gels, except for the IP gel which was 15%. This experiment has been
carried out using 50 mM Tris-HCI pH7.5, 1mM EDTA pH8, 5mM DTT, 1mM PMSF, 0.5% IGEPAL CA-630, protease
inhibitor cocktail (Sigma) 1:100, phosphatase inhibitor (Sigma) 1:200, 1 mM Na;Mo00, -2H,0, 1 mM NaF and 1.5
mM activated NasVO,4 as a wash- and extraction-buffer. This experiment was repeated four times producing
similar results. The Western blots shown in this figure are the same as used in Cheval et al. (2020).
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3.2.7LYK4 and LYK5 undergo ectodomain shedding

While carrying out co-IPs to test for protein associations, LYK4 and LYK5 proteins resulted in
multiple bands when detected in Western blots (Fig. 3-9 and 3-10). When stably expressing
translational fusion constructs which carry their tag at their cytosolic side, under their native
promoters in Arabidopsis and analysing their total protein content via Western blots, both
LYK4 and LYK5 constructs also resulted in multiple dominant bands (Fig. 3-11). This is similar
to the observations of Antolin-Llovera et al. (2014b) who noticed that L. japonicus LiISYMRK
shows multiple signals of different sizes — an indicator of ectodomain shedding. LYK4-
mCherry resulted in bands the sizes of roughly 116 and 71 kDa (Fig. 3-11A & A’), even though
its predicted full-length size including the fluorophore (~26.5kDa) is roughly 92 kDa
(excluding the signal peptide). The higher up band therefore migrates ~24 kDa bigger than
would be predicted, thereby suggesting the presence of post-translational modifications
(PTMs). Further it produces a band which is 45 kDa smaller. This 45 kDa difference could be
caused by cleavage or degradation processes during the extraction process or by differences

in PTMs, loss of its ectodomain, or a combination of all of these factors.

During the initial phase of this project, | generated further Arabidopsis lines with different
experiments in mind. One of these lines (pLYK5::LYK5-turbolD-3xFLAG in lyk5-2) resulted in
clear bands the sizes of roughly 130 and 100 kDa (Fig. 3-11B & B’) for LYK5-turbolD-3xFLAG,
while its predicted full-length size would be 112 kDa (excluding the signal peptide). The
maximum difference caused by PTMs of LYK5 is therefore ~18 kDa, while the maximum
difference purely caused by cleavage of part of its ectodomain is up to 30 kDa. An additive
PTM alone can’t explain a protein size reduction below the predicted full-length size of a
protein. Further, it is therefore not possible to differentiate to which degree the size
differences are caused by PTMs or ectodomain shedding in these experiments. However,
since the lower dominant bands detected for both proteins are significantly below their
predicted size (71 kDa instead of 92 kDa for LYK4-mCherry and 100 kDa instead of 112 kDa
for LYK5-turbolD-3xFLAG), | aimed to determine if LYK4 and LYK5 undergo a size reductive

process such as ectodomain shedding.

To test whether ectodomain shedding can be detected using a confocal microscope and
observing the PM and the extracellular space between two adjacent PM, dually tagged
constructs of LYK4 and LYK5 were created. The N-terminal, and thereby extracellular side
was tagged using mCherry (after the signal peptide), and the C-terminal intracellular side of

the proteins was tagged using mCitrine (illustrated in Fig. 11-C’ & D’). Transiently expressing

99



these constructs, additional diffuse mCherry fluorescence was observed in the extracellular
space instead of just clearly labelling the PM such as the intracellularly located mCitrine does
(Fig. 4-11C &D). These diffuse signals between the two PMs suggest the presence of the
mCherry fluorophore in the extracellular space. Taken together this suggests that the
fluorophore together with a part of the protein’s ectodomain was cleaved from the rest of
the protein and is now able to diffuse in the extracellular space. This therefore suggests that

both LYK4 as well as LYKS5 undergo ectodomain cleavage.
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Figure 3-11: LYK4 and LYK5 undergo detectable ectodomain shedding processes. (A) & (B) Western blot analysis
of total protein extracts from stable Arabidopsis lines expressing pLYK4::LYK4-mCherry in a lyk4 background or
PLYK5::LYK5-turbolD-3xFLAG in a lyk5-2 background. The samples were probed with a-RFP or a-FLAG antibodies
as indicated. Two bands of different sizes have been detected for both LYK4-mCherry as well as for LYK5-turbolD-
3xFLAG. (C) & (D) Single-plane confocal images of N. benthamiana epidermis cells transiently expressing (C)
35s::mCherry-LYK4-mCitrine and (D) 35s::mCherry-LYK5-mCitrine. Arrows indicate the apoplastic space between
the PM of two adjacent cells. Fluorescence of mCherry — the N-terminal tag of both constructs — was visualised
within the apoplastic space. (C) & (D) Scale bars indicate 5 um. (A’) Cartoon model of fluorophore position of
LYK4-mCherry. (B’) Cartoon model of biochemical tag position of LYK5-turbolD-3xFLAG. (C’) Cartoon model of
fluorophore positions of mCherry-LYK4-mCitrine. (D’) Cartoon model of fluorophore positions of mCherry-LYK5-
mCitrine.

101



3.2.8 Additive PTMs of LYK4

In Cheval et al. (2020) we observed that LYK4-mRFP1 migrates faster on SDS-PAGE gels when
extracted from lyk5-2 protoplasts in two different ways. One change is independent of the
presence of chitin, lowering the protein’s size by roughly 5 kDa. In the presence of chitin, a
second more pronounced shift of roughly 30 kDa is visible. This suggests that LYK4 is
stabilised or modified differently depending on the presence of LYK5 and that this might be

important for chitin-triggered signalling.

These LYKS dependent size changes of LYK4 might be the reason for the necessity of LYK5 for
a plasmodesmal response, even though it is absent at plasmodesmata. PTM can change the
size of a protein and diversify their functions as well as dynamically coordinate signalling
processes (Wang et al., 2014). But which PTM(s) does LYK4 undergo, and which one(s) are

dependent on the presence of LYK5?

To determine which PTM(s) LYK4 undergoes and result in the full detected size of the protein,
the presence of multiple different PTMs was assessed. As LYK5 undergoes ubiquitination and
its abundance is regulated by this PTM (Liao et al., 2017), LYK4 was first tested for undergoing
ubiquitination to reach its full detected length. a-Ubiquitin (Ub) antibodies were used to
detect for immunoprecipitated LYK4-mRFP1 and LYK5-mRFP1. No clear a-Ub signal could be
detected for LYK4-mRFP1 at the expected size (Fig. 3-12A). Only LYK5-mRFP1 gave a clear
signal at the expected size for the full-length protein. Some smear-like signals are visible in
areas indicative of bigger proteins, suggesting the presence of a poly-ubiquitinated version
of both LYK4 and LYK5 or interacting proteins, which might be targeted for degradation or
alternatively that they associate with polyubiquitinated proteins. This experiment confirmed

that LYKS is ubiquitinated but was not able to detect this PTM for LYK4.

Similarly, to the biochemical attachment of ubiquitin, the protein SMALL UBIQUITIN-
RELATED MODIFIER (SUMO) of roughly 10 kDa is attached to another protein during
SUMOylation (Geiss-Friedlander and Melchior, 2007). This process is reversible and can alter
the localisation of the modified target by altering protein interactions (Bossis and Melchior,
2006; Song et al., 2004), which could explain the LYK5 dependent size shifts of LYKA4.
However, the a-SUMO antibodies tested by me, to carry out such a determining experiment,
did not reveal any signals on Western blots. Although the SUMOplot™ Analysis Program
(Abcepta, 2022) predicts three high probability SUMOylation sites in LYK4 (K641, K568, and

K375), therefore it could not determined if LYK4 undergoes SUMOylation or not.
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There are 6 predicted N-linked glycosylation sites on the ectodomain of LYK4

(https://www.uniprot.org/uniprot/064825) (The UniProt Consortium, 2021), making this

PTM a likely candidate to be present. The enzyme Peptide-N-Glycosidase F (PNGase F) can
cleave high mannose, hybrid and complex N-linked glycoproteins between the innermost
GIcNAc and asparagine residues (Maley et al., 1989). PNGase F was utilised to test
immunoprecipitated LYK4 and the known glycosylated receptor FLS2 as a positive control
(Haweker et al., 2010) for N-linked glycosylation. Treatment of both proteins resulted in
proteins of lower sizes when compared to mock treated samples (Fig. 3-12B). After removal
of N-linked glycosylation LYK4 was detected to be reduced roughly 14 kDa smaller in size. |
can therefore conclude that LYK4 glycosylation makes up at least 14 kDa of the full-length

detected size of this protein.
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Figure 3-12: Additive PTMs of LYK4. Western blot analysis of immunoprecipitated proteins from N.
benthamiana tissue expressing LYK4-mRP1, LYK5-mRFP1 or FLS2-mCherry. The IPs have been carried out using
a 50 mM Tris-HCl pH7.5, 1mM EDTA pH8, 5mM DTT, 1mM PMSF, 0.5% IGEPAL CA-630, protease inhibitor cocktail
(Sigma) 1:100, phosphatase inhibitor (Sigma) 1:200 as a lysis buffer and in the absence of further IGEPAL CA-630
in the wash buffer. (A) 10% Acrylamide/Bis-acrylamide gels were used for SDS-page and probed with a-RFP and
a-Ubiquitin (Ub) as indicated. Arrows indicate LYK4-mRFP1, triangles indicate LYK5-mRFP1. Both IPs of LYK4-
mMRFP1 and LYK5-mRFP1 were detected with a-RFP, but only LYK5-mRFP1 was detected with a-Ub. (B) De-
Glycosylation assay with IP samples either mock or treated with PNGase F while still on the magnetic IP beads.
15% Acrylamide/Bis-acrylamide gels were used for SDS-page and probed with a-RFP. Proteins treated with
PNGase F migrated faster in gel electrophoresis indicative of a protein size reduction of both LYK4-mRFP1 as well
as FLS2-mCherry after de-glycosylation. The De-Glycosylation experiment has been carried out three times with
similar results. Arrows indicate LYK4-mRFP1, triangles indicate FLS2-mCherry. In the PNGase F treated sample, a
~ 14 kDa lower band of LYK4-mRFP1 was detected indicating that this protein is glycosylated.
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3.3 Discussion

3.3.1LYM2 plasmodesmal localisation diminishes
after BFA treatment

Treatment with BFA lead to a collapse of the Golgi into the ER, followed by the formation of
BFA-compartments (figure 3-1, marked with *), as previously described by Dascher and Balch
(1994). These compartments exhibited strong fluorescence of Cit-LYM2, demonstrating the
presence of this protein within them (Fig. 3-1 B and C). This suggests that LYM2 is present in
Golgi mediated secretion processes. After 30 min. of BFA treatment, the plasmodesmal
localisation of Cit-LYM2 was still clearly visible in most cells (Fig. 3-1 B), while Cit-LYM2 could
only be observed closely associated to plasmodesmata in some cells 3 h after BFA treatment
(Fig. 3-1 C). This is similar to the observations made by Thomas et al. (2008) for PDLP1, which
retains its plasmodesmal localisation in some cells after BFA treatment. However, even
though foci of enhanced fluorescence of Cit-LYM2 around sites marked with aniline blue
were observed in some cells, they did not show a perfect overlap anymore. This could be due
to a localisation of Cit-LYM2 in ER adjacent to the plasmodesmata but not within the
plasmodesmata themselves, or due to Cit-LYM2 localisation in the plasmodesmal neck
region, but no longer within the plasmodesmal pore. Five hours after BFA treatment, this
plasmodesmal adjacent presence was even more clearly observed in the few cells which still
showed Cit-LYM?2 associated with plasmodesmata (Fig. 3-1 D). To confirm this plasmodesmal
adjacent localisation and to determine if this is truly in the ER or rather within the PM, future

experiments co-localising with fluorescent markers for those compartments are needed.

Thomas et al. (2008) concluded that the plasmodesmal localisation of PDLP1 is dependent
on an intact secretion pathway, and my experiments confirmed the same for LYM2.
However, acquiring images with higher resolution allows me to speculate that even the “left-
over” plasmodesmata associated fluorescence is just associated with plasmodesmata
instead of localised within them. This could be a very curious line of thought to follow up
further, as it opens questions in regard to why and how this the case. Such as; the
plasmodesmal localisation of proteins and in particular of LYM2 driven by secretion

processes that are physically close by the plasmodesmata and directed via the ER?

The temporal aspect of the change in the Cit-LYM2 localisation pattern allows for further
conclusions. In Cheval et al. (2020) we observed a change to the PD index of Cit-LYM2 within
30 min. triggered by chitin. While Cit-LYM2 fluorescence accumulate in BFA bodies within

this time frame, a clear plasmodesmal localisations was still observed at this time point,
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suggesting that either LYM2 proteins at plasmodesmata do not get recycled and exchanged
within 30 min., or alternatively that they do, but that lateral membrane protein dynamics
continue to maintain a plasmodesmal localisation independent from membrane protein

recycling processes during this time frame.

The changes in plasmodesmal pore localisation after 3 or 5 h, could be due to proteins which
previously were present in the plasmodesmal pore having left this localisation to undergo
recycling processes, while “new” proteins are not being able to sufficiently occupy this
membrane stretch. As it is unknown how LYM2 gets to be localised and enriched at
plasmodesmata, it is conceptually possible that it localises there via specifically targeted
secretion processes, which are inhibited by BFA. Alternatively, LYM2 could normally laterally
move from the bulk of the PM to the plasmodesmal PM, and these two pools could stay in
consistent exchange with each other forming a stable equilibrium, which shifts its ratios
during the chitin-triggered increase in PD index. In this scenario something is stopping LYM2
to continue these exchange processes in the 3 or 5 h BFA treated samples. This could be a
general shift of LYM2’s lateral membrane diffusion behaviour, e.g. another protein which is
required for this process could already be completely depleted from the membrane at this
point, or the equilibrium’s conditions have shifted in a way that the plasmodesmal pore is no
longer a preferential localisation of LYM2. Alternatively, the endomembrane adjacent to
plasmodesmata has become an environment which binds and keeps LYM2 fixed in place, not
preventing it from diffusing out of the plasmodesmal pore, but from diffusing into the
plasmodesmal pore. This observation can therefore be explained by multiple different
possible hypotheses, and it will be up to future experiments to truly unravel this dynamic

and behaviour further.

The observations in this experiment would allow for greater certainty in their interpretation
by the addition of further repeats, and images of greater detail in both mock and chitin

treated conditions. This would allow to greatly strengthen and support their conclusions.

3.3.2LYK4 and LYKS localise to the PM

Both LYK4-mCherry and LYK5-mCherry expressed from their native promoters in Arabidopsis,
resulted in fluorescent signals suggesting an even PM localisation (Fig. 3-2C, D). Expressing
them from their native promoters did therefore not reveal a previously obscured

plasmodesmal localisation.

Later work in Cheval et al. (2020), used purified plasmodesmata extractions to determine

biochemically that LYK5 is not present at plasmodesmata while LYK4 is. This is contrast to the
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observations in which LYK4 shows an even PM localisation without discernible foci of
enrichment, reminiscent of plasmodesmata. This therefore illustrates that a protein can be
present at plasmodesmata while not showing a confocal microscopy determined
plasmodesmal enrichment, as conventional confocal microscopy is not sufficient to resolve
plasmodesmata. Future experiments using more advanced microscopy techniques such as
Airyscan microscopy could possibly overcome this resolution limit and demonstrate a LYK4-

mCherry localisation at plasmodesmata.

3.3.3 Dynamic behaviour changes of receptor
proteins

FRAP was used to identify changes in the lateral movement behaviour of LYM2, LYK4 and

LYKS5 triggered by chitin. Changes to protein interactions or complex formations, as well as

changes to residency within micro-/nanodomains of the membrane can result in changes of

the mobile fraction (Reits and Neefjes, 2001). The chitin-triggered changes in the mobile

fractions of LYM2, LYK4 and LYKS5, therefore suggest that pools of these proteins can undergo

changes in their associations with other proteins or nanodomains in response to chitin.

If two proteins are localised in a complex together or resident within the same nanodomain
together, then the overall mobility of the complex or nanodomain respectively, is going to
be a defining characteristic of the two proteins’ mobility, and similar lateral membrane
mobilities for those two proteins would be expected. As there are differences when
comparing the PM mobile fractions of LYM2 with LYK4 and LYKS5, this suggests that these
proteins do not show a complete overlap in their localisations or behaviours and suggests
that different pools of these proteins might therefore be present in different complexes or

nanodomains.

As LYM2 shows a mobile fraction of 35-40% depending on the conditions and membrane
structures, 35-40% of the LYM2 molecules within a plasmodesma pit field get replaced every
60 s. This rapid exchange of proteins indicates a highly balanced equilibrium between pools
of proteins at the PM and the plasmodesmal PM as the enrichment at PD is consistently
maintained as it otherwise might not be possible to be maintained. This balance might get
strongly skewed to one side, even just by slight imbalances in the exchange of proteins
towards or away from plasmodesmata. This might be the cause of the increase in PD index

observed within 30 min. for Cit-LYM2 in Cheval et al. (2020).
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Most transmembrane proteins are rarely included or enriched in ordered domains, based on
persistent observations and studies of synthetic membranes (Levental et al., 2011; Levental
and Levental, 2015). Recently van Deventer et al. (2020) and Levental et al. (2020) have
therefore speculated that lipid rafts do not function by particular inclusion of proteins, but
rather by a higher rate of exclusion of most proteins, thereby resulting in different dynamics
of retention and equilibriums. Assuming a lipid raft like character of the plasmodesmal PM
microdomain, this allows me to form the following hypothesis: The localisation of LYM2 at
plasmodesmata is dependent on secretion from the ER to the PM via the Golgi, in the first
step and in the second step dependent on LYM2's ability to be present and be retained within
the plasmodesmal PM — an ability which not all other proteins share to the same extent.
The plasmodesmal localisation of LYM2 is therefore putatively not achieved by a targeted
mechanism depositing it directly at plasmodesmata, but rather by the constant exchange
and skewed equilibrium between pools of the protein at the plasmodesmata versus pools at

the bulk PM driving a preferential retention in the plasmodesmata (Fig. 3-13).
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Figure 3-13: A cartoon conceptualisation of how LYM2 localises and enriches at plasmodesmata. Treatment
with BFA collapses the Golgi apparatus into the ER, and thereby inhibits the secretion process of new proteins as
well as the secretion back to the PM of recycled proteins. In this hypothetical model LYM2 needs to first (1.) reach
the PM via Golgi mediated secretion processes. Secondly there is an equilibrium (2.) between the pool of LYM2
proteins in the bulk and the plasmodesmata, with a constant exchange of LYM2 between these two pools. But
LYM2 has a higher preference to be present at plasmodesmata or retention at plasmodesmata, thereby resulting
in an enrichment. This equilibrium could be skewed during chitin perception, thereby resulting in an increase of
the PD index for LYM2. PM: plasma membrane, CW: cell wall, PD: plasmodesmata, ER: endoplasmic reticulum,
BFA: Brefeldin A.
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3.3.4LYM2, LYK4 and LYKS associate with each
other

During the co-IP optimisation experiments, the addition of three phosphorylation inhibitors
assisted in the reduction of artefactual negative control signals (Fig. 3-7). Theoretically,
neither Na;MoO4-2H,0, NaF nor activated NasVO, should have an effect on the detection of
protein interaction partners in co-IP experiments. | can therefore only speculate how this is
achieved. Possibly, dephosphorylated Cit-LYM2 (and other receptors), have a higher affinity
to non-specifically interact with other proteins and bind to them during the protein
extraction and wash processes. However, this experiment demonstrated that they do have
a further effect even if it is unknown why. | have therefore continued to use these three
additional phosphatase inhibitors in all further protein extraction and co-IP experiments in
this PhD thesis. Further experiments would be needed to also assess if the three inhibitors
have any effect in the overall reduction of signal or protein presence to allow for stronger
conclusions. Taking the possibility of RKs localising into nanodomains (some with a possible
detergent resistant character) in the PM into account, one can further draw hypotheses that
possibly during the solubilisation steps of the protein content of plant cells the disruption of
nanodomains might only occur partially. Therefore, it is possible to imagine that a co-
immunoprecipitation does not always show a protein-protein interaction but possibly also
just a presence of both the prey and the bait protein within the same nanodomain. This could
be explored further, possibly by utilising other additional chemicals or enzymes to result in

disruption of nanodomains to a different degree.

Experiments not relying on confocal microscopy but rather supplying biochemical evidence
by detecting proteins from plasmodesmal fractions, showed that not only LYM2 but also LYK4
is present at plasmodesmata (Cheval et al., 2020). However, LYK5 has not been detected at
plasmodesmata. On the basis of this evidence, one can infer that there are different receptor
protein association possibilities depending on their localisation. In the PM all three receptors
can interact with each other, while in the plasmodesmal PM only LYM2 and LYK4 can interact
with each other. LYM2 localises to the PM but shows an enhanced localisation at
plasmodesmata as well as exhibiting a greater homo-FRET there (Cheval et al., 2020;
Faulkner, 2013). An increased homo-FRET indicates an increased protein clustering (Bader et
al.,, 2009), and thereby suggests that LYM2 oligomerises or clusters at plasmodesmata,

possibly resulting in the formation of signalling platforms.
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Any change of subcellular localisation or membrane domain residency, also changes a
protein’s availability for protein complex formation. For example, if it moves from its original
resident nanodomain into another domain, it is no longer available in the original one, but
rather now available in the new localisation. These changes do not have to be absolute, but
rather can represent subsets and pools of individual proteins. LYM2 changes its PD index and
shows an increased enrichment at plasmodesmata after chitin treatment. As chitin triggers
LYM2 to increases its abundance at plasmodesmata, it allows to speculate that this results in

more LYM2 to be available for protein complex formation at plasmodesmata.

It further also allows the reverse conclusion that less LYM?2 is available for complex formation
in the PM. This could be one possible explanation why less LYK5 can be detected in the LYM2
IP (Fig. 3-10) in the presence of chitin. Alternatively, this could also not just be due to the
lower availability of LYM2 in the PM, but rather due to an “active dissociation” process
between LYM2 and LYKS5 or the inhibition of new complex formation upon the detection of
chitin. However, the conclusions can only be drawn very cautiously, as all of these
experiments have been carried out using a transient overexpression system, and results

might not necessarily be representative of the native system.

To independently confirm protein associations, FRET-FLIM analyses were carried out and
published in Cheval et al. (2020). Both LYK4 and LYK5 have been observed to undergo
ectodomain shedding and could therefore not be tagged with a fluorophore on their extra
cellular side (N-terminal). Further, as Cit-LYM2 is a GPl-anchored protein (Faulkner et al.,
2013) its fluorophore localises not on the cytosolic side of the PM but rather only on the
extracellular side. As FRET can’t be measured through a biological membrane, LYM2 is
incompatible with LYK4 and LYK5 for FRET experiments, and we could only test and confirm
for the association between LYK4 with LYK5. Though no consistent change in the detection
LYK5-6xHA when co-immunoprecipitated with LYK4-eGFP when comparing chitin to water
treated samples (Fig. 3-9) was observed, such a chitin-triggered difference in association was
detected by FRET-FLIM (Cheval et al., 2020). In samples treated with chitin the donor LYK4-
eGFP, co-expressing LYK5-mRFP1, exhibited a statistically significant increase in fluorescent
lifetime when compared to water treated samples. This hints at a chitin-triggered
dissociation or complex relaxation between LYK4 and LYK5 at the PM. My co-IP experiments
were not able to detect this change, possibly due to the transient overexpression nature of
the system, or due to higher sensitivity for such changes in FRET-FLIM over co-IP protein
association determination methods. However, this data indicates that these protein

complexes undergo dynamic processes depending on the presence of chitin.
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As both LYK4 and LYM2 are present at the PM as well as the plasmodesmal PM (Cheval et al.,
2020; Faulkner et al., 2013), it stands to reason that they can undergo complex formation in
both compartments. In my co-IP experiments, a consistent change in the levels of prey LYK4
detected when | immunoprecipitated LYM2 as a bait was not identified(Fig. 3-10). This is not
unexpected as standard co-IP experiments cannot differentiate between proteins localised
to the PM or the plasmodesmal PM. Protein extractions from plasmodesmata require further
release from the cell wall matrix to efficiently release plasmodesmata localising proteins
(Faulkner and Bayer, 2017). The protein extraction method used in this work does not include
such steps and can therefore be assumed to not extract proteins at plasmodesmata with the
same efficiency as from the general PM. This probably has resulted in a drastic
overrepresentation of PM versus plasmodesmal localised receptor associations. For this
reason, it is possible that there is a lot more of the LYM2-LYK4 association present than
detected in Fig. 3-10, and these plasmodesmal complexes might further undergo an increase

in their formation triggered by chitin at plasmodesmata.

How can LYK5 be crucial for this response if it is not present in the plasmodesmata where
the LYM2-LYK4 complex putatively fulfils such a local receptor signalling role? In Cheval et al.
(2020) we revealed that there are protein size differences of LYK4 when co-
immunoprecipitated off LYM2 in the absence of LYK5 in lyk5 protoplasts. These contrasting
sizes indicate differences in LYK4 post-translational modifications (discussed in chapter 3.3.6)
and/or ectodomain shedding (discussed in chapter 3.3.5), protein stability and dynamics
depending on the presence or absence of LYKS5. LYK4's size differences depending on LYKS5,
gives further relevance to the LYK4-LYKS5 interaction (Fig. 3-9). As LYK5 can not be detected
at plasmodesmata, it can be speculated this interaction can only take place within the PM. It
therefore stands to reason that LYK4 must be either pre-processed or protected from
changes depending on LYK5 within the PM, before it can fulfil its function within the
plasmodesmal PM. Taken together these different protein associations highlight the
functional importance of the different receptor protein pools within the PM and the
plasmodesmal PM, as well as how they interact, exchange or preferentially localise within

these pools.

The co-IPs in this thesis have been carried out utilising a biological control in the form of
LTI6b with the appropriate tag, such as the other prey of interest. This controls for artefactual
binding of membrane proteins during the immunoprecipitation process as well as insufficient
membrane disruption. A further technical control in the form of the presence of the prey of

interesting but in the absence of the bait could further be carried out to demonstrate that
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the prey of interest does not coincidentally also immunoprecipitate to the magnetic beads.
As the biological control (LTI6b) already carries the same epitope tag as the prey of interest
and does not immunoprecipitate with the bait, the tag can be excluded to artefactually bind
to the magnetic beads. However, for completeness it is possible to carry out such technical

bait absence controls.

3.3.5Ectodomain shedding — a possible
explanation for differences in detected size
LYK4 and LYK5 fluorophore translational fusion proteins in N. benthamiana as well as in
Arabidopsis plants result in detection of signals indicative of differently sized proteins. One
of these detected sizes is bigger than the predicted full-length version suggesting to be
caused by potential additive PTMs, and one is noticeably smaller suggesting to be caused by

cleavage processes such as ectodomain shedding.

Evidence of LYK4 and LYK5 undergoing ectodomain shedding was generated by utilising
dually tagged constructs with a fluorophore on both the C- as well as the N-terminus of the
RKs. This resulted in detection of the C-terminal fluorophore (mCitrine) signals in a clear PM
fashion, while the extracellular N-terminal (mCherry) fluorophore was detected in the
extracellular space between adjacent cells as well (Fig. 3-11). The mCherry signal is rather
diffusely distributed within the extracellular space, indicating that this fluorescent tag
possibly together with a part of the RK’s ectodomain has been cleaved off from the rest of
the ectodomain, and is now no longer bound to the PM. Peptides corresponding to the
ectodomains of LYK4 were further found in the soluble fractions of protein extracts by
Petutschnig et al. (2014) and ectodomains of LYK5 were found by Meusel (2016) in cell
culture supernatants. The different protein sizes together with the removal of the mCherry
fluorophore signal from the PM to the extracellular space, suggest that both LYK4 and LYK5
undergo ectodomain shedding. These constructs could be used in future experiments to
further demonstrate the ectodomain cleavage via SDS-PAGE and Western blotting, to allow
for a visualisation of the cleaved ectodomain as well as the remaining protein from the same

samples.

However, how can ectodomain shedding regulate and fine tune signalling processes of
receptors? Antolin-Llovera et al. (2014b) found ectodomain shedding in LiSYMRK necessary
for functionality. LjSYMRK versions without the MLD of its extracytoplasmic region
outcompeted full-length LjSYMRK for interaction with NFR5 thereby interfering with

appropriate receptor complex formation. This indicated that the MLD negatively interferes
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with complex formation. Presence or absence of ectodomains can therefore down- or up-
regulate protein functions in plants. For example, mutants of LjSYMRK without an
ectodomain lead to excessive infection thread formation (Antolin-Llovera et al., 2014b). This
points towards a role of ectodomain shedding in the fine tuning of the receptor signalling
function (Antolin-Llovera et al., 2014a). The different versions of LYK4 and LYK5 (non-shed
and shed) could similarly undergo different preferential receptor complex formations and
outcompete each other for specific ones. Or alternatively one version is more stable than the
other, or is more prone to get recycled, or targeted for degradative processes and
ectodomain shedding thereby influences the overall ratios of available proteins. Further,
Ectodomain shedding could result in different downstream PTMs of their associated co-
receptors, such as in the case of BAK1-BIK1 (Zhou et al., 2019). Ectodomain shedding of LYK4
and LYK5 could therefore be a mechanism to ensure appropriate signalling responses by fine
tuning receptor complex formation and protein availability. Full length and putatively
ectodomain lacking bands for both LYK4 as well as LYK5 were detected in co-IP experiments.
Their abundance ratios in the IP fractions did not obviously shift towards lower sizes
suggesting that their ectodomain shed versions do not undergo complex formation more
preferentially than their full-length counterparts. Should the co-IP between the receptors in
my experiment be due to their shared nanodomain/DRM localisation this would indicate that
both the full length as well as the ectodomain lacking version of these proteins maintain their

presence in their nanodomains/DRMs.

Possibly the ratio between full length version and the potential ectodomain lacking version
of LYK5 in Fig. 3-10 might shift when comparing the input versus the immunoprecipitated
samples. This would need further experimental validation in the future to allow for

conclusions drawn with certainty.

By contrast to LjSYMRK, both LYK4 and LYKS5 do not have a GDPC motive, nor MLD domains.
Therefore, the mechanism of shedding might be different and mediated by a different
cleaving enzyme — referred to as sheddases in animal cell biology (Clark, 2014; Lichtenthaler
et al., 2018). Petutschnig et al. (2014) determined that ectodomain shedding results in a
roughly 33 kDa soluble cleavage product of CERK1. LYK4 results in a roughly 45 kDa and LYK5
results in a roughly 30 kDa cleavage product. Given their sequence similarities, it is possible
that all three proteins CERK1, LYK4 and LYK5 get cleaved by the same sheddase, possibly
recognising the same or a similar motif. Since the ectodomains can also undergo additive
PTMs, the size of the cleavage product is not necessarily indicative of the cleavage site within

the amino acid sequence. Given the importance of ectodomain shedding in animal cell
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biology — particularly signalling processes — and the first detailed accounts of how
ectodomain shedding can have influences on plant receptor functions (Antolin-Llovera et al.,
2014b; Petutschnig et al., 2014), it will be interesting to see more ectodomain shedding data

emerge in plants.

The knowledge that LYK4 and LYK5 undergo possible ectodomain shedding processes
enables to see their previous FRAP data (Fig. 3-3) from an additional different angle. FRAP
data was acquired from translational fusion proteins which carry their fluorophore tag on
the cytosolic side of the PM, and therefore the data represents a sum of the behaviour of
shed and non-shed RK. Possibly the two pools of shed and non-shed LYK4 and LYK5, could
exhibit different mobile fractions from each other, and therefore different interaction

potentials could also be present in different receptor complexes or nanodomains.

It could be further conceivable that the ectodomain shedding processes do not just apply to
individual LYK4 or LYKS5, but rather to specifically formed complexes. This in turn could affect
the whole complexe’s dynamics and behaviours, localisations and stability, and therefore
fine tune and regulate the receptor complex mediated signalling processes via specific
sheddases. Alternatively, an interaction with LYK4 or LYK5 could also regulate the
ectodomain shedding processes of secondary proteins, or vice versa, as an interaction
partner of LYK4 or LYK5 could be responsible that these proteins undergo ectodomain
shedding processes, i.e. by changing their conformation and allowing sheddase recognition
motifs to become accessible. It would therefore be interesting to test in future experiments
if one can determine LYK4 and LYKS5 shed ectodomain interacting proteins, and then test if

they are necessary for ectodomain shedding processes of each other.

It could further be logically conceived that the release of chitin binding ectodomains might
also be able to regulate the presence of freely available chitin in the apoplast. This could
possibly be necessary to “reset” a cell’s signalling capacity after the presence of a pathogen
has been initially detected. Thereby allowing the cleaved ectodomain itself to further fulfil a

function away from the rest of its original full-length protein.

During the co-IP experiments of this thesis often bands of lower sizes have been additionally
observed in the Western blots. These could be either specific sizes indicative of protein
degradation processes or possibly other processes such as ectodomain shedding. This could

be further explored in future work.
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3.3.6 LYK4 undergoes additive PTMs

Although LYK4 might possibly undergo phosphorylation processes, typically such a PTM

results in an increase of protein size of about 79.99 Da (MacLean et al., 2008).

As no ubiquitin signal of LYK4-mRFP1 was detected (Fig. 3-12A), the inhibition of
ubiquitination cannot be concluded to be the reason for the size reduction of LYK4 in lyk5-2
mutants. By contrast to this, the glycosylation of full length LYK4 was successfully

determined.

Haweker et al. (2010) demonstrated that non-glycosylated EFR proteins are rather unstable,
while non-glycosylated FLS2 and BAK1 accumulate to significantly higher than native levels,
thereby indicating that glycosylation as a PTM can fine tune plant receptor protein
abundance and stability. The glycosylation of LYK4 could therefore lead to either an increase
or decrease in protein stability, resulting in an increase or decrease in protein abundance,

thereby adjusting the availability of this protein.

Glycosylation is necessary for FERONIA (FER) and other PM receptors to fulfil their functions
(Lindner et al., 2015; Schoberer and Strasser, 2018). It stands to reason that if indeed the
correct glycosylation of LYK4 is dependent on the presence of LYK5, that this is the indirect
way in which LYK5 can influence a cell’s ability to regulate plasmodesmal flux in a chitin
dependent manner. However, how would LYK5 be responsible for a glycosylation PTM of

LYK4?

The genome of Arabidopsis encodes for 400 glycosidases (Husaini et al., 2018) — enzymes
which are capable of removing specific sugar moieties (Kytidou et al., 2020). At least 15 of
these glycosidases are present within the cell wall and the extracellular space (Fry, 2004),
allowing them to possibly target the ectodomain of LYK4 in the absence of LYK5. Possibly the
presence and interaction with LYK5 could stop these enzymes from successfully targeting
LYK4, by making a recognition motif or the glycosylations themselves inaccessible. The
association between LYK4 and LYKS5 could further possibly already be present before these
two proteins undergo secretion processes towards the PM, and the glycosylation could

therefore already be affected during the proteins’ time in the ER or Golgi.

Although a mechanism of PTM of LYK4 was identified — a ~14 kDa shift does not fully explain
either the ~5 nor the ~30 kDa shift observed in lyk5-2 (Cheval et al., 2020). However, it is
possible that the presence of LYK5 is only responsible for a small number of glycosylation

reactions and thereby causal of the 5 kDa shift. Further, the ~ 30 kDa shift could be explained
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by further non-N-linked glycosylation not being successfully carried out in the absence of
LYKS. Alternatively, a so far unexplored PTM could additionally contribute to this, and the
size shifts could actually be a result from multiple different modifications and potentially

even partial or full ectodomain shedding.

Although | did not manage to determine all the PTM LYK4 potentially undergoes, |
determined that it undergoes ectodomain shedding and N-linked glycosylation. Future
experiments might reveal multiple more PTM, and how they are necessary or not for LYK4

to fulfil its function in chitin triggered immunity.

3.3.7 Chitin receptor dynamics — a model

The data of this chapter and of Cheval et al. (2020) enable the conceptualisation of a model
(Fig. 3-14) of how the different receptors associate with each other. Different associations
are possible within the PM and at the plasmodesmal PM microdomain, resulting in chitin-

triggered ROS bursts and callose mediated plasmodesmal closure.

Similarly to tetraspanin web concepts described in the next chapter (Fig. 4-2), nanodomains
including the proteins discussed in this chapter may not exist in a linear fashion in the PM
but rather as accumulations or enrichments of different proteins together in nanodomains.
These nanodomains or specific protein enriched areas within the PM, may be present in a

“mesh” like fashion, or may be more distinctively separate from each other.
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Figure 3-14: A possible model for receptor mediated chitin-triggered immune signalling with a focus on the
plasmodesmal response (redrawn and adapted from Cheval et al. 2020). This schematic representation is drawn
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as a continuity between the PM (grey) and the plasmodesmal PM microdomain (light pink). Different receptor
complex combinations can be present at the PM, such as CERK1-CERK1, CERK1-LYK4, LYK5-LYK4, LYK4-LYM2,
LYK5-LYM2. A PTM of LYK4 is dependent on the presence of LYKS5. LYKS is not present at plasmodesmata and
therefore only complexes of LYM2 and LYK4 can be formed at plasmodesmata. (A) Resting state conditions in the
absence of chitin. CPK5 ensures an inhibition of callose deposition. (B) Chitin-triggered conditions. In the presence
of chitin, CERK1-LYK5 can undergo a further complex formation (Cao et al., 2014). Chitin further triggers an
increase of LYM2 at plasmodesmata as well as an increase of higher-order-interactions of LYM2 at
plasmodesmata (Cheval et al., 2020). The RKs in the PM are capable of activating RLCKs, which in turn activate
the MAPK cascades as well as phosphorylate RBOHD. At the plasmodesmal PM, the perception of chitin relies on
CPK6 and CPK11 to phosphorylate RBOHD. The activation of RBOHD via phosphorylation leads to ROS production,
and in turn to the deposition of callose through callose synthases and thereby to a closure of plasmodesmata. (A)
& (B) PM: plasma membrane; PD: plasmodesmata, PTM: post-translational modification; P: phosphorylation, GSL:
GLUCAN SYNTHASE-LIKE = callose synthases; RLCKs: receptor-like cytoplasmic kinases.
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3.3.8 Conclusion

In this chapter | determined some of the behaviours and characteristics of the PRRs LYM?2,
LYK4 and LYKS5. | generated data which allows to draw hypotheses of how LYM2's preferential
plasmodesmal localisation is maintained, and how a chitin-triggered enrichment might be
achieved. Next, | showed that all three receptors are capable of associating with each other.
To identify how LYK5 can be vital for chitin-triggered plasmodesmal closure without being
present at plasmodesmata itself, | investigated which PTMs of LYK4 could be dependent on
the presence of LYK5. Taken together, this chapter adds important steps and blocks of
knowledge in our understanding of how chitin receptors interplay and chitin-triggered

plasmodesmal closure is regulated.
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4 Tetraspanins in chitin signalling

4.1 Introduction
4.1.1 What are tetraspanins?

For receptors to successfully function, they not only interact and associate with other

receptors, but also with lipids (Tornmalm et al., 2019) and a multitude of proteins from other
classes and families (Cao et al., 2021). One such protein family strongly associated with
receptors are the tetraspanins (Termini and Gillette, 2017). Tetraspanins are a family of
structurally related proteins. They are integrated into the PM of cells by four characteristic

transmembrane domains, which give this family its name (Figure 4-1).
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(or EC2 for extracellular loop2)
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intracellular loop

Figure 4-1: A cartoon schematic of the architecture of tetraspanin proteins. The PM is symbolised by a
phospholipid bilayer in in blue. The top of the Figure symbolises the extracellular space —i.e., outside of the cell
and the lower half of the Figure is in the cytosol —i.e., inside of the cell.

Tetraspanins are inserted in the cell’s PM in a conformation that allows both their N-terminal
and C-terminal tails to be on the cytoplasmic side of the PM. They have three loops, one in
the intracellular space and two (one short and one long) in the extracellular space (Fig. 4-1)
(Hemler, 2005). These proteins can form homo- and heterodimers, interacting with
tetraspanin proteins of their own kind or other tetraspanins respectively. Further,
tetraspanins are able to interact with multiple other tetraspanins and non-tetraspanin
proteins simultaneously, enabling the formation of complex oligomers (van Deventer et al.,

2017). This allows tetraspanins to act as scaffolds which organise higher order protein
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structures in the PM and recruit partner proteins for specific functions. This is fundamental
to support both dynamic processes and formation of rigid structures within the PM. Indeed,
these oligomerisation processes lead to formation of domains within the PM which have a
high concentration of tetraspanins acting as scaffolds (Schmidt et al., 2016). In turn this
stabilises and maintains the integrity of these domains (Charrin et al., 2002) which can then
act as specialised and organised signalling hubs (Zimmerman et al.,, 2016). Broadly,
tetraspanins act as molecular organisers and facilitators (Hassuna et al., 2009) by establishing

a network of tetraspanins called a tetraspanin web (Fig. 4-2) (Hruz et al., 2008).

Tetraspanin webs act as scaffolds which organise the PM, enriching specific areas of the PM
with high concentrations of tetraspanins and their interacting proteins. These domains,
containing tetraspanins and the additional components they recruit, are classically referred
to as tetraspanin enriched microdomains (TEM) (Perez-Hernandez et al., 2013). TEMs can be
in dynamic protein exchange with the rest of the PM (Oosterheert et al., 2020), reaching an
equilibrium state which can adapt and change in a stimulus dependent manner (Kummer et
al., 2020). Due to this creation of specific surrounding environments for the proteins which
are present in TEMs, tetraspanins can influence and control the functions of these TEM

resident proteins (Lu et al., 2020).

In later years, Zuidscherwoude et al. (2015) have challenged the idea of multiple different
species of tetraspanins forming web-like structures. They used dual colour stimulated
emission depletion (STED) microscopy to determine that tetraspanins form individual
nanoclusters which only display minor overlap and correlation with other tetraspanins. They
suggest that rather than a tetraspanin web of multiple tetraspanin species organized into a
single domain, tetraspanins form species independent domains which are important for their

functionality.
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Legend:
® 0 @ tetraspanins

4 interacting proteins

Figure 4-2: Cartoon depiction of a tetraspanin web protein interaction progression. The graphic follows the
progression of how interactions between individual tetraspanins followed by interactions with other non-
tetraspanin proteins can lead to an organised structure called a tetraspanin web. Tetraspanins are symbolised by
coloured circles and other proteins which interact with tetraspanins are symbolised by a yellow square and a blue
star sign. Redrawn after Martin et al. (2005).
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4.1.2 Tetraspanins immune signalling functions in
non-plant kingdoms

Tetraspanin gene families in different organisms have undergone independent duplications
and radiation events with the evolutionary history of their organisms’ lineages (Huang et al.,
2005). Various eukaryotic species have functional tetraspanins, ranging from Drosophila
melanogaster with 37 tetraspanins (Todres et al., 2000), different groups of nematodes with
9 to 21 tetraspanins (Davis et al., 2022; Harris et al., 2019; WormBase Version WS283, 2022)
to humans with 33 tetraspanins (Huang et al., 2005). Huang et al. (2005) suggest that the co-
evolution of tetraspanins was an important step in the evolution and transition from
unicellular to multicellular organisms. This theory is supported by evidence of the conserved
roles of tetraspanins for signalling and inter-cellular communication. For example,
tetraspanins are able to regulate the formation and development of cell junctions (Huang et
al., 2018), and cross-kingdom immune signalling, exchanges and communication — between
organisms belonging to different kingdoms functioning in the generation and secretion of
extracellular vesicles (Hurwitz et al., 2016; Jimenez-Jimenez et al.,, 2019a). Umeda et al.
(2020) further suggest two major roles of tetraspanins in microsome (exosome) formation.
Firstly, tetraspanin clustering induces membrane curvature, which is then followed by
exosome budding. Secondly, association of proteins with the corresponding interacting
tetraspanin(s) is part of the vesicular cargo sorting process. In general, tetraspanins can form
multiple protein interactions simultaneously and are therefore important in a variety of
different biological processes. Their ability to form multiple protein interactions
simultaneously results in an ‘ordering’ of the membrane. This sorting process is necessary
for the biosynthetic maturation and regulation of trafficking of some of the tetraspanin
partner proteins (Berditchevski and Odintsova, 2007; Saint-Pol et al., 2017) and in receptor

mediated immune signalling (Tam et al., 2019; Termini and Gillette, 2017).

The naming system of tetraspanins depends on the organism in which they are described.
Many mammalian tetraspanins were originally identified and named after the ‘cluster of
differentiation’ (CD) protocol used to describe antibody binding of surface molecules of
leukocytes (Hochheimer et al., 2019; Xiong and Xu, 2014). However, not all CD proteins are
tetraspanins nor are all mammalian tetraspanins named after the ‘cluster of differentiation’
protocol (Hochheimer et al., 2019). In animal cells, tetraspanins are highly important in
signalling and particularly immune signalling processes and are therefore involved in cancer
(Hemler, 2014; Li et al., 2013; Yang et al., 2008), fertility (Le Naour et al., 2000; Miyado et al.,

2000), retinal degeneration (Xu et al., 2004) and infection processes (Hassuna et al., 2009)
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ranging from viral (Pileri et al., 1998), protozoan (Silvie et al., 2003), fungal (Artavanis-
Tsakonas et al., 2011) and bacterial infections (Mitamura et al., 1992) as well as to prion

diseases (Griffiths et al., 2007).

The behaviour of membrane proteins can change in the presence or absence of their
corresponding tetraspanin partners. For example, in HEK293 cells (immortalized human
embryonic kidney cells) and in human macrophage model cell line U373 the increase in
lateral mobility of TOLL-LIKE RECEPTOR 4 (TLR4) upon binding its ligand lipopolysaccharide is
dependent on the presence of the tetraspanin CLUSTER OF DIFFERENTIATION 14 (CD14). This
process is necessary for successful detection and immune signalling in response to gram-
negative bacterial (Klein et al., 2015). The mouse tetraspanin CD82 organises the receptor
Dectin-1 to recognise the fungal cell wall component B-1,3-glucan of Canadia albicans,
resulting in protein clusters in the phagocytic cup and the regulation of defence signalling
(Tam et al., 2019). Broadly, tetraspanins interact with cell surface receptors, suggesting they

are important for functions in immune systems.

The functions of some tetraspanins are highly characterised in the human immune system,
such as the fusion of multiple micro-/nanodomains to achieve functional signalling
processes. For example, in B cells tetraspanins are important in successful detection of
antigens and intracellular signalling. The production of antibodies in B cells is mediated by
the B CELL RECEPTOR (BCR) complex via antigen-specific activation of B-lymphocytes (Cano
and Lopera, 2013). Within the BCR complex two non-tetraspanin proteins CLUSTER OF
DIFFERENTIATION 79A (CD79A) and CD79B interact with membrane-bound
immunoglobulins (Ig). The non-tetraspanin CD19, is a single transmembrane protein with
two Ig-like domains which interacts with the tetraspanin CD81. During resting state
conditions — before activation of immune signalling — CD81 and CD19 are forming domains
independent of BCR, CD79A and CD79B (Packard and Cambier, 2013). However, upon
antigen detection by the BCR, cytoskeletal reorganisation is triggered and the CD19/CD81
and the BCR/CD79A/CD79B domains fuse to form one signalling competent membrane
domain activating antibody production, making CD81 an important component of antigen-

triggered immunity processes (Kummer et al., 2020; Wang et al., 2012b).

Another way to generate intracellular immune signals is the production of ROS (Tavassolifar
et al., 2020). Although tetraspanin proteins themselves are not capable of ROS generation,
strong links between them have been observed. In the nematode model system

Caenorhabditis elegans, tetraspanin TSP-15 is required for the functionality of some ROS
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producing enzymes. TSP-15 forms a complex with the dual oxidase BLISTERED CUTICLE (BLI-
3) and the DUAL OXIDASE MATURATION FACTOR (DOXA-1). TSP-15 has been demonstrated
to be necessary for the activation of these enzymes (Moribe et al.,, 2012; Moribe and
Mekada, 2013). Lambou et al. (2008) showed a genetically linked presence of ROS producing
enzyme NADPH oxidase 2 (NOX2) and fungal tetraspanin PSL1, in fungal genomes. The fungal
tetraspanins MgPLS1 of Magnaporthe grisea and BcPLS1 of Botrytis cinerea are required for
successful penetration of their plant host’s leaves (Clergeot et al., 2001; Gourgues et al.,
2004; Lambou et al., 2008). Co-localisation studies of Siegmund et al. (2013) reveal a
localisation of BcNOXs (NADPH oxidases) complexes and BcPLS1 in similar membrane
structures, as well as similar phenotypes of knock-out strains, such as a defect in appressoria-
mediated host cell penetration (Siegmund et al., 2013). Later studies in Magnaporthe oryzae
revealed that the absence of MoPLS1 also causes similar phenotypes as the absence of
MgNOX2, such as the mislocalisation of F-actin, septin, and the septin kinase Chm1, further

linking tetraspanins to NADPH oxidases (Ryder et al., 2013).

Tetraspanins can up or down regulate signalling processes depending on their associated
receptor proteins and the context of the response. Using cancer as an example for immune
signalling processes Wang et al. (2015b) demonstrate how tetraspanin protein complexes
can fulfil different regulatory functions depending on the presence or absence of specific
associated proteins in mammalian cells. In the presence of the tetraspanin partner EWI
MOTIVE CONTAINING PROTEIN 2 (EWI-2), the tetraspanins CLUSTER OF DIFFERENTIATION 9
(CD9 = Tspan29) and CD81 (=Tspan28) interact with EWI-2 and are not available to interact
with TRANSFORMING GROWTH FACTOR BETA (TGF-B) receptors, thereby limiting TGF-B
signalling. However, this situation changes in late-stage melanoma cells, as EWI-2 is
downregulated. The lack of this competitively binding protein allows CD9 and CD81 to
interact with TGF-B receptors, producing stable and actively signalling TGF-B receptor
complexes. This leads to increased SMAD (SMA "small worm phenotype" and MAD family
"Mothers Against Decapentaplegic") protein family transducing signalling from the PM to the
nucleus. CD9 and CD81 therefore act in a negatively regulatory manner in a resting state
system. This system exemplifies how tetraspanins are crucial for the prevention and
progression of cancer, by their interactions with other proteins and thereby their ability to

regulate the function of immune signalling components such as receptors.
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4.1.3Tetraspanins in plants

There are 17 canonical tetraspanins in the model species Arabidopsis (Cnops et al., 2006) and
therefore it is reasonable to expect that they play many varied roles in plants as well.

However, very few have of these roles so far been elucidated.

The first phenotype for a tetraspanin mutant in plants was identified by Olmos et al. (2003)
in the ekeko mutant (EKEKO is TET1 and is also referred to as TORNADO?2); this resulted in
slow plant development and severely curled-up or drilled leaves which are curled and
twisted at the same time resembling a drill- or screw-like pattern. TET1 functions in
patterning processes in leaf development (Cnops et al., 2006) and affects cellular decisions
in the peripheral zone of the shoot apical meristem (Chiu et al., 2007). Single tetraspanin
mutants of tet5 and tet6 did not display visible phenotypes. However, double mutants of
tet5/tet6 resulted in plants with an enlarged leaf size due to a significantly enhanced total
number of cells per leaf and longer primary roots (Wang et al.,, 2015a). Despite these
phenotypes, no evidence of how TET1, TET5 or TET6 act on a molecular basis has been

published to date.

Plant tetraspanins are able to interact with themselves and other members of the
tetraspanin family. Boavida et al. (2013) demonstrated that Arabidopsis tetraspanins homo-
and hetero-dimerise when expressed in yeast utilising a split-ubiquitin system. It therefore
stands to reason that plant tetraspanins form similar interactions and associations in the
form of TEMs and the tetraspanin web as animal tetraspanins do (Hemler, 2005). However,
no studies regarding if, or in which way, plant tetraspanins form domains or webs have been

published to date.

Different plant tissues express different subsets of tetraspanin genes. Expression and
presence of different tetraspanins at different times of the plant life cycle and in different
plant organs, may indicate specificity in their roles as membrane organising proteins. Over
the last decade three publications used putative native TETRASPANIN promoters to express
either GUS-reporter constructs, nuclear localised fluorophores, cytosolic fluorophores or
fluorescent protein translational fusions of the corresponding tetraspanins (Boavida et al.,

2013; Reimann, 2018; Wang et al., 2015a).

Constructs expressing tetraspanins from their native promoters were used to define the
localisations of these tetraspanins. These publications partially contradict themselves
regarding organ specific tetraspanin expression. For example Reimann (2018) reports a

strong expression of TET3 in roots tips and particularly in the root meristem, while Wang et
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al. (2015a) reports no expression for this gene in these tissues. Meanwhile Boavida et al.
(2013) reports expression of TET7 in the central cell and antipodals of female gametophytes,
while Reimann (2018) reports TET7 not to be expressed in these cells. These and other
differences could be due to the different lengths of cloned putative native promoters or
different insertion sites within the genome causing different spatiotemporal regulation of
expression. However, the actual cloned lengths of these promoters have not all been
documented fully within these publications and can therefore not be directly compared,
making this explanation remain speculative. In comparison the Arabidopsis eFP Browser 2.0
(2022) shows expression of TET7 in most tissues including different floral growth stages and

leaves of different ages.

Like in animals, functional plant immune responses may depend on tetraspanins and their
protein interactions. In a recent study by Cai et al. (2018), the tetraspanins TET8 and TET9
were identified to play a key role in plant immunity against fungi. When TET9 was silenced
in a tet8 mutant, these plants exhibited enhanced susceptibility to Botrytis cinerea, and both
tetraspanins localise to the plant-microbe interface as well as to plant extracellular vesicles.
Cai et al. (2018) performed the first successful co-immunoprecipitation of tetraspanins in
plants, where they used TET8-FLAG as bait to detect TET9-GFP as prey and vice versa. This
confirmed the first tetraspanin-tetraspanin interaction in planta, but no data identifying
other non-tetraspanin interacting proteins such as the immune receptor proteins involved in

fungal defence processes was shown in this publication.

While compiling this thesis, Guo et al. (2022) published the first interaction and
characterisation between a plant tetraspanin and a RK. They demonstrated that Solanum
tuberosum StTETS8 is a positive regulator of Phytophora infestans immunity, and associates
with StLecRK-IV.1 (LECTIN RECEPTOR KINASE-IV.1). The presence of StLecRK-IV.1 affects and
reduces the stability of StTET8, thereby resulting in an antagonistic effect reducing the P.
infestans resistance. This study showed how a plant tetraspanin protein can be incremental

to achieve plant resistance against a pathogen.

Tetraspanin gene expression can be dynamically regulated by environmental and
developmental stimuli. For example, the inhibition of root cell elongation by the plant
hormone ethylene —applied as its precursor l-aminocyclopropane-1-carboxlic acid —
downregulates the expression of TET7 significantly (Markakis et al., 2012). The HEAT repeat-
containing protein (SWEETIE) mutant has changes in multiple metabolic, hormonal and

stress-related pathways (Veyres et al., 2008). One of the most upregulated genes in this
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mutant is TET9, allowing for speculations that TET9 is involved in some of those pathways
(Veyres et al., 2008). TET8 and TET9 are close homologues to TET7 sharing the closest
similarities within the family of tetraspanins. Both TET8 and TET9 have been implicated in
plant immune responses (Cai et al., 2018; Guo et al., 2022), allowing to form the hypothesis
that their closest homologue TET7 fulfils similar functions. Out of these three, TET9 shows a
10 to 100 times lower expression than TET7 and TET8 (Arabidopsis eFP Browser 2.0, 2022;
Toufighi et al., 2005; Winter et al., 2007) in mature leaf tissues, suggesting TET7 and TET8
play a more dominant role than TET9 in plant defence responses against pathogens and

therefore are good targets for functional characterisation.

Plant tetraspanins have an additional specialised membrane compartment in comparison to
animal tetraspanins where they can localise — the plasmodesmata. Multiple different
plasmodesmal proteome approaches identified tetraspanins as integral components of
plasmodesmata. TET3 and TET7 have been detected in the first plasmodesmal proteome
(Fernandez-Calvino et al., 2011) and Brault et al. (2018) identified TET1, TET3 and TETS8 in
purified plasmodesmal fractions. Furthermore, TET2 and TET7 were found in the same
experiments to be highly enriched at plasmodesmata (Bayer E. pers. communications 2018).
A plasmodesmal proteome of poplar root cells identified the presence of TET1, TET3 and
TET8 homologues in plasmodesmal fractions (Leijon et al., 2018). A moss plasmodesmal
proteome from gametophytes of Physcomitrella patens further identified multiple

tetraspanins as plasmodesmal components (Johnston M. et al., unpublished).

These proteomic plasmodesmal associations of tetraspanins have been confirmed in one
initial study and indicated in others. It has been shown that a fluorescently tagged version of
TET3 accumulates preferentially at plasmodesmata in Arabidopsis (Fernandez-Calvino et al.,
2011), and other publications (Boavida et al., 2013; Jimenez-Jimenez et al., 2019b) suggest
that this may be true for further tetraspanins as well. Although unconfirmed by co-
localisation with plasmodesmata markers or high resolution imaging, Boavida et al. (2013)
reports that in their Arabidopsis lines expressing TET5-eGFP under its native promoter, they
observed localisation of the chimeric proteins in structures that are likely plasmodesmata.
Similarly, Jimenez-limenez et al. (2019b) find Phaseolus vulgaris 35s::PvTET3-GFP and
35s::PvTET6-GFP constructs localising in punctae at the cell periphery when transiently
expressed in N. benthamiana. Although it is not possible to unmistakably conclude a
plasmodesmata localisation from the images provided in Jimenez-Jimenez et al.”s work, their

data still stand as a strong suggestion of plasmodesmata localisation of PvTET3 and PVTET6.
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How tetraspanins (or other proteins) get sorted and localise at plasmodesmata, is still
unknown. Jimenez-Jimenez et al. (2019a) speculate that an LVL motif in the fourth
transmembrane domain of tetraspanins could be a plasmodesmal sorting signal but this has
not been experimentally determined and published yet. Nonetheless, more evidence of plant
tetraspanins being plasmodesmal components is slowly emerging. Animal tetraspanins are
important for and localise to cell-to-cell junctions (Huang et al.,, 2018) — structures
functionally similar to plasmodesmata which allow symplasmic transfer of molecules from
cell-to-cell (Gerdes and Carvalho, 2008; Maule et al., 2012). It is a plausible hypothesis that
their role in cell-to-cell communication was already present in the last common ancestor of

the plant and animal kingdom.

Interactions of tetraspanins with associated proteins might prove to be as highly important
in plants as they are in animal cells. However, no interacting proteins of tetraspanins in
plants, apart from dimerization between tetraspanins and one example of a potato
tetraspanin, have been identified (Boavida et al., 2013; Cai et al., 2018; Guo et al., 2022).
Although some tetraspanin proteins have been found in plasmodesmal extraction
proteomes (Brault et al., 2019; Fernandez-Calvino et al., 2011; Leijon et al., 2018) and have
been implicated to be present at plasmodesmata (Boavida et al., 2013; Jimenez-Jimenez et
al., 2019b), not all have been confirmed for such a localisation. This work therefore aimed to

test tetraspanin protein candidates for plasmodesmal localisations.

4.1.4 Aims of this chapter

This work set out to answer if plant tetraspanin proteins are involved in further immune
responses against pathogens. Receptors are known to interact and associate with
tetraspanins. This chapter aimed to determine such associations between candidate
tetraspanins and a fungal chitin receptor. Plant tetraspanins are present at the PM and the
plasmodesmata. This chapter explored the localisations of my candidate tetraspanin
proteins in the presence of interacting receptor kinases in a chitin-signalling context. Taken
together the first foundation stones of mechanistic understanding of how tetraspanins are

important for chitin-triggered plant immunity were elucidated in this chapter.
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4.2 Results

4.2.1Tetraspanins were identified in
plasmodesmal proteomes

Multiple members of the tetraspanin protein family have been identified in plasmodesmal
proteomes (Brault et al., 2019; Fernandez-Calvino et al., 2011; Grison et al., 2015a; Leijon et
al., 2018) making them an interesting candidate family to investigate for their plasmodesmal
functions. To elucidate the relationship of Arabidopsis tetraspanin proteins regarding their
potential functions, phylogenetic tree was generated based on their amino acid sequences
(Fig. 4-1A). The amino acid sequence was chosen over DNA to avoid problems caused by
nucleotide compositional biases in the DNA sequences and to allow for clustering of possibly
greater functionality (Foster and Hickey, 1999). One of the most striking features of this
phylogenetic tree is that TOBAMOVIRUS MULTIPLICATION 2A (TOM2A) and its homologues,
TETRASPANIN FAMILY PROTEIN1 (TFP1 = TOM2A2), TFP2 (=TOM2AH3), TFP3 (=TOM2A1)
cluster together in one clade, making them an outgroup to the rest of the tetraspanins. The
tetraspanins sensu stricto (TET1 to TET17) and the tetraspanins sensu lato (TFP1 to 3 and
TOM2A) therefore form distinct clades from each other. This contrasts with their DNA
sequence similarity grouping, where the tetraspanins sensu lato cluster together with TET16

and TET17 (Fig. 7-1, Table 7-1).

To identify if and which tetraspanins might play an important role in plasmodesmata
regulated immunity processes, data was collated of all published plasmodesmal proteomes
for a direct comparison of the tetraspanin proteins present in these lists (Table 4-1). |
reasoned that the presence of tetraspanins at plasmodesmata could be a feature of
individual clades within this protein family, and therefore further generated a more detailled
phylogenetic tree of TET1 to TET17 (Fi.g 4-1). In this tree the number of how many
plasmodesmal proteomes individual proteins have been detected is annotated, to gather
information about clade specificity. These tetraspanins sensu stricto form one monophyletic
clade when comparing their amino acid sequence similarity. Within this clade they tend to
form further clades often containing only two closely related homologues. This is for example
the case for TET16/17, TET14/15, etc. The only distinctive monophyletic clade including three
genes is formed by TET7, TET8 and TET9.

Eight members of the tetraspanins sensu stricto were identified in plasmodesmal extracts
(TET1/2/3/4/7/8/9/11). Members of four different clades have been found in plasmodesmal
extracts: TET1/2, TET3/4,TET7/8/9 as well as TET11/12, where only TET11 has been detected
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but not its closes homologue TET12 (Table 4-1, Fig. 4-1). Of the clade including TET7, TET8
and TET9, all three proteins were identified in plasmodesmal extracts. While TET8 has been
recorded as one of the most consistent hits — being present in all proteomes, both TET7 and
TET9 have been identified in separate proteomes as well. Taking TET3/4 together with
TET7/8/9, they form an intriguing clade as all proteins within it, have been found in
plasmodesmal proteomes (Fig. 4-1, Table 4-1). In comparison TFP1 and TOM2A of the sensu
lato clade have been identified by Leijon et al. (2018) and Bayer (pers. commes.) respectively

to be present in plasmodesmal extracts.

Further to the published plasmodesmal proteomes two members of the tetraspanin family
were identified in a Physcomitrium patens plasmodesmal proteome (M. Johnston — pers.
communication). PpA9TQE7 (PHYPA 005721) shares close homology to TET10, and
PpA9RCL2 (PHYPA 010772) shares close homology to the clade containing TET7, TET8 and
TET9. Transient expression in N. benthamiana showed fluorescent foci at plasmodesmata for
a PpA9RCL2 fluorophore translational fusion protein, further confirming the plasmodesmal

localisation of PpA9RCL2 (M. Johnston — pers. communication).
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Figure 4-3: Phylogenetic trees of Arabidopsis tetraspanin proteins. A ClustasW 2.1 alignment with a BLOSUM
cost matrix was used to generate the original alignment (Fig. 7-1 and Table 7-1) followed by using the Jukes-
Cantor Genetic Distance Model and the UPGMA tree building method to generate this tree based on protein
amino acid similarity. The node labels are branch confidence values. (A) A phylogenetic tree of all members of
the tetraspanin protein family. The blue dashed box shows the tetraspanins sensu stricto. (B) A phylogenetic tree
of sensu stricto tetraspanins. The right column indicates in how many of the four published plasmodesmal
proteomes (see Table 4-1) these tetraspanins have been detected.
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Table 4-1: Summary table of members of the tetraspanin protein family identified in different plasmodesmal
proteomes. Bayer, pers. communications data are an extension of the dataset published as Brault et al. (2019).

Arabidopsis
thaliana
(Landsberg
erecta)
suspension cells

Arabidopsis
thaliana
(Landsberg
erecta)
suspension cells

Populus
trichocarpa
suspension cells

Arabidopsis
thaliana
(Landsberg
erecta)
suspension cells

Fernandez-

full data set of

Calvino et al. Grison et al. Leijon et al. Bayer, pers.
(2011) (2015a) (2018) communication
Protein | Gene locus (DI ECi PD/PM ratio PREERICE ] PD/PM ratio
Oto1l homologue
AtTET1 | AT5G46700 0.593 6 hit 92.2
AtTET2 | AT2G19580 - 14 - 77
AtTET3 | AT3G45600 | 0.0696-0.629 10 hit
AtTET4 | AT5G60220 - - - 65.3
AtTETS | AT4G23410 - - - -
AtTET6 | AT3G12090 - - - -
AtTET7 | AT4G28050 | 0.386-0.661 8 - 73
AtTET8 | AT2G23810 | 0.177-0.813 10 hit 98.9
AtTET9 | AT4G30430 - 107 - 0.4
AtTET10 | AT1G63260 - - - -
AtTET11 | AT1G18520 - 29 - 6.3
AtTET12 | AT5G23030 - - - -
AtTET13 | AT2G03840 - - - -
AtTET14 | AT2G01960 - - - -
AtTET15 | AT5G57810 - - - -
AtTET16 | AT1G18510 - - - -
AtTET17 | AT1G74045 - - - -
AtTFP1 | AT2G20230 - NA hit -
AtTFP2 | AT2G20740 - NA - -
AtTFP3 | AT4G28770 - NA - -
AtTOM2A| AT1G32400 - NA - 12
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4.2.2 Candidate tetraspanin proteins localise to
plasmodesmata

To confirm the plasmodesmal proteomic data, the three candidate tetraspanin genes were

initially fused with the fluorophore mCherry. Transiently expressed, these constructs

exhibited an even PM localisation for TET3-mCherry, TET7-mCherry, TET8-mCherry (Fig.4-4A,

B, C). These constructs showed only very rarely individual accumulations of fluorescence at

the cell periphery reminiscent of plasmodesmata.

By contrast, when the same TETs were expressed to form a translational fusion protein with
an mRuby3-6xHA construct, all three constructs for TET3-mRuby3-6xHA, TET7-mRuby3-
6xHA and TET8-mRuby3-6xHA showed a PM localisation with clusters of enriched
fluorescence (Fig.4-4D, E, F). Aniline blue staining was used for plasmodesmal callose
deposits to demonstrate that these fluorescence signals overlap. These proteins therefore
localise to plasmodesmata. The same mRuby3-6xHA based constructs were transformed
into Arabidopsis, where they resulted in similar PM localisation with clusters of enriched

fluorescence indicative of plasmodesmata (Fig.4-4G, H, |).

Using two different fluorophores has produced different results by confocal microscopy. One
fluorophore (mCherry) resulted in a PM localisation of TET3, TET7 and TETS8, without clusters
of enrichment indicative of plasmodesmata. While constructs with the other (mRuby3-6xHA)
showed not only a PM localisation but also a clear presence at plasmodesmata for those

three tetraspanins.

4.2 .3 |dentification of tetraspanin mutants

To assay the function of tetraspanins in Arabidopsis, insertion mutants (tet3 SALK_116766,
tet7 SALK 205244, tet8 SALK 136039) were obtained, genotyped and progeny of
homozygous plants were used for all further experiments (Fig. 4-5). None of the homozygous
plants exhibited any obvious developmental phenotypes but this could be further tested and

quantified in the future to ensure it holds true.

All three T-DNA insertion sites were identified by Alonso et al. (2003). The expression of the
tetraspanin genes was assessed by qPCR, showing a near zero of relative expression in each
mutant (Fig. 4-4). Future work should also include a real-time primer validation of the qPCR

primers used.
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overlay Aniline blue mRuby3 mCherry

in Arabidopsis
mRuby3

Figure 4-4: Single-plane micrographs comparing tetraspanin localisations. (A) TET3-mCherry; (B) TET7-mCherry;
(C) TET8-mCherry; (D)&(G) TET3-mRuby3-6xHA; (E)&(H) TET7-mRuby3-6xHA; (F)&(I) TET3-mRuby3-6xHA. (D), (E)
and (F) show mRuby3 fluorescence, aniline blue staining of plasmodesmal callose (‘) as well as an overlay(”),
where the mRuby3 fluorescence is uses the artificial colour magenta. (A) to (F) are leaves of N. benthamiana
transiently expressing the constructs, which were infiltrated with water or 0.1% aniline blue. (G), (H) and (1) are
stable Arabidopsis lines expressing:(G) AtAct2::TET3-mRuby3-6xHA, (H) AtAct2::TET7-mRuby3-6xHA, (1)
AtAct2:: TET8-mRuby3-6xHA. Arrows indicate example plasmodesmata localisations. All scalebars indicate 15 um.
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Figure 4-5: Genotyping of tetraspanin mutant plants. (A) Cartoon models of the tetraspanin genes with their T-
DNA insertion location (triangle), exons (grey boxes), and primers (black arrows) used to assess individual plants
for homozygous presence of the insertion. (B) Electrophoresis gel of genotyping PCR, separated according to
individual mutant and plants tested. The gene specific primer combination shows bands in the presence of the
WT gene without an insertion. The insert specific primer combination shows bands if an insertion is present.
Homozygous plants are indicated by *. For tet3 the plants #1,2,3 and 6 were homozygous for the insertion. For
tet7 the plants #1-4, 7 and 8 were homozygous, and both tet8 plants tested were homozygous for their insertions.
The primers were designed using T-DNA Primer Design (http://signal.salk.edu/tdnaprimers.2.html). Insertion
specific primers result in 300-700 bp products, while WT gene specific primers result in 900-1100 pb products.
Col-0is used as the respective WT control. (A)&(B): LP: left primer, RP: right primer, LBb1.3: SALK insertion specific
primer. L: 100 bp DNA Ladder (New England Biolabs).
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Figure 4-6: Assessment of tetraspanin expression levels by qPCR of homozygous tetraspanin mutant plants.
Expression levels were normalised to Actin expression, and then further normalised the expression of the tested
gene in Col-0 as 1. (A) The primers ss229 & ss230 were used to determine the expression of TET3. (B) The primers
ss231 & ss232 were used to determine the expression of TET7. (C) The primers ss233 & ss234 were used to
determine the expression of TETS. (A),(B) & (C)This experiment has been carried out by Andrew Breakspear. |
carried out the planning, further data analysis and visualisation. Whiskers indicate the standard error. The data
presented consists of three technical repeats.

4.2.4 Arabidopsis tetraspanin mutants have
varying susceptibility to Botrytis cinerea
infections
Absence of vital components of the signalling or immunity response pathways can lead to an
enhanced susceptibility to pathogens. Such a change in phenotype can be dependent on if
the protein is important for the host response to the particular pathogen. Given that
tetraspanins have been associated with the detection of MAMPs (Tam et al., 2019) and
frequently associate with receptors, whether tetraspanin mutants show an altered

susceptibility to a fungal pathogen was explored.

To explore this question, detached leaf infection assays were carried out, where the necrotic
lesions caused by B. cinerea four days after spot inoculation were measured and compared.
Neither tet3 nor tet8 leaf lesions showed a significant difference when compared to the
lesions that developed on WT Col-0 leaves (Fig. 4-5). They therefore show no observable
changes in susceptibility or resistance to the fungus. However, tet7 plants exhibited a

significantly enhanced lesion size, and therefore susceptibly to B. cinerea.
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Figure 4-7: Fungal infection assay of tetraspanin mutant plants. Area of necrotic lesions caused by B. cinerea
infections on detached mature Arabidopsis leaves of four- to six-week-old plants four days after inoculation. (A)
Representative photographic images of the progression of B. cinerea in detached leaves of Col-0, tet3, tet7, and
tet8. Arrows indicate the necrotic lesions. (B) Different letters indicate a significant difference of p < 0.01.
Statistical analysis was carried out by fitting a linear mixed-effects models accounting for the fixed effect of
genotype and the random effect of experimental repeats. Three individual repeats were carried out, resulting in
a sample size n 2 75 per genotype. The ‘X’ indicates the position of the mean.
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4.2.5Tetraspanin proteins are involved in ROS

production

4.2.5.1 Tetraspanin overexpression alters chitin-triggered ROS

production
Plants produce ROS triggered by the presence of MAMPs, such as fungal chitin (Hickelhoven

and Seidl, 2016; Miya et al., 2007). Therefore, plant tetraspanins were tested for their
influence on ROS production. In the first instance a transient overexpression system in N.
benthamiana was used, to determine if an increase in tetraspanin proteins can indeed

increase the chitin-triggered ROS bursts.

As expected, no statistical differences in the cumulative relative light units produced within
45 min. triggered by control mock (water) treatment was observed between leaves

expressing only the P19 control or tetraspanin constructs (Fig. 4-8A).

The overexpression of TET3 increases the chitin-triggered ROS production when compared
to both the expression of P19 as well as LYK4 (Fig. 4-8B). The combination of overexpressing
LYK4 with TET3 reduces the chitin-induced ROS production in comparison to the

overexpression of TET3 alone (Fig. 4-8B).

There is a possible trend that the expression of TET7 increases the chitin-triggered ROS burst
in comparison to expression of P19 (p-value 0.0553) (Fig. 4-8C). Further evaluation is needed
to validate this behaviour. The overexpression of TET7 with LYK4 increases the ROS burst

compared to P19 or LYK4, suggesting an additive effect (Fig. 4-8C).

The overexpression of TET8 causes similar shifts in chitin-triggered ROS production as the
overexpression of TET3. The overexpression of TETS itself increases chitin-triggered ROS
production in comparison to P19 (Fig. 4-8D). However, the co-overexpression of LYK4 with
TET8 supresses that effect (Fig. 4-8D). This suggests a potential intermediary effect, which

needs to be further validated.

138



& 8{A o
S 6 +
; a—|-a a a a a a—a water
s 4 C— . o B3 -LYK4
g2 o E@o 00 L@ o B3 +LYK4
2 0l e Eoled ciodes e
5 > o A %
P Y SR
©125- & 125
L. B £ lC ab b
=2 a a = a a o ®
o 7.54 % .91 o ©
[«}]
EZZ- o 5 22‘ © 8
=] - = 54
£ ] -@ﬂﬁ e -ﬁ-ﬁ i
S 3 A
Q" < &
8125
1 104D + chitin
2 a ab
z 7.5+ B3 - LYK4
2 O BE +LYK4
3 25+ -
s olhe
9

Figure 4-8: Chitin-triggered ROS production during tetraspanin and LYK4 overexpression. Total relative
luminescence indicative of ROS produced in leaf discs of N. benthamiana overexpressing different combinations
of constructs treated with water or chitin within 45 min. Statistical comparison were carried out using a linear
mixed model which takes the transient overexpression or non-overexpression of Arabidopsis 35s::LYK4-eGFP and
35s::TET3-mTurq2, 35s:TET7-mTurq2 or 35s::TET8-mTurq2 (LYK4 presence + tetraspanin presence +
LYK4*tetraspanin presence), further taking a random effect of individual experimental repeats into account. All
samples expressed the silencing plasmid P19 as well as any other overexpressed proteins listed. (A) P19, TET3,
TET7, TET8 in absence or presence of overexpressed LYK4 treated with water. No statistically significant
differences of p <0.05 were determined. n = 16 (B) P19 and TET3 in absence or presence of overexpressed LYK4
treated with chitin. (C) P19 and TET7 in absence or presence of overexpressed LYK4 treated with chitin (D) P19
and TET8 in absence or presence of overexpressed LYK4 treated with chitin. (B), (C) and (D) The P19 without
tetraspanins, measured data are shown as duplicates in these diagrams, to simplify the graphic explanation of

the statistical differences. n > 27.Different letters (a, b) indicate statistically significant differences in comparisons
(p <0.05).
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4.2.5.2 Tetraspanin mutants exhibit a decrease in chitin triggered ROS

production
In the absence of integral components of perception or signalling pathways, the downstream

processes they initiate are perturbed and, in the case of immune signalling, do not result in
mounting of the regular defence responses such as ROS production. To test if this is the case

for tetraspanin proteins, mutant Arabidopsis plants were used.

When comparing the ROS production of tet3, tet7 and tet8 with the WT control Col-0 under
mock conditions (water treated) no significant differences in the ROS production can be
detected (Fig. 4-7). This suggests that the resting-state ROS presence is not perturbed in
these mutant plants. When treated with chitin, both tet7 and tet8 plants show significantly
reduced chitin-triggered ROS production when compared to Col-0 (Fig. 4-7). This shows that
chitin-triggered ROS production is perturbed in absence of these tetraspanins, and that both
TET7 as well as TET8 positively regulate chitin-triggered ROS production. Even though there
is a slight reduction of ROS production observed in tet3 plants when compared to Col-0, this
is not statistically significant suggesting that TET3 is not required for chitin-triggered ROS
responses. These results show that TET7 and TET8 positively regulate chitin-triggered ROS

production at the PM, while TET3 does not influence PM localised ROS production as such.
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Figure 4-9: Tetraspanin mutants are reduced in chitin-triggered ROS production. Cumulative relative light units
(RLU) as acquired within 90 min. of treatment with mock (water) or chitin of leaf discs. Statistical analysis was
carried out using a linear mixed-effects model with applied fixed effects terms for genotypes and treatments
(genotype + treatment + genotype*treatment) and a random effect term for individual experimental repeats
followed by comparison of the estimated marginal means using the emmeans package (1.7.0) (Lenth, 2021) in R
(4.1.2) (R Core Team, 2021). Different letters (a, b, and c) indicate statistically significant groups of p < 0.05,
compared between genotypes and treatments. All individual genotype and treatment combinations have a
sample size of n = 48.
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4.2.6 Tetraspanin mutants are impaired in chitin-
triggered plasmodesmal flux adjustments

| demonstrated that tetraspanins in plants are involved in chitin-triggered ROS production by
overexpression resulting in an enhancement of ROS bursts (Fig. 4-6), and mutant plants
exhibiting a reduced chitin-triggered ROS burst (Fig. 4-7). Taken together with their
plasmodesmal localisation (Fig. 4-2), | wanted to test if they also exhibit chitin dependent
plasmodesmal phenotypes. For this purpose, these tetraspanin mutant plants were assessed
for chitin-triggered changes to their plasmodesmal flux using a microprojectile

bombardment assay that measures the cell-to-cell spread of eGFP through plasmodesmata.

As expected, WT Col-0 plants were able to successfully close their plasmodesmata and
restrict the eGFP movement when triggered with chitin (Fig. 4-10). However, similar to lyk4
and lyk5-2 knockout plants (Cheval et al., 2020), leaves of tet3 and tet7 mutant plants do
not restrict the movement of cytosolic eGFP in the presence of chitin (Figure 4-6). This
suggests that these plants do not successfully close their plasmodesmata in response to

chitin.

Surprisingly, the eGFP movement in the tet8 mutant plants showed an inverse response
profile. In tet8 plants the eGFP movement was reduced under mock conditions (water
infiltrated) relative to that observed in Col-0 and increased in the presence of chitin (Figure
4-10). When using a bootstrapping approach, to compare the mock treated Col-0 data with
the chitin treated tet8 data, no significant difference could be determined (p = 0.679),
suggesting that these mock treated Col-O leaves exhibits the same plasmodesmal flux
conditions as tet8 chitin treated leaves. The same also holds true when comparing the chitin
treated Col-0 data with the mock treated tet8 data (p = 1). The tet8 mutant plants therefore

exhibit exactly the opposite behaviour to Col-0 in a chitin specific manner.
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Figure 4-10: Assessment of the cytosolic cell-to-cell flux of tetraspanin mutant plants. Microprojectile
bombardment into leaf tissue of 4- to 6-week-old Arabidopsis shows that Col-0, but not tet3 and tet7 exhibited
reduced movement of eGFP to neighbouring cells in response to chitin, while tet8 exhibited an increase of eGFP
movement. Data were collected from more than eight independent biological replicates, 18-26 h after chitin
treatment. These data are summarised in a combination of a box plot with a violin plot. The number of
bombardment sites (n) counted is 286 for each genotype’s treatment. Statistical analysis was carried out using a
bootstrap approach according to Johnston and Faulkner (2021) to comparing the medians of mock with chitin
treated samples. Asterisks indicate statistical significance compared with control conditions. ***P < 0.001.

4.2.7 Tetraspanin mutants differ in their chitin-
triggered plasmodesmal callose deposition
from Col-0

Plasmodesmal flux is dependent on the amount of callose deposited at plasmodesmata

(zavaliev et al., 2011). As plasmodesmal flux phenotype for tetraspanin mutants (Fig. 4-8)

has been observed, | wanted to test if the callose deposition at plasmodesmata correlates

with those observations. Callose deposits at plasmodesmata can be visualised by aniline blue
staining (Benitez-Alfonso et al.,, 2013) and their fluorescence intensity quantified by
automated image processing (Xu et al., 2017) to measure the amount of callose present at

plasmodesmata.

In the WT control Col-0 which reduces plasmodesmal flux of eGFP in response to chitin, the
total intensity of aniline blue staining the callose per plasmodesmata is significantly
increased by chitin treatment (Fig. 4-11). This was not observed for the tet3 and tet7
mutants, where the callose levels did not significantly change between mock and chitin
treated plants. In the tet8 mutant a reduction of aniline blue intensity of plasmodesmal

callose deposits in leaves treated with chitin versus mock treated leaves was observed. The
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changes in callose levels of all four examined genotypes thereby inversely correspond with
their chitin-triggered changes of plasmodesmal flux. Whenever the plasmodesmal flux is
reduced in Col-0 (Fig. 4-10), callose is increased in comparison in this genotype and thereby
detected as an increase in aniline blue fluorescence (Fig. 4-11). The same also holds true by
contrast, as when the plasmodesmal flux is increased in tet8 (Fig. 4-10), the plasmodesmal

aniline blue fluorescence intensity is reduced (Fig. 4-11).

8
s * ns ns *%
=)
3
=)
<
-‘% 61 " g o
o
ol
'8 ° o
©
7] treatment
o
= B3 chitin
o
w4 IE water
)
o
2 5
= T L
c o
[
E ]
© %0
L 5] OO
JO e o
[+]
Col-0 tet3 tet7 tet8

Genotype

Figure 4-11: Quantification of fluorescence of aniline blue stained plasmodesmal associated callose by
automated image analysis in tetraspanin mutants. Col-0 shows an increase in aniline blue stained plasmodesmal
callose 30 min after chitin treatment. Neither tet3 nor tet7 show a significant change in the fluorescent signal for
plasmodesmal callose in the presence of chitin and tet8 shows a decrease of callose in the presence of chitin. The
mean of the fluorescent intensity per z-stack is used for this dataset. Number of z-stacks (n) is > 8 and ** indicates
p < 0.01 when comparing chitin treated samples with mock treated samples within the same genotype assessed
by a Wilcoxon signed-rank test.

143



4.2.8 Tetraspanins do not increase further at
plasmodesmata in response to chitin

Grison et al. (2019) describe the physiological response of QSK1 and IMK2 to osmotic stress,
identifying that these RKs accumulate at plasmodesmata in theses stress conditions. Hunter
et al. (2019) also show that CRK2 re-localises during salt stress triggered by NaCl treatment
and shows an enhanced localisation to plasmodesmata. We demonstrated in Cheval et al.
(2020) that LYM2’s plasmodesmal index (PD index) — a ratio comparing fluorescence at the
PM and the plasmodesmata — increases within 30 min. significantly both in stable
transgenic Arabidopsis lines as well as when transiently expressed in N. benthamiana leaves.
A PM and enriched plasmodesmal localisation for TET3, TET7 and TET8 were determined,
and | therefore wanted to test if these proteins undergo a similar dynamically changing

plasmodesmal localisation as LYM2.

Comparing the PD index of tetraspanin fluorophore translational fusion proteins either under
mock (water infiltrated) or chitin infiltrated conditions, no significant difference was
measured (Fig. 4-12). This holds true for all three tested candidate tetraspanins of TET3, TET7
and TET8. Neither of the candidate tetraspanin proteins therefore accumulates or is depleted
at plasmodesmata when triggered with chitin. This experiment has been carried out using
no further negative or positive controls. Future experiments could consider adding those to

the experimental set-up.
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Figure 4-12: The plasmodesmata index of tetraspanins does not change triggered by chitin. Ratio of
fluorescence intensity comparing the fluorescence at the plasmodesmata and with adjacent PM fluorescence in
leaves of N. benthamiana transiently overexpressing TET3-mRuby3-6xHA, TET7-mRuby3-6xHA or TET8-mRuby3-
6xHA under the control of the AtACT2 promoter, three days past Agrobacterium infiltration. Statistical analysis
was carried out using a Wilcoxon signed-rank test, indicating non significance (p-value: >0.05) across all water
versus chitin companions. Sample size for individual z-stacks per overexpressed gene and treatment n 2 30, from
three different independent repeat experiments.
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4.2.9 Tetraspanins associate with the receptor
protein LYK4

4.2.9.1 Tetraspanins co-immunoprecipitate with the chitin receptor LYK4
RKs and RPs can be part of protein complexes. This association can be determined via co-

immunoprecipitation experiments and identified constitutive such as the associations
between LYK4 and LYK5 (Cheval et al., 2020), or CERK1 and LYK4 (Cao et al., 2014), or ligand-
dependent associations such as the association of FLS2 with BAK1 (Chinchilla et al., 2007) or
CERK1 and LYK5 (Cao et al., 2014).

Like LYM2, the chitin receptor LYK4 is present at plasmodesmata (Cheval et al., 2020).
However, by contrast with LYM2— which is a GPl-anchored protein — LYK4's C-terminus
extends into the cytosol, which enabled us to it as a C-terminus epitope-tagged variant that
associates directly with cytosolic signalling machinery. Therefore, hypothesising that
tetraspanins might establish signalling platforms, LYK4 was chosen as the preferential chitin
receptor to test for interactions with tetraspanins. As the tetraspanins mutants also showed
a vital role for tetraspanin proteins in chitin-triggered plasmodesmal closure, | set out to
determine if the plant tetraspanins TET3, TET7 and TET8 associate with LYK4 by co-

immunoprecipitation.

The input control Western blots revealed that all translational fusion proteins of interest
(TET3-mRuby3-6xHA, TET7-mRuby3-6xHA, TET8-mRuby3-6xHA, LYK4-mClover3-3xFLAG, as
well as LTI6b-mRuby3-6xHA) were present in their combinations in the transiently expressing
N. benthamiana leaves (Fig. 4-13). The bait LYK4-mClover3-3xFLAG was successfully
immunoprecipitated, and each of the prey, TET3-mRuby3-6xHA, TET7-mRuby3-6xHA and
TET8-mRuby3-6xHA, were detected in the immunoprecipitated fraction as well. Significantly,
the negative biological control LTIEb-mRuby3-6xHA was absent. These experiments thereby
revealed that all three tetraspanins TET3, TET7 and TET8 co-immunoprecipitated with, and
therefore likely associate with LYK4 (Fig. 4-13).

As the interactions between receptor complex resident proteins can change in the presence
of an elicitor, | tested if there was a change in association between the tetraspanins and LYK4
in the presence of chitin. For this purpose, samples were infiltrated 30 min. before harvesting
and processing with either 0.5 mg/mL chitin or water (mock). In both mock as well as chitin
treated samples did the prey proteins TET3-mRuby3-6xHA, TET7-mRuby3-6xHA and TETS8-
mRuby3-6xHA co-immunoprecipitate with LYK4-mClover3-3xFLAG (Fig. 4-13), and no
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consistent chitin-dependent changes the prey abundance of any of the tetraspanins were

observed.

LYK4-mClover3-3xFLAG + + + + + + + +
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Figure 4-13: LYK4 associates with TET3, TET7 as well as TET8, but not with the negative control LTI6b. Western
blot analysis of immunoprecipitated proteins from N. benthamiana tissue expressing pLYK4::LYK4-mClover3-
3xFLAG and pAtACT2::TET3-mRuby3-6xHA, pAtACT2::TET7-mRuby3-6xHA, pAtACT2::TET8-mRuby3-6xHA, and as
a negative control the membrane protein pAtACT2::LTI6b-mRuby3-6xHA. The leaves were infiltrated with mock
(water) or chitin 30 min before sampling. TET3-mRuby3-6xHA, TET7-mRuby3-6xHA, TET8-mRuby3-6xHA are
detected in detergent extracted fractions of IP by LYK4-mClover3-3xFLAG. Input and immunoprecipitated (IP)
samples were probed with a-FLAG-HRP and a-HA-HRP as indicated. This experiment has been carried out three
times with similar results. * indicate the correct sizes corresponding to TET3-mRuby3-6xHA, TET7-mRuby3-6xHA
and TET8-mRuby3-6xHA, and the arrow indicates the correct bands for LTI6b-mRuby3-6xHA.
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4.2.9.2 LYK4 and TET7 association by FRET-FLIM

Forster resonance energy transfer (FRET) measurements based on Fluorescence lifetime
imaging (FLIM) allow for the determination of fluorophore translational fusion proteins by
reducing the measured lifetime of a donor fluorophore in the presence of a suitable and
physically close acceptor fluorophore (Margineanu et al., 2016). The stronger the shift of the
Tavamp (@mplitude weighted average donor lifetime; from here on out referred to as t) when
comparing the lifetime of the donor in the presence and absence of the corresponding
acceptor, the putatively closer are the two fluorophores. FRET has been reported to
efficiently occur in distances of ~1-5 nm between the centres of the donor and acceptor
(Stryer and Haugland, 1967) and provides a strong support for direct association between

two proteins when detected.

In this first set of FRET-FLIM experiments a significant decrease in the observed lifetime of
the donor LYK4-eGFP was determined (Fig. 4-14A, gateway construct; from here on gw) (t =
2.35 + 0.034 ns) to the lifetime of this donor in the presence of the TET7-mRFP1 acceptor
(Fig. 4-14 A; gw) (t = 1.95 + 0.12 ns, FRET-Efficiency (E) = 17.02%. All FRET-Efficiencies are
listed in Table 7-2) (Fig. 4-14E), giving a strong suggestion that LYK4 associates with TET7 in
the PM. In leaves treated with chitin 30 min. before measurements were taken, a significant
drop in lifetime was observed (t = 2.29 + 0.074 ns to T = 2.09 + 0.080, E = 11.06%) when
compared to the donor only samples. However, this is a significantly smaller donor lifetime
shift when compared to that observed under mock conditions. There is therefore an
association between LYK4 and TET7 under mock conditions, which is reduced in the presence

of chitin.

By contrast, no such strong shifts in lifetime of the donor LYK4-eGFP were observed in the
presence of the negative control BRI1-mRFP1 — both comparing mock treated samples (t =
2.28 £ 0.063 ns, E = 2.98%) and chitin treated samples (t = 2.30 £+ 0.059 ns, E = 2.13%) (Fig. 4-
14E). BRI1-mRFP1 has therefore served as an appropriate negative control, giving more

power to the positive results using TET7-mRFP1 as an acceptor.

The first FRET-FLIM series to test for the association between the membrane proteins LYK4
and TET7 was carried out on a Leica SP8X confocal microscope in TCSPC mode using only
gateway cloned fluorophore translational fusion constructs and analysed with the software

PicoQuant SymPhoTime (Figure 4-14E).
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Figure 4-14: FRET-FLIM analysis of the donor LYK4. (A), (B), (C), and (D) Schematic models of fluorophore
arrangement using different cloning methods and fluorophores. (A) LYK4-eGFP (gw) and TET7-mRFP1 (gw) used
in Fig. 4-14E. (B) LYK4-eGFP (gw), and TET7-mCherry (gg). (C) LYK4-mClover3-3xFLAG (gg) and TET7-mRuby3-6xHA
(gg). (B) and (C) were used in Fig. 4-15. (D) LYK4-eGFP (gg) and TET7-mRFP1 (gg) used in Fig. 4-16. (A)to(D) gw:
gateway, gg: golden gate. (E) FRET-FLIM analysis of LYK4-eGFP (gw) in the absence and presence of acceptor
proteins TET7-mRFP1 (gw) and BRI1-mRFP1 (gw). The constructs were transiently expressed in N. benthamiana
using the gateway expression plasmids pB7FWG2.0 and pB7RWG2.0 respectively. Leaves were infiltrated with
either water (mock) or chitin 30 min before the start of the experiment. Data were collected 30 — 60 min after
infiltration. Data were analysed by pairwise Wilcoxon rank sum tests using the Bonferroni p-value adjustments
for multiple comparisons. All different letters indicate a statistical significance of p <0.01, samples with the same
letter code are not significant. This data is a combination of experiments conducted by me and Cecilia Cheval.
Number of images analysed (n) is = 19. Data was acquired using a Leica TCS SP8X.
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Further FRET-FLIM experiments (Figure 4-15 and 4-16) were carried out on a Leica Stellaris 8
FALCON in TCSPC mode and analysed with the Leica internal Las X software. Initial
experiments using multiple comparable golden gate generated tetraspanin proteins fused to
mCherry (golden gate construct, from here on gg) showed a less sizeable shift in the lifetime
of the donor LYK4-eGFP (gw) in the presence of TET7 (gg) (Figure 4-15) (donor without an
acceptor t=2.35+0.030 ns, to in the presence of, TET7-mCherry gg t=2.27 £ 0.026 ns, E =
3.40%). These low shifts in lifetime were not as expected after the experiments reported in

Figure 4-14E.

To elucidate whether this reduction in FRET was due to the acceptor constructs used or due
to the different microscope set-up, lifetime shift of the donor in the presence of previously
established acceptor fluorophore translational fusion constructs created by gateway cloning
were tested. In the presence of LYK5-mRFP1 (gw) the donor lifetime of LYK4-eGFP (gw)
dropped significantly tot=2.13 £ 0.022 ns (Figure 4-15) (E = 9.36%), consistent with the shift
observed in Cheval et al. (2020). Expressing the acceptor TET7-mRFP1 (gw) construct with
LYK4-eGFP (gw) resulted in a reduction of the eGFP lifetime tot=2.12 £ 0.044 ns (E =7.79%).
Even though this is a smaller shift than previously observed (Figure 4-14E), it is nonetheless
significantly different from the donor only samples and larger than the shift induced by the
mCherry translational fusion of TET7 (gg). This showed the need for further optimisation of

the optimal fluorophore and expression levels of the FRET-FLIM constructs used.

As different fluorophores can exhibit different FRET efficiencies for the same donor and
acceptor protein (Long et al., 2018), | wanted to test a different fluorophore pair for my
proteins of interest. Bajar et al. (2016a) developed mClover3-mRuby3 as a superior green-
red fluorophore pair for FRET reactions for their improved photostability, brightness as well
as monomeric and mono-exponential properties. To test this pair with my proteins in plants,
level0 plasmids of these fluorophores utilising the golden gate cloning system were

constructed.

LYK4 and TET7 fused with mClover3 and mRuby3 proved a poor experimental system for
FRET-FLIM analysis. LYK4-mClover3 (gg) by itself exhibited a lifetime of Tt = 2.98 + 0.023 ns
and in the presence of TET7-mRuby3 (gg) a small shift to t = 2.92 £ 0.0394 (E = 2.01%) (Fig.
4-15) was measured. This is a much smaller shift than observed using LYK4-eGFP (gw) (t =
2.35 £ 0.0299) with TET7-mRFP1 (gw) (t = 2.12 £ 0.044, E = 9.79%) (Fig. 4-15) and means the
pair LYK4-mClover3 (gg) with TET7-mRuby3 (gg) is not as optimal for FRET experiments as
LYK4-eGFP (gw) with TET7-mRFP1 (gw). This difference is particularly visible when comparing
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the FRET-Efficiencies of 2.01% with 9.79%. While these constructs were useful for
biochemical approaches such as co-IPs with multiple antibody binding sites in 3xFLAG and

6xHA, these constructs were not further used in FRET-FLIM.
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Figure 4-15: First FRET-FLIM experiments using the Leica Stellaris 8 FALCON. FRET-FLIM analysis of LYK4-eGFP
(gw) in the absence and presence of acceptor proteins TET3-mCherry (gg), TET7-mCherry (gg), TET8-mCherry (gg),
LYK5-mRFP1 (gw) and TET7-mRFP1 (gw). Further FRET-FLIM analysis of LYK4-mClover3-3xFLAG (gg) in the
presence and absence of the donor TET7-mRuby3-6xHA (gg). The constructs were transiently expressed in N.
benthamiana. Leaves were infiltrated with either water (mock) 30 min. before the start of the experiment. Data
were collected 30 — 60 min. after infiltration. Data were analysed by pairwise Wilcoxon rank sum tests using the
Bonferroni p-value adjustments for multiple comparisons. All different letters indicate a statistical significance of
p <0.01, samples with the same letter code are not significant. Number of images analysed n = 4 for LYK5-mRFP1
including samples, n > 9 for all other samples using LYK4-eGFP as a donor, n = 22 for all samples using LYK4-
mClover as a donor. Data was acquired on a Leica Stellaris 8.

As mRFP1 has proved itself to be a better fluorophore acceptor in LYK4-TET7 (gw) FRET-FLIM
protein-protein association experiments, | wanted to compare all three candidate
tetraspanins constructed in a standard way with this fluorophore and used the golden gate
cloning system for this purpose. Compared to the donor only baseline under mock conditions
(t=2.41 £ 0.0434 ns) all three tetraspanin constructs induced a statistically significant drop
in the lifetime of LYK4-eGFP (gg) (with TET3-mRFP1 gg Tt = 2.36 + 0.0593, E = 2.07%; TET7-
mMRFP1 gg t=2.37 £ 0.0467, E = 1.66%; TET8-mRFP1 gg T = 2.33 £ 0.0496, E = 3.32%) (Figure
4-14). Similarly comparing the lifetime of LYK4-eGFP (gw) when treated with chitin (t = 2.38
+0.0376) suggested that TET3, TET7 and TETS all induced a drop in the lifetime of LYK4-eGFP
(gg) (with TET3-mRFP1 gg t=2.31 £ 0.0507, E = 4.15%; TET7-mRFP1 gg t=2.30 £ 0.0353, E =
4.56%; TET8-mRFP1 gg t=2.30 £ 0.0430, E = 4.56%).
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As previously observed for TET7 (Fig. 4-14E and 15), there were significant decreases to the
lifetime of LYK4-eGFP between the mock and chitin treated samples for each tetraspanin
analysed. However, by contrast to the chitin effect in Figure 4-14E when chitin treatment
reduced the drop in LYK4-eGFP (gw) lifetime in the presence of TET7-mRFP1 (gw) (resulting
in a lower E), chitin induced a greater drop in LYK4-eGFP (gg) lifetime relative to the control
for TET3-mRFP1 (gg), (mock t=2.36 £ 0.0593, E = 2.07%; chitin T =2.31 £ 0.0507, E = 4.15%),
TET7-mRFP1 (gg) (mock T =2.37 £ 0.0467, E = 1.66%; chitint=2.30 £ 0.0353, E = 4.56%) and
TET8-mRFP (gg) (mock T=2.33 £ 0.0496, E = 3.32%; chitin t=2.30 £ 0.0430, E = 4.56%).

The shifts in amplitude observed in Fig. 4-16 using golden gate plasmids, are not as strong as
observed previously when using the gateway constructed TET7-mRFP1 (gw) (t=1.95+0.116
ns in Fig. 4-14E, E = 17.02%, in Fig. 4-14E; and t = 2.12 + 0.0441 ns, E = 9.79%, in Fig. 4-15).
Further, again by contrast with the results of the previous experiment (Fig. 4-14E), the
presence of BRI1-mRFP1 (gw) (mock T =2.31 + 0.0893, E = 4.15%; chitin t=2.26 + 0.0718, E
= 6.22%) resulted in significant reduction in the lifetime of LYK4-eGFP (gg). When comparing
the mock and chitin treated samples with BRI1-RFP as the acceptor, no statistically significant

difference was detected between the two conditions (Fig. 4-16).

Consistently between the different setups (Fig. 4-14E, 15, 16), a significant decrease in
lifetime of the LYK4 donor, in the presence of tetraspanin acceptor constructs, was observed,
suggesting an association between these proteins within the PM. As the BRI control in Fig. 4-
14E, is consistent with Cheval et al. (2020), and inducing a non-significant change of the
donor lifetime, as expected of a negative control, the Fig. 4-14E is likely the more accurate
representation of chitin decreasing the association between LYK4 and TET7. While this trend
was not observed in Fig. 4-16, the negative control BRI1, also resulted in a significant drop of
the donor fluorophore’s lifetime. Thus, no directional effect of chitin can be confidently
concluded from these experiments and further validation is needed. Regardless, | can
conclude that LYK4 is associating with TET3, TET7, and TET8 in the PM, and chitin may

influence these associations.
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Figure 4-16: FRET-FLIM analysis using a Leica Stellaris 8 and LYK4-eGFP (gg) with mRFP1 (gg) acceptor
constructs. FRET-FLIM analysis of LYK4-eGFP (gg) in the absence and presence of acceptor proteins TET3-mRFP1
(gg), TET7-mRFP1 (gg), TET8-mRFP1 (gg), BRI1-mRFP1 (gw). Leaves were infiltrated with either 0.5 mg/mL chitin
or water (mock) 30 min before the start of the experiment. Data were collected 30 — 60 min. after infiltration.
Data were analysed by pairwise Wilcoxon rank sum tests using the Bonferroni p-value adjustments for multiple
comparisons. All different letters indicate a statistical significance of p <0.01, samples with the same letter code
are not significant. Number of images analysed (n) is > 27 from three separate experiments. Data was acquired
on a Leica Stellaris 8.
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4.2.10 Changes in tetraspanin localisations in
response to chitin and co-overexpression of
LYK4 and LYKS — observation of aggregating
bubbles
Tetraspanins can interact with receptor proteins and form receptor complexes (Susa et al.,
2020). An interaction with a tetraspanin can affect the localisation of a receptor, and vice
versa a receptor can have an effect on a tetraspanin (Barreiro et al., 2008; Mattila et al.,
2013). Depending on the presence of the receptor ligand, receptor proteins can change their
presence in receptor complexes, associations in nanodomains, as well as their overall
subcellular localisation (Albrecht et al., 2012; Biicherl et al., 2017; Robatzek et al., 2006). The
chitin receptor LYK4 associates with TET3, TET7 and TET8 (Fig. 4-13 to 16). | further
demonstrated that LYK4 associates with LYK5 (chapter 3-9) in a chitin dependent dynamic
manner (Cheval et al., 2020). This makes these receptors ideal first targets to study the effect
its presence might have on tetraspanin localisation in a chitin triggered context. Therefore, |
investigated how the overexpression of receptors in the presence of their ligands might

affect tetraspanin subcellular localisation.

TET3 localises to the PM as well as to PD (Fig. 4-4). Consistent with the PD index data of Fig.
4-12, no differences were observed comparing the TET3-mCherry localisation in the presence
or absence of chitin (Fig.4-17B). The co-overexpression of both LYK4-eGFP as well as LYK5-
eGFP, both in the presence or absence of chitin, did not induce any changes in the localisation

of TET3-mCherry (Fig. 4-17C to F).
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Figure 4-17: TET3-mCherry transiently expressed in N. benthamiana leaves, in the absence or presence of LYK4-
eGFP or LYK5-eGFP. Micrographs were taken 30-60 min. after infiltration of 0.5 mg/mL chitin or water (mock).
Both LYK4-eGFP as well as LYK5-eGFP are expressed using the 35s promoter and TET3-mCherry is under the
control of the AtAct2 promoter. All scalebars indicate 20 pum. Repeated in at least four independent
transformation experiments with similar results.
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TET7-mCherry is present at the PM, and pools of fluorescence have also been observed in
transvacuolar strands as well as at the nuclear envelope, suggesting a possible presence in
the ER (Fig.4-18A). Fluorescent signals of TET7-mCherry in aggregations in the extracellular
space suggestive of extracellular vesicles (Cai et al., 2018; Guo et al., 2022) (Fig.4-18A to F,
indicated by arrows) were detected. This could be a true protein localisation or artefactual
due to overexpression. Chitin treatment did not change the localisation of TET7-mCherry

(Fig.4-18B).

The same localisations of TET7-mCherry were consistently observed and did not change by
co-overexpression of either LYK4-eGFP or LYK5-eGFP in mock treated samples, nor in chitin
treated samples (Fig.4-18C to F). The extracellular fluorescence aggregations of TET7-
mCherry do not overlay with fluorescence signals for LYK4-eGFP or LYK5-eGFP, but rather
are situated between the PM marked by those two proteins. The possibility that this red
fluorescent signal could be caused by Agrobacterium expressing the TET7-mCherry construct

in the apoplast cannot be excluded and needs to be further resolved in future experiments.
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Figure 4-18: TET7-mCherry transiently expressed in N. benthamiana leaves, in the absence or presence of LYK4-
eGFP or LYK5-eGFP. Micrographs were taken 30-60 min. after infiltration of 0.5 mg/mL chitin or water (mock).
Both LYK4-eGFP as well as LYK5-eGFP are expressed using the 35s promoter and TET3-mCherry is under the
control of the AtAct2 promoter. All scalebars indicate 20 pum. Repeated in at least four independent
transformation experiments with similar results. Arrows are indicating extracellular fluorescence aggregations of
TET7-mCherry.
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| observed TET8-mCherry to be present at the PM, with fluorescence pools in the ER as
evidence in the nuclear envelope as well as in transvacuolar strands (Fig.4-19). Treatment
with chitin did not trigger a change in the localisation of TET8-mCherry (Fig.4-19B). The co-
overexpression with LYK4-eGFP did not result in the presence of any TET8-mCherry signals
in any further cellular compartments, neither in mock nor in chitin treated samples (Fig.4-
19C and D). Similarly, no changes to the cellular localisation of TET8-mCherry proteins when
co-overexpressed with LYK5-eGFP in mock treated leaves (Fig. 19-E) were observed.
However, in chitin treated samples co-overexpressing TET8-mCherry with LYK5-eGFP,
peculiar and consistent phenomenon was noticed. Inside of epidermis cells of these leaves,
aggregating bubbles were observed (Fig.4-19F, and Fig.4-20 in detail). These structures
exhibit fluorescence signals for both TET8-mCherry as well as LYK5-eGFP. In some cells
individual aggregating bubbles were observed (Fig. 4-19F), while in others more aggregating

bubbles accumulated in similar positions (Fig. 4-20).

These aggregating bubbles seem to be made up of one to multiple layers of membranous
material resulting in thick structures (Fig.4-20B). They can include smaller bubbles within
bigger bubble aggregates (Fig.4-20A & B). Due to their size and thick lining they can be
observed using brightfield imaging microscopy (Fig. 4-20B). In some cells with multiple
aggregating bubbles, a distinctive lack or reduction of fluorescence signals in the PM for both
TET8-mCherry as well as LYK5-eGFP was observed (Fig. 4-20B). These comparison
experiments of different tetraspanin and receptor constructs showed that the aggregating
bubble structures are specific to the combination of the overexpression of TET8-mCherry

with LYK5-eGFP in a chitin-triggered manner (Fig.4-17, 18, 19).
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Figure 4-19: TET8-mCherry transiently expressed in N. benthamiana leaves, in the absence or presence of LYK4-
eGFP or LYK5-eGFP. Micrographs were taken 30-60 min. after infiltration of 0.5 mg/mL chitin or water (mock).
Both LYK4-eGFP as well as LYK5-eGFP are expressed using the 35s promoter and TET3-mCherry is under the
control of the AtAct2 promoter. All scalebars indicate 20 pum. Repeated in at least four independent
transformation experiments with similar results. Arrows are indicating intracellular aggregating membrane
bubbles.
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Figure 4-20: Details of aggregating bubble structures N. benthamiana leaves transiently expressing 35s::LYK5-
eGFP and AtAct2::TET8-mCherry treated with chitin. Micrographs were collected 30 — 60 min. after treatment.
Scalebars of the micrographsin (A) 20 um, and in (B) 5 um. Repeated in at least four independent transformation
experiments with similar results. Arrows are indicating intracellular aggregating membrane bubbles.
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4.3 Discussion

4.3.1ldentification of tetraspanins in plasmo-
desmal proteomes in the context of their
phylogenetic relationships
The phylogenetic investigation based on the amino acid sequence of the members of the
tetraspanin family concluded that all 17 members of the tetraspanins sensu strico (TET1 to
TET17) cluster together in one clade and all tetraspanins sensu lato (TOM2A, TFP1 to TFP3)
cluster together in one clade. Interestingly members of the TOM2A clade have been
implicated to be targets of viruses of the genus Tombavirus — particularly Youcai mosaic
virus and Tomato mosaic virus (Fujisaki et al., 2008). They were first identified by Tsujimoto
et al. (2003) as interactors of the viral protein TOM1 and are recruited as part of the viral
replication complex. Presence of the TOM2A clade proteins leads to high virus multiplication,
while knock-out mutant plants show a reduced infection potential, thereby suggesting that
these proteins are important for the virus infection (Fujisaki et al., 2008). Although it was
assessed that these proteins have enhancing effects on successful infection, little is known
to date about their native function. Expressing these genes makes the plants more
susceptible to virus infections. Therefore, it is likely that a reason exists, why the plant has
not yet lost these susceptibility causing genes over time due to evolutionary pressures. This
implicates that they must fulfil an important role for the plant and makes them intriguing

future research targets.

Within the tetraspanins sensu strico (TET1 to TET17) are seven clades which include two
closely related homologues. Arabidopsis has undergone multiple genome duplication events
during its evolutionary history (Simillion et al., 2002). These double clades could have
potentially arisen from such genome duplication events. Duplicated genes can over time
either continue to fulfil the same functions, supress one of the two genes, differentiate and
specialise within their niches or free up one of the two to acquire a new function leading to
functional divergence (Li et al., 2015a). The suppression of one copy by genomic mutations
is one possible explanation why TET9 shows such low general expression levels in

comparison to its sister gene TET8 (Arabidopsis eFP Browser 2.0, 2022; Winter et al., 2007).

The knowledge of the phylogenetic relationships and closest homologues of the tetraspanin
family enables more hypothesis driven research approaches. As one can readily identify the

closest related homologues, this enables the formulation of more hypothesis driven research
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approaches. As such this approach was used to identify closely related homologues to make
educated choices in regard to from which clades and which ones to choose as candidates for
my research questions. For example the tetraspanin clade including TET7, TET8 and TET9
(Fig. 4-3) exhibits importance in different plant immunity responses, allowing to conclude
that all its members might be involved in these processes. Further this allows speculation
that its closest related clade, which includes TET3 and TET4 (Fig. 4-3), could also be involved

in those processes.

Multiple tetraspanin proteins have been identified in published plasmodesmal proteomes.
Therefore, some members have been implicated as integral plasmodesmal proteins
(Fernandez-Calvino et al., 2011). When plasmodesmal protein extractions are carried out,
there are limits to the interpretation of the results. Particularly significant is the plant tissue
used to extract the proteins as it is not necessarily representative of all plant organs and
therefore cannot necessarily capture all the information relevant to all tissues. All published
proteomes use cell suspension cultures (Brault et al., 2019; Fernandez-Calvino et al., 2011;
Grison et al., 2015a; Leijon et al., 2018). These suspension cultures might have undergone
sub-culturing for time frames more than years before the experiments have been carried
out, and therefore might not always completely keep their original gene expression

behaviour.

Most published plasmodesmal proteomes have been derived from root cell suspension
cultures, limiting their applicability for other tissues such as stems, leaves and reproductive
organs. For example, the tetraspanins TET12/TET13/TET14/TET15/TET16/TET17 are often
specifically expressed in pollen and sperm cells (Reimann, 2018; Reimann et al., 2017). These
proteins might still localise to plasmodesmata, but their presence in this cellular
compartment might be underexplored as they are very rarely expressed in plant organs such
as leaves or roots (Arabidopsis eFP Browser 2.0, 2022; Winter et al., 2007). This expression
profile might have obscured a presence at plasmodesmata in published plasmodesmal
extract proteomes from root suspension cells. The discovery of two tetraspanin proteins in
a Physcomitrium patens plasmodesmal proteome (M. Johnston — pers. communication),
gives further evidence that tetraspanins might be integral plasmodesmata proteins, as well

as that this plasmodesmata association may be ancestral for land plants.

The identification of clades of tetraspanins being present at plasmodesmata (TET1/2, TET3/4,
TET7/8/9, and TET11 of the TET11/12 clade) (Fig. 4-1B) allows the speculation that the most

recent common ancestor of each of these clades might already have had a plasmodesmal
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localisation and all descendants have kept this true. Only TET11 and TET12 have not yet been
reported to share this feature as TET11 has been identified to be present at plasmodesmata
while TET12 has not. This might be due to several reasons such as sampling bias or
methodological constraints. However, if TET12 does indeed prove to not localise to
plasmodesmata while TET11 does, it might be a good candidate for future research projects

aimed at elucidating to determine how tetraspanins protein are targeted to plasmodesmata.

Both TET1 and TET2 have been identified in plasmodesmal proteomes. They would have
been excellent candidates to confirm their plasmodesmal localisation. However, they play a
major role in leaf patterning processes and early leaf developmental processes (Chiu et al.,
2007; Cnops et al., 2006) — and these were processes not within the scope of this work. They

have therefore not been considered as prime candidates in immunity related processes.

TET3 and TET4 are close homologues of each other. They are so closely related that peptides
identified by mass spectrometry cannot necessarily be assigned correctly to either of the two
specifically. The full data set of Brault et al. (2019) notes this uncertainty. However, even
with this mass spectrometry peptide assignment problem, the conclusion can be drawn that
at least one member of the TET3/4 clade has been identified to be present in plasmodesmal
extracts. TET4 was shown to be only expressed in dry seeds and senescing siliques while TET3
is expressed strongly in a multitude of plant organs including leaves (Arabidopsis eFP Browser
2.0, 2022; Winter et al., 2007). The localisation of TET3 has been further confirmed in planta
by confocal microscopy using a YFP translational fusion construct (Fernandez-Calvino et al.,
2011). This combined information led me to pursue the more promising candidate of TET3

over TET4 for future experiments of this thesis.

Only TET11, but not its closest homologue TET12, has been identified in plasmodesmal
extracts. In contrast the three-member clade including TET7, TET8 and TET9 have been
consistently identified in plasmodesmal proteomes (Brault et al., 2019; Fernandez-Calvino et
al., 2011; Grison et al., 2015a; Leijon et al., 2018), giving strong evidence that members of
this clade have a plasmodesmal localisation. This makes it another prime candidate clade to
elucidate the role of tetraspanins in plasmodesmata. However, TET9 shows nearly no
expression in leaves, by contrast to TET8 or TET7 (Arabidopsis eFP Browser 2.0, 2022; Winter
et al., 2007). For time and resource reasons the candidate status was therefore limited to

TET7 and TETS8 in this work.
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In summary, the phylogenetic relationships of the tetraspanin family in combination with the
published plasmodesmal proteomes allowed the selection of promising candidate proteins

for further work. TET3, TET7 and TET8 were identified as candidates and assessed further.

4.3.2 Plasmodesmata localisation of tetraspanins

A TET3-YFP translational fusion was shown to localise to plasmodesmata when stably
expressed in sArabidopsis plants (Fernandez-Calvino et al., 2011). Contrary to this, my first
localisation data generated of TET3, TET7 and TET8 using an mCherry tag, showed an even
localisation to the PM when transiently expressed in N. benthamiana leaves (Fig. 4-4A, B, C).
My original hypothesis to explain this difference, was that potentially the Arabidopsis
tetraspanins would only localise to plasmodesmata in Arabidopsis and not in the
heterologous system of N. benthamiana. But by using a mRuby3 fluorophore TET3, TET7 and
TET8 were successfully detected at plasmodesmata when transiently expressed in N.
benthamiana leaves (Fig. 4-D, E, F). Further controls could be carried out in the future with
mRuby3-6xHA as a fluorophore and the absence of such a protein to ensure that the
detected fluorescent signal is indeed originating from the fluorophore and not a signal
detection artefact nor from aniline blue. Another further control could also be an mRuby3
translational fusion of the tetraspanin proteins but without the 6xHA. As different
fluorophores can lead to different outcomes of functionality in fusion proteins (Hurst et al.,

2018), tests with different fluorophores should be considered too.

mCherry as a fluorescent tag, was previously used for PD localised proteins such as PDLP1
(Gui et al., 2015; Xu et al., 2017). Therefore, this fluorophore shouldn’t be the sole reason
for why these proteins do not show a PD localisation. Further, a protein can be present at
plasmodesmata but not sufficiently enriched in comparison with the PM fractions of the
same protein resulting in an even PM distribution when using confocal microscopy. This is
due to the small size of plasmodesmata, as conventional confocal microscopy cannot resolve
plasmodesmata and if the proteins are not exhibiting a higher rate of fluorescence at
plasmodesmata, they will not show a plasmodesmal localisation pattern in micrographs. This
has been demonstrated in Cheval et al. (2020) for LYK4. Fluorescently tagged LYK4 exhibits
an even PM distribution with no indication of a presence or absence at plasmodesmata when
observed by confocal microscopy. Nonetheless biochemical plasmodesmal extraction
followed by Western blots, revealed the presence of LYK4 at plasmodesmata. It would

therefore have been reasonable to operate under the hypothesis that TET3-mCherry, TET7-
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mCherry and TET8-mCherry are present but not enriched at plasmodesmata in N.

benthamiana.

However, in parallel another fluorophore pair was trialled to optimise FRET-FLIM reactions
(see chapter 4.2.9.2 for details) and thus cloned and expressed tetraspanins tagged with an
mRuby3 fluorophore construct. In contrast to the mCherry constructs, these TET3-mRuby3-
6xHA, TET7-mRuby3-6xHA and TET8-mRuby3-6xHA translational fusions did not only localise
to the PM, but also showed enriched fluorescence foci at the cell periphery, which overlap
with plasmodesmal callose deposits (Fig.4-2D, E, F). The same localisation pattern could also
be observed when these constructs were expressed in Arabidopsis (Fig. 4-2G, H, I). These
mRuby3-6xHA tetraspanin constructs could therefore be confirmed to be present at
plasmodesmata, as originally suggested for TET3, TET7 and TET8 by the plasmodesmal
extract proteomes (Brault et al., 2019; Fernandez-Calvino et al., 2011; Grison et al., 2015a;

Leijon et al., 2018).

This curious difference in protein localisation with different fluorophores is beyond the scope
of this work but might result in interesting future technical research questions and
approaches. It might also lead to more critical evaluation of plasmodesmal localisations or
‘non-plasmodesmal localisations’ with different fluorophores. However, as TET3, TET7 and
TET8 have been identified in plasmodesmal proteomes, which do not have a fluorophore
induced bias, the plasmodesmal localisation with mRuby3 as a fluorophore is further
indicative of the tetraspanins’ presence at plasmodesmata. By contrast, the absence of
enrichment of translational fusions of tetraspanins with mCherry at plasmodesmata, does

not mean that these proteins are not present at plasmodesmata.

Tetraspanins are enriched at sites of cell-to-cell communication. In mammalian systems,
such as keratinocytes, tetraspanins have been observed to accumulate at cell-to-cell contacts
forming intercellular junctions (Pefias et al., 2000). These cell-to-cell contact sites are
functionally similar to plant plasmodesmata. The localisation of plant tetraspanins to
plasmodesmata, therefore allows the formulation of hypotheses in an evolutionary context.
For example, that tetraspanins have already been important for cell-to-cell communication
and regulation in an early ancestral eukaryote. As well as that their evolutionary conservation

points to an importance in their functions.
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4.3.3 Absence of individual tetraspanins can lead
to enhanced susceptibility to fungal
pathogens
Leaves of the tet7 mutant showed an increase in B. cinerea necrotic lesion size four days
after spot inoculation (Fig. 4-7). However, inoculating tet3 and tet8 plants did not result in
any significant changes of susceptibility of detached Arabidopsis leaves to B. cinerea.
Multiple confounding factors might obscure such an effect, such as specific pathogen
effectors. However, this experiment does allow for the strongly supported conclusion that

TET7 is important for plant defence responses against fungi in Arabidopsis.

Cai et al. (2018) report an increased lesion size in tet8 leaves from B. cinerea infections. Even
though this experiment was repeated three times, no similar results were generated, as tet8
did not show a significant increase in susceptibility in my experimental set-up. Previously,
the increased susceptibility to B. cinerea of tet8 and tet9 plants was explained by the function
of TET8 and TET9 in extracellular vesicles, and the requirement for extra cellular vesicles.
From the presence of TET8 and TET9 in extracellular vesicles and enhanced susceptibility it
was concluded that TET8- and TET9-associated exosomes contribute to plant immunity
against fungal infection by transferring host sRNAs into fungal cells (Cai et al., 2020).
However, | offer the alternative hypothesis that the main reason for the reduction of
extracellular vesicles in tet8 is due to TET8’s role in the perception of the fungus. The fungus
is therefore not efficiently perceived in tet8 plants followed by mounting of insufficient
immunity responses, resulting in an increase in susceptibility. This hypothesis does not deny
the connection of extracellular vesicles with tetraspanins in plants. However, Cai et al.’s link
between the absence of a tetraspanin resulting in a susceptibility phenotype purely due to

changed extracellular vesicle dynamics and behaviour may not explain the full picture.

The different observations of tet8 susceptibility in my data in comparison to Cai et al. (2018)
could be due to multiple different reasons. For example, infection assays may exhibit
inherent variability, and a higher sample size might be needed to determine statistically
significant differences. This experiment has been carried out with a higher sample size and
three independent repeats resulting in the lowest samples size of 75 lesions per genotype.
This is in contrast to Cai et al. (2018) who measured a minimum of 10 lesions per genotype
in a single experimental assay. Different strains of B. cinerea might carry different effector
coding genes, resulting in differences in virulence. However, both Cai et al. (2018) and | used

the B. cinerea isolate B05.10, and the same T-DNA mutant for tet8. As there is no difference
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between the strains used, this should not be causal for the differences in the experimental
results. Further different growth conditions might lead to different experimental outcomes.
For example, my susceptibility assays were carried out on detached leaves, while Cai et al.
(2018) inoculated attached leaves. These experimental differences might have caused a

reduction of the tet8 leaves enhanced susceptibility in my experiment.

Effects of single knockout mutations on a plant’s susceptibility to a pathogen may be masked
by a variety of different factors. These include redundancy of the plant gene, as well as the
presence of specialised pathogen effector proteins inhibiting the immunity responses of the
plant ranging from masking of perceived molecules such as MAMPs, to directly interfering
with the signalling pathway or the immunity pathway. Varying growth and experimental
conditions may also have influenced the plants susceptibility. Susceptibility results not
differing from WT results are therefore not excluding the possibility that the mutated gene
is important during infection processes. For example CERK1 is an important chitin receptor
(Miya et al.,, 2007), but cerkl1-2 mutants do not show an increased susceptibility to
Colletotrichum higginsianum (Faulkner et al., 2013). Using the same logic, both TET3 and

TET8 might still be important in plant immunity.

Even though there are many possibly confounding factors, | was able to clearly determine
that the tet7 mutant exhibits an enhanced susceptibility to B. cinerea. This allows for the

conclusion that TET7 is involved in immune responses to fungi.

Although the absence of expression of the individual tetraspanin transcripts of these mutants
has been validated by gPCR (Fig. 4-6), the phenotypes of tetraspanin mutants should further
be assessed and validated in at least one more independent secondary mutant each. This
should be done to avoid effects of unknown further insertions into the genome in these lines

as well as to show that independent insertions indeed result in the same phenotypes.

4.3.4Tetraspanin overexpression changes chitin-
triggered ROS production

To study the mechanism and the importance of tetraspanin proteins of plants in triggering

and enabling the ROS production in a MAMP dependent matter, the ROS response to chitin

in the presence of tetraspanins was assessed. Overexpression of a limiting component of a

signalling pathway can result in a stronger ROS response — such as the overexpression of

CRK4, CRK6 and CRK36 which increase flg22 responsiveness thereby resulting in an increase

in flg22 triggered ROS production (Yeh et al., 2015).
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Experiments measuring the ROS burst of transiently overexpressing leaves (Fig. 4-8) were
analysed by using a linear mixed model taking the protein overexpression as well as the
treatment and the individual experimental plate affects into account, followed by
comparisons of estimated marginal means using the emmeans package (Lenth, 2021). This
makes use of the tukey-adjusted p-value for multiple pairwise comparisons, resulting in more
conservative p-values than individually carried out direct comparisons. Previously we
reported a significant increase of the chitin triggered ROS burst in N. benthamiana leaf discs
overexpressing a LYK4 construct (Cheval et al., 2020). | was not able to generate a
comparable significant difference value in my dataset with my models which use adjusted p-
values for multiple comparisons. However, if carried out as a direct individual comparison
using the Mann-Whitney-Wilcoxon test, the data in this thesis when comparing P19 with
LYK4 overexpressing samples also generates a highly significant result (p = 0.002079). The
data shown here is therefore still consistent with previously published data. All the significant

changes detailed in these experiments pass even more stringent statistical criteria.

The individual overexpression of TET3 and TETS8 led to an increase in chitin-triggered ROS
bursts, and to an intermediate increase of TET7 (Fig. 4-8C, C, D). These data thereby show
that overexpression of all three tetraspanins promotes the chitin-triggered ROS production.
Further these experiments have been carried out utilising tetraspanin fluorophore
translational fusion constructs. Since these fusion proteins can enhance the chitin triggered
signalling processes, the fusions are proteins which can carry out a function. Whether or not
this is indeed their native function needs to be determined with further experimental

evidence.

The overexpression of TET3 results in an enhanced chitin-triggered ROS production, and the
simultaneous presence of LYK4 has a dampening effect instead of an additive effect (Fig. 4-
8B). This could be due to the overexpression of TET3 enabling a non-LYK4 chitin receptor to
more efficiently initiate chitin-triggered ROS production. In samples additionally expressing
LYK4, TET3 might competitively undergo complex formation with LYK4 and therefore is not
as available for the non-LYK4 receptor. Another further possibility could be that in samples
individually overexpressing TET3, it is able to associate with ROS producing enzymes such as
RBOHD and enhance ROS production this way, while TET3 undergoes a different preferential
complex formation in samples additionally co-overexpressing LYK4. It could also be
conceivable that the overexpression of these genes could shift the presence of proteins and
their complexes between the PM and the plasmodesmal PM, resulting in different

efficiencies in ROS production at these different PM subsections.
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Overexpression of LYK4 or TET7 individually did not significantly enhance ROS production
(Fig. 4-8C). This suggests that in overexpression conditions LYK4 and TET7 are not the limiting
components, and other factors and their abundance might define the maximum chitin-
triggered ROS production in this system. However, co-overexpression of LYK4 and TET7
resulted in a statistically more significant increase in ROS production than when compared
to control P19 samples. This hints at a potential additive effect of LYK4 with TET7, possibly
obscured by conservative statistical analysis. Such an additive effect could be due to
increases in TET7 allowing for more LYK4 proteins in signalling active complexes or

nanodomains. LYK4 and TET7 therefore possibly co-operate or positively regulate each other.

These data whereas the combined overexpression of LYK4 with TET3 or LYK4 with TET7 leads
to different results are particularly puzzling. It suggests that there are more complex
processes at play rather than a simple “increase if present”. Possibly the overexpression of
LYK4 could lead to a depletion of chitin-triggered signalling machinery, for example via
endocytosis which has been shown to be important for LYK5 (Erwig et al., 2017). It would be
conceivable that the higher abundance of LYK4 either stabilises and prevents signalling
components to be endocytosed or alternatively enhances their PM depletion via
endocytosis. Further if the used LYK4 translational fusion protein is not fulfilling its exact
native function but is still undergoing some complex formations it could result in a dominant

negative effect for chitin triggered signalling.

Similarly, to the individual overexpression of TET3, an overexpression of TET8 results in a
strong increase of chitin-triggered ROS production (Fig. 4-8B, D). However, this individual
TET8 overexpression is not significantly different to the individual LYK4 overexpression or the
co-overexpression of LYK4 with TET8 (Fig. 4-8D). These results thereby only allow some
limited conclusions, such as that the co-overexpression of LYK4 with TET8 does neither

significantly dampen nor enhance chitin-triggered ROS production.

When co-overexpressing the tetraspanin genes together with the chitin receptor LYK4,
intriguing effects were identified. Both a dampening as well as an enhancing effect allows
speculation of the involvement of tetraspanins for the function of chitin receptors (Fig. 4-8B,
C, D). While the co-overexpression of LYK4 with TET3 or TET8 does not result in an additive
increase of the chitin induced ROS burst, it possibly does in the simultaneous presence of
TET7. The additive effect of LYK4 together with TET7 points towards a further enhancement
of the signalling capability of LYK4 in the presence of TET7. The non-additive effects of the

co-overexpression of LYK4 with TET3 or TET8 suggest a different relationship for signalling in
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a chitin dependent manner. The addition of TET8 does not result in significantly different
results, while the addition of TET3 does have a dampening effect. These effects could be
explained by different spatiotemporal complex or nanodomain formations and protein
presence within them pre-chitin treatment versus post-chitin treatment, as well as different

protein associations in the plasmodesmal PM versus the rest of the PM.

| conclude that both the overexpression of tetraspanins, as well as the combined
overexpression of tetraspanins together with LYK4, has effects on the ROS production
triggered by the presence of fungal chitin. It therefore stands to reason that TET3, TET7 and
TET8 are possibly differently but directly involved or associated with proteins which are
either in the signalling cascade needed to trigger the chitin-induced ROS burst or in the

production of ROS itself.
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4.3.5 Tetraspanin proteins are important to
achieve the full chitin-triggered ROS burst

| identified that the chitin triggered ROS production is reduced in tet7 and tet8 KO plants (Fig.

4-9). This suggests that both TET7 as well as TET8 positively regulate ROS production in

response to chitin. Their presence and function in the response pathway could therefore be

located somewhere between the perception of chitin and the resulting production of ROS

within the signalling cascade or alternatively in receptor or signalling component sorting

processes.

The enhanced presence of ROS leads to plasmodesmal closure. This production of ROS —
specifically H,0, — followed by changes to plasmodesmal status, is either downstream or
independent of the receptors perceiving chitin (Cheval et al., 2020). The production of ROS
necessary for plasmodesmal functions happens locally at plasmodesmata. However, the ROS
measured in this assay (Fig. 4-9) is mostly produced in the general PM and not the
plasmodesmal PM — therefore this assay can only be used to determine general ROS
perturbations at the PM. Given that all three tetraspanins TET3, TET7 and TET8 localised to
the PM and the PD (Fig. 4-4) it stands to reason that they might fulfil their functions in the
PM or the PD. No statistically significant perturbation of ROS production triggered by chitin
in the absence of TET3 was detected. This could for example be due to TET3 fulfilling its role
of aiding chitin perception followed by ROS production exclusively within the plasmodesmal
PM but not the general PM, as observed for LYM2, which exhibits a plasmodesmal
localisation and phenotype but no changes to PM chitin-triggered ROS production (Faulkner

et al., 2013).

These data show that tetraspanins are important for chitin triggered ROS production. There
are 17 canonical tetraspanins in Arabidopsis (Fig. 4-3), many of which are predicted and have
been shown to interact with each other (Boavida et al., 2013). Huang et al. (2005) speculate
that there are two levels of redundancies for tetraspanin proteins: i. when the functions of
tetraspanins are dispensable and not necessary, ii. when the functions of tetraspanins are
substitutable for one another due to sequence similarity. It therefore stands to reason that
the removal of individual tetraspanin genes from a plant does not completely abolish their
functions in chitin triggered ROS production, but rather just reduces its output, as multiple
tetraspanins might partially fulfil the same role(s) but not completely. For example, another
tetraspanin, such as TET4, might be redundant with TET3, and therefore no phenotypical

differences in the ROS burst when comparing the tet3 mutant to Col-0 might have been
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observed. This is particularly reasonable when keeping the closely related particular clades
in mind (Fig. 4-3). To overcome this, | propose the generation and use of mutants higher
order — in particular targeting full clades such as tet7/8/9 or tet3/4. | expect that this will
result in an additive effect for the perturbation and might even result in a total abolishment

of the chitin or general elicitor triggered ROS production.

Tetraspanins are putatively not the perceiving components of chitin in the signalling cascade,
as they are not receptor or receptor-like proteins, but rather are hypothesised to interact
with receptors and receptor complexes as well as being responsible for their dynamics and
domain localisations within the PM (Kummer et al., 2020). Given that, it would be interesting
to determine in the presence of which other MAMPs the tetraspanin KO plants struggle to
elicit a full ROS burst. This could be tested by utilising the same assay | used to test for an
array of different elicitors such as flg22, elf18 or other B-glucans, INF1, OPEL or SCOOP12. In
this way one could confirm the generality of tetraspanin dependence for the function of

different receptor-ligand combinations.

As tetraspanins fulfil a variety of different functions with a plethora of receptors in animal
systems (Termini and Gillette, 2017), it is possible that this is a general mechanism in plants
as well. With my work | have built the foundation of this hypothesis in plant cells and have

found that tetraspanins play a key role in receptor mediated immunity in plants.
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4.3.6 Tetraspanin mutants do not close their
plasmodesmata in the presence of chitin

No changes in the movement of eGFP was observed in the leaves of tet3 and tet7 mutant
plants when comparing the absence or the presence of chitin (Fig. 4-10), thereby
demonstrating that TET3 and TET7 are necessary for chitin triggered closure of
plasmodesmata. The plasmodesmal PM is a specialised microdomain of the PM (Bayer et
al., 2014; Faulkner, 2013). In Cheval et al. (2020) we demonstrated how chitin-triggered
plasmodesmal closure is induced by plasmodesmal localised machinery and differs from
chitin-triggered signalling machinery at the PM. Tetraspanins are master organisers of
domains within the PM (Yaiiez-M¢ et al., 2009), and can thereby affect receptors and their
signalling capabilities (Kummer et al., 2020). The absence of individual tetraspanins could
therefore disrupt such a function and change the plasmodesmal PM domain environment,
and thereby the receptors’ ability to signal in a local manner. The absence of TET3 or TET7
therefore could cause a disruption to the plasmodesmal microdomain and its protein
composition. Tetraspanins can further interact directly with receptor proteins, resulting in
impaired signalling processes in the absence of the tetraspanin partner (Susa et al., 2020). If
TET3 or TET7 interact with a chitin receptor such as LYK4 at plasmodesmata to achieve

signalling competency, this could be severely impacted in tetraspanin mutants.

In tet8 a low eGFP movement under mock conditions (water infiltrated) and a significant
increase in the presence of chitin were observed (Fig. 4-10). This is exactly the inverse
behaviour of the WT control Col-0. A similar phenotype of lowered eGFP movement under
mock conditions and an increase after chitin treatment has only been observed once in the
published literature in Cheval et al. (2020) for cpk5 mutant. One hypothesis to partially
explain this phenotype is based on a crossbow firing mechanism. In this case TET8 keeps the
chitin signalling machinery from firing under mock circumstances. However, in the absence
of TET8 holding the machinery back, it fires constantly even during mock conditions. This
could be conceptionally possible if TET8 and a chitin receptor such as LYK4 associate together
in resting state conditions (i.e., the absence of chitin), where the presence of TET8 stops LYK4
from initiating signalling responses. In this hypothesis, once LYK4 detects chitin it could
undergo a conformational shift, change of PTM status, or protein association/dissociation
process and thereby either partially or fully loses the signalling blocking function of TETS,
allowing a signal initiation. However, in the absence of TET8, LYK4 does not get stopped in
its signalling capabilities under resting state conditions, resulting an activation of signalling

processes and therefore in a reduction of plasmodesmal flux. Consistently reduced

173



plasmodesmal flux in resting state conditions has been correlated to reduced plant growth
(Thomas et al., 2008). However, the mutation in tet8 is not lethal nor were any clearly visible

growth defects observed.

Curiously the plasmodesmal flux of tet8 mutants does not stay at a reduced level in the
presence of chitin but rather increases to a similar level as Col-0 plants exhibit under mock
conditions (Fig. 4-10). Possibly the presence of chitin, still induces a change to a chitin
receptor such as LYK4 even in the absence of TET8. However, by contrast to the activation of
a signalling function, the lack of TET8 could make this receptor undergo degradative
processes, such as endocytosis at a higher rate, or cause it to change nanodomain localisation
and actually become signalling incompetent outside of its prime environment. Therefore
unintuitively, even though chitin in a WT system triggers the receptor’s signalling function by
binding to it as a ligand, in a tet8 mutant, the presence of chitin could lead to an abolishment

of constantly firing signalling processes and thereby restore WT like plasmodesmal flux.

In summary, the regulation of plasmodesmal diffusion is severely disturbed in the tet8
mutant but still sensitive to the presence of chitin, therefore one can conclude that TET8 is
involved in the chitin detection and signalling pathway. Further the disrupted eGFP cell-to-
cell movement under mock conditions in tet8 suggests that TET8 is also important for
plasmodesmal regulation outside of a chitin-signalling context. In conclusion all the
tetraspanins TET3, TET7 and TET8 are involved and important for chitin-triggered

plasmodesmal flux regulation.
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4.3.7 Plasmodesmal callose deposition in
tetraspanin mutant plants corresponds to
eGFP movement phenotype

As previously reported the aniline blue mean intensity per plasmodesmal callose deposit —

serving as a proxy for callose deposition — increased in Col-0 in the presence of chitin (Fig.

4-11) (Cheval et al., 2020). This is in an inverse correlation to the plasmodesmal flux, which

decreases in WT plants in the presence of chitin (Fig. 4-10). Mutant plants of tet3 and tet7

showed no significant shift in their mean intensity thereby suggesting that their callose levels
stayed the same in the presence of chitin (Fig. 4-11), similarly to their cell-to-cell eGFP flux

(Fig. 4-10). The callose levels in tet8 were reduced after chitin treatment (Fig. 4-11), again

inversely correlating with the increase in plasmodesmal flux observed in those plants (Fig. 4-

10). The amount of callose deposited at plasmodesmata has thereby been shown to inversely

correlate with the plasmodesmal flux when comparing the tetraspanin. Therefore, | can

conclude that the plasmodesmal flux phenotypes of tet3, tet7 and tet8 correlate and might

be due to a disruption in the chitin-triggered enhanced callose deposition at plasmodesmata.

4.3.8 Tetraspanin plasmodesmal localisations are
not dynamic in response to chitin

In contrast to LYM2 (Cheval et al., 2020), no changes in the PD index of the tetraspanin

fluorophore translational fusion constructs of TET3, TET7 or TET8 could be observed

triggered by chitin (Fig. 4-12). It therefore stands to reason that the changes of plasmodesmal

proteins in the presence of MAMPs is not a general process applicable to all plasmodesmata

localised proteins. This gives further functional significance to those instances when this

behaviour is observed.

However, the reverse conclusion that tetraspanins are less important in chitin signalling at
plasmodesmata — as there is no shift in their localisation pattern — does not apply. Rather
that they fulfil their functions in a chitin perception context without changing their relative
localisation levels between the plasmodesmal PM and the general PM. This allows for two
possibilities of interpretation: i. The tetraspanin proteins stay within their localisation of
either plasmodesmal PM or PM no matter if chitin is perceived or not or ii. The tetraspanin
proteins have a continuous equal exchange between the plasmodesmal PM and the PM. For
every tetraspanin protein, which moves to the plasmodesmal PM from the PM one moves
vice versa. This rate of exchange might still differ in the presence of chitin — but if the

exchange is equal, this would not appear as a significant shift in this experiment. Given the

175



theory of tetraspanin webs enabling more stability in the organisation of membranes, it
could be more likely that the tetraspanins have more “anchor-like” characteristics and

therefore do not undergo drastic changes in their localisation.

Achieving an equal exchange rate between two populations is more complex than proteins
remaining where they were before the treatment. Therefore, by applying Occam’s razor
principle, it allows to draw the hypothesis that tetraspanins do not move from or towards
plasmodesmata triggered by the presence of a MAMP but rather fulfil their functions in the
signalling pathway without changing their localisation. Possibly they could also undergo a
change in their equilibrium point. Future experiments could use a FRAP based approach, such
as used in chapter 3.2.3, to determine if the mobility of tetraspanin proteins changes
triggered by chitin. This could be done for both the PM as well as the plasmodesmal PM, and
thereby evaluate if indeed they exhibit equal mobile fractions under mock conditions as well

as in chitin treated samples.

If tetraspanins and their nanodomains are indeed anchored, receptors could be differentially
recruited into these nanodomains, under different conditions. The tetraspanin nanodomains

could therefore act as conditional signalling platforms.

4.3.9 Tetraspanins interact with the chitin receptor
LYK4

4.3.9.1 Co-immunoprecipitation experiments reveal association of
tetraspanins with LYK4

All three tetraspanins tested in this experimental series showed an association with LYK4,
while the negative control of LTI6b did not (Fig. 4-13). Not all lipid rafts/DRMs/nanodomains
are completely disrupted by detergents (Hibino and Kurachi, 2007), and so a successful
membrane protein co-IP experiment does not necessarily allow to conclude for a direct
interaction, but rather leaves the possibility that both the bait as well as the prey proteins
are present together in a detergent resistant membrane fraction, and therefore are both
present together in the immunoprecipitation fraction. These experiments therefore allow
for the conclusion that TET3, TET7 and TET8 either directly or indirectly interact with LYK4 or

at least reside within the same nanodomain of the PM as LYK4.

Alternatively, the tetraspanins themselves could also be prone to “stick” to the magnetic
beads used in the immunoprecipitation. Future experiments could therefore additionally test

and control for this.
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We have previously reported the association of LYM2 with LYK4 and LYK5 as well as LYK4
with LYKS5 (Cheval et al., 2020). As LYK4 associates with TET3, TET7 and TETS, it will therefore
be interesting to test in future experiments if LYM2 and LYK5 show a similar association with

those tetraspanins.

4.3.9.2 FRET-FLIM reveals dynamic associations between LYK4 and TET3,
TET7 and TET8

The first set of experiments were carried out (Fig. 4-14) on a Leica SP8X using the gateway
plasmids cloning constructed plasmids pB7FWG2.0, and pB7RWG2.0 to express eGFP and
mRFP1 translational fusion proteins respectively. These constructs revealed a strong
decrease of the fluorescence lifetime t of the donor LYK4-eGFP (gw) in the presence of TET7-
mMRFP1 (gw). This drop in lifetime was reduced in chitin treated samples. These data
therefore suggest a strong association between LYK4 and TET7 during resting-state
conditions, which loosens in the triggered by chitin, potentially suggesting a dissociation

between TET7 and signalling-active LYK4.

To run a comparative experiment using multiple different tetraspanin proteins as FRET-FLIM
acceptors, | decided to fuse all three tetraspanin candidates to the fluorophore mCherry at
their C-terminus. For this experiment | shifted to using the Leica Stellaris 8 FALCON in TCSPC
mode. Using TET3-mCherry (gg), TET7-mCherry (gg) and TET8-mCherry (gg) acceptors
resulted in a smaller amplitude shift of the donor lifetime (Fig. 4-15) as when using TET7-
mMRFP1 (gw) in Fig. 4-14. Particularly puzzling is the result for TET7-mCherry (gg) as | already
obtained data with a very strong shift in amplitude in the presence of the TET7-mRFP1 (gw)

acceptor (Fig. 4-14).

Given those puzzling results, | confirmed a strong shift in amplitude in the donor lifetime with
the previously used LYK5-mRFP1 (gw) and TET7-mRFP1 (gw) gateway constructs to
determine if the observed mCherry data was due to the microscope or the analysis
technique. Although these values were not as strong as previously observed, they were still
significantly stronger than for the translational fusion constructs tagged with mCherry,
triggering further troubleshooting experiments to optimise these FRET-FLIM reactions in a
comparable way. However, they allow the conclusion that shifts in lifetime > 0.2 ns can be

achieved on the Leica Stellaris 8 FALCON in TCSPC mode in my hands.

This difference in lifetime shift based on cloning method and fluorophore choice
demonstrated that there is untapped potential to optimise this experimental set-up further.

The different cloning methods result in the usage of different expression plasmids, utilising
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different versions of the cauliflower mosaic virus promoter (CaMV 35s) and terminators,
which can result in different expression levels. In general, a potentially stronger fluorescent
signal of the gateway constructs in comparison to the golden gate constructs was observed.
Further, both golden gate cloning as well as gateway cloning introduce a ‘scar’ (or linker
sequence) between the coding sequence or the protein and the fluorophore. The golden
gate system typically introduces two amino acids, and the gateway system introduces 11
additional amino acids (visualised in Fig. 4-14A, B, C, D). These amino acids could be
responsible for changing the orientation of the fluorophore tag in relation to the rest of the
protein. Further the different linkers could lead to different effects on steric hindrance of the

tested protein pairs.

Different fluorophore pairs further have different potential for FRET and therefore a
different potential on the effect of the measured FLIM. When comparing the use of mRFP1
and mCherry for their potential of FRET with the donor eGFP, they result in rather similar
values in regard to Quantum yield (a unitless ratio of the number of photons emitted through
fluorescence divided by the number of photons absorbed) mRFP1 = 0.25 and mCherry 0.22,
as well as similar integral overlap values J(\) mRFP1 = 1.83 and J(A\) mCherry 1.94 x1e'®> M?
cm? nm*(fpbase), as well as their spectral properties (Lambert, 2019). These intrinsic
fluorophore properties can therefore cautiously be excluded as being responsible for the
different amplitude shift of the donor lifetime in the presence of acceptors with different
fluorophore translational fusions. However, similarly to a different scar amino acid sequence,
different fluorophores can further result in different orientations in relation to the rest of
the protein and therefore and with their own different structures exhibit a different
transition dipole moment orientation factor (k). mCherry and mRFP1 could differ from each

other in this orientation.

To further improve and optimise the FRET-FLIM experiment, a new fluorophore pair was
trialled; mClover3 and mRuby3 have not been previously used for studies in plants, but have
been developed for their superior properties, in particular for being monomeric and have a
mono-exponential lifetime decay (Bajar et al., 2016a; Bajar et al., 2016b). Most fluorophores
exhibit a multi-exponential lifetime decay, making it necessary to use the sum of multiple
exponents to accurately fit their lifetime models, and thereby making more complex models
necessary (Wtodarczyk and Kierdaszuk, 2003). Fluorophores with a mono-exponential
lifetime decay allow the usage of simpler mathematical models to determine their
fluorescence lifetime, as the model only has to estimate one variable for it instead of multiple

variables for multi-exponential fluorophores. Denay et al. (2019) speculated that mClover3-
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mRuby3 could be a fluorophore pair with high applicability in plant FRET-FLIM experiments.
Although the translational fusion proteins LYK4-mClover3-3xFLAG (gg) and TET7-mRuby3-
6xHA (gg) produced bright fluorescence signals useful for general confocal microscopy
applications (Brightness as a product of Extinction Coefficient and Quantum Yield mClover3
= 85.02 and mRuby3 = 57.6 fpbase) (Lambert, 2019), their donor lifetime shift between the
absence and the presence of the acceptor was marginal making them unsuitable for FRET-

FLIM assays with these donor and acceptor proteins.

The calculation of the Forster distance in which the energy transfer efficiency is 50% (Ro)
(Equation 1) (Schaufele et al., 2005) is dependent on a multitude of different factors such as
the refractive index (n), the quantum yield of the donor (Qp), the overlap integral between
the donor and the acceptor spectrum (Jp) and the transition dipole moment orientation
factor (k), which indicates how the two fluorophores are arranged to each other in the 3D

space (Wu and Brand, 1994).

R, =0.211x 6szn_“QD]@) Equation 1

In simplified approaches with freely rotating orientation planes of fluorescent dyes, k? can
range between 0 and 4, resulting in a mean k? value of 2/3. However, this is inappropriate
for fluorescent proteins as the fluorophore cannot freely rotate in all directions (Khrenova et
al., 2015). Interacting membrane proteins form two planes of donor and two planes of
acceptor molecules(Nazarov et al., 2006). The energy transfer between the two molecules is
therefore not just influenced by the distance of the donor and the acceptor, but among other
factors also highly influenced by the z-coordinates of the fluorophores and their resulting
transition dipole moment planes (Nazarov et al., 2006). The k? = 2/3 approach is therefore
even further inappropriate for molecules embedded in a membrane, particularly if they are

not able to freely rotate (Axelrod, 1979) such as proteins in a complex with each other.

If two fluorophores are oriented to each other in a way that k?is close to 0, then the resulting
Rowill be close to 0 as well. Even structurally closely related fluorophores such as proteins of
the GFP family do not share a common transition dipole moment (TDM) (Khrenova et al.,
2015), resulting in differing orientation factors with the same partner proteins. Even though
the fluorophores of LYK4-mClover3-3xFLAG and TET7-mRuby3-6xHA might be just as
physically close together, as those of LYK4-eGFP and TET7-mRFP1, they might exhibit a

different and lower k? value and therefore result in a rather small FRET efficiency.
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This does not demonstrate that the fluorophore pair mClover3-mRuby3 is useless for plant
FRET-FLIM experiments. As FRET based approaches for protein association can only be used
to positively confirm hypotheses of associations, but not be used to prove that there is no
association. My data suggests that the orientation factor of membrane protein translational
fusions in complexes could be important when they are analysed for their capability to FRET.
Future research should take this into account during the experimental design and data
interpretation stages. For example, multiple different fluorophore pairs should be tested to
determine the most appropriate for the candidate protein pair. Further this could be done
using varying lengths of linkers. Additionally, this would allow to test if this effect of linker
length and flexibility is consistent between different protein pairs, allowing for future

guidelines of minimum linker length to achieve efficient FRET for membrane protein pairs.

mClover3-mRuby3 might still prove very useful in the future for experiments where the two
fluorophores are differently oriented to each other than in the case of LYK4-TET7. In such
cases the orientation factor k? could be close to 0 for GFP-RFP pairs but might be a higher
value for the mClover3-mRuby3 pair in the same positions. These experiments have
demonstrated the importance of optimisation of FRET-FLIM constructs, and in particular the
fluorophores used, to gain the maximum information and value from using this method and
confirming a protein association even if initial experiments might give no clear indication of

a positive and close association.

Following these optimisation experiments, which determined mRFP1 to be the superior
fluorophore to measure the LYK4-TET7 association, mRFP1 translational fusion constructs
were generated using golden gate cloning techniques for TET3 (gg), TET7 (gg) and TETS8 (gg)
and measured the lifetime of the donor in their presence (Fig. 4-16). These data showed a
consistent significant shift in lifetime, suggesting an association of all three tetraspanins with
LYK4. Disappointingly however, those constructs did not result in the strong amplitude shift
previously observed. In particular when comparing the shift of LYK4-eGFP (gw) with TET7-
mRFP1 (gw), when the acceptor has been cloned using gateway constructs (Fig. 4-14) (t =
2.35 +0.0399 ns to T = 1.95 + 0.116 ns in the presence of the acceptor) in contrast to the
golden gate constructed acceptor LYK4-eGFP (gg) with TET7-mRFP1 (gg) (Fig. 4-14) (t = 2.41
+0.0434 ns to T = 2.37 + 0.0467 in the presence of the acceptor). This difference could be
due to the different linker/scar sequences introduced by the two different methods as well

as differences in expression levels as discussed above.
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Biologically significant shifts in fluorescence lifetime in the absence versus the presence of
the acceptor have been reported as low as 0.09 ns for CLV1-GFP interacting with CLV1-
mCherry (Stahl et al., 2013). The shifts reported therefore still align with published literature

as sufficiently significant.

Additionally, regarding the reduction in the shift of lifetime the golden gate construct series
(Fig.4-16), showed different results in the presence of chitin when compared to gateway
construct results (Fig. 4-14E). Previously, the lifetime of chitin treated samples increased
significantly in the direction suggesting a reduction of the association between LYK4 and TET7
in the presence of chitin (Fig. 4-14E). However, in the experimental series using the golden
gate mRFP1 acceptor construct on the SP8 Stellaris (Fig. 4-16) the opposite effect was
observed. Here the presence of chitin induced a significantly lower lifetime suggesting a
closer association between LYK4 and TET7 when treated with chitin. These two experimental
series have been carried out in different years, with shifts in the growth practices of N.
benthamiana plants potentially being a reason for the differing results. As our horticultural
team strives to improve our plant growth conditions further and the local borehole water
used to water the plant changes with the seasons, this might influence the chitin dependent
dynamics between LYK4 and the tetraspanins and thereby explain this difference. The cause
cannot be determined with certainty at this point. However, no matter in which way the
association balance between the receptor and the tetraspanin proteins shifts, it is undeniably
that there are shifts depending on chitin, adding a yet unresolved dynamic to this protein

interaction.

BRI1-mRFP1 (gw) served as an appropriate negative control when carrying out the gateway
construct experiments (Fig. 4-14E). It resulted in only a negligible shift in the donor lifetime,
with no statistical difference when compared to the donor only chitin treated samples
making it an ideal negative control as it is another PM localised leucine-rich repeat receptor
kinase. Yet, this construct induced a significant shift in the donor lifetime in the experimental
series of Fig. 4-16. One possible explanation for this is, that this BRI1-mRFP1 plasmid is still
the same gateway construct used in Fig. 4-14E instead of a golden gate version as the LYK4-
eGFP (gg) donor and the tetraspanin acceptors in this experimental series. This could result
in a different fluorophore orientation as well as different expression levels and orientations
based on cloning scars as discussed above. For further experiments | therefore recommend
keeping not just the fluorophores consistent, but promoter, terminator, linker sequence and

expression plasmid as well.
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These data (particularly the comparison between Fig. 4-14 and Fig. 4-16) and their
differences in lifetime shifts and therefore FRET efficiency and protein association, open the
questions of what is different between those constructs and experiments? While the same
fluorophore sequences for both the gateway and the golden gate constructs expressing
mRFP1 tagged translational fusions was used, differences in the expression vector and
different linker sequences between the protein CDS and the fluorophore were still present.
The gateway constructs in the pB7RWG2.0 plasmid for mRFP1 translational fusion proteins,
result in eleven amino acids (HPAFLYKVVIS) as a linker, while the golden gate scar for these
constructs resulted in only two amino acids (GS) linking the translational fusion together.
This could allow for the possibility of rotation and orientation changes, which — as discussed
above — can create a greatly varying k?value resulting in abolishing or enhancing the FRET

efficiency.

In the future, two separate approaches should be carried out next to resolve these problems:
i. All three tetraspanin genes should be cloned into the same gateway construct originally
used (pB7RWG2.0) for acceptor protein expression and ii. a golden gate cassette of the
mRFP1 tag including the same linker sequence as the gateway plasmid should be constructed
and used to generate translational fusion proteins. These two approaches can then be used
to determine if the linker sequence or other intrinsic properties of the gateway expression

plasmids are the cause for these differing results.

Despite the differences in results, this experimental series still demonstrates multiple key
results. The association between the receptor LYK4 and the tetraspanins TET3, TET7 and TET8
was confirmed with two independent methods: i. co-IPs (Fig. 4-13) and putatively with ii.
FRET-FLIM (Fig. 4-14E, 15, 16). This establishes a functional relationship between receptors
and tetraspanin proteins and implicates tetraspanin proteins in receptor signalling processes
in plant as seen in animals. The ability of tetraspanin proteins to associate with receptors
and to regulate their signalling processes is a wide research field so far generally focussing
on animal and fungal model systems and of utmost importance for the correct functionality
of those signalling processes (for a detailed review see Termini and Gillette (2017)). My
experiments have now demonstrated a novel example of this could work in plants. |
speculate this to be a more general feature of plant signalling receptors as well, and | expect
this to set the foundation of future research unravelling countless questions and allowing us
to gain deeper understanding on how plant immunity is regulated and achieved by PM

localised proteins and receptors.
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Given that tetraspanins localised to not just at the PM, but also to plasmodesmata (Fig. 4-4)
and that their absence causes specific chitin-triggered plasmodesmal phenotypes, such as
the inability to reduce plasmodesmal flux (Fig. 4-10) or increase plasmodesmal callose
deposits (Fig.4-11), it is likely that tetraspanins are also important at plasmodesmata
localised signalling processes. Neither my co-IP nor my FRET-FLIM experiments were able to
differentiate between protein associations at the PM and the plasmodesmal PM. However,
it is possible that TET3, TET7 and TET8 undergo different association dynamics with LYK4 at
plasmodesmata. They might for example associate preferentially in the absence of in the
presence of chitin, in different ways. For example, LYK4 could associate with TET7 and TET8
in the absence of chitin, and dissociate triggered by chitin, while an association of LYK4 with
TET3 could be triggered by chitin. As the presence of chitin in tet3 and tet7 mutants does not
induce a reduction of plasmodesmal flux, while tet8 mutants increase their plasmodesmal
flux in a chitin triggered manner, this suggests that they might fulfil different functions or

interaction needs.

Taken together these results suggest that LYK4 associates with TET3, TET7 and TETS. It is
therefore highly likely that if tetraspanins form TEM domains in plants — as they do in animal
cells (Saiz et al., 2018) — that this pattern recognition receptor and its further associated

partner proteins of the receptor complex reside within the same domains.

This receptor-tetraspanin association might be vital for the signalling capacity of the
receptor. As an interaction with tetraspanins could enhance or define the localisation of LYK4
into a tetraspanin-defined-nanodomain, and thereby either enhance its capability for
complex formation or interaction with other proteins in this nanodomain or abolish its
potential to interact with non-nanodomain resident proteins. This could be an important
mechanism in regulating and enhancing chitin-triggered perception and signalling

capabilities of a cell.

As tetraspanins can interact with a further plethora of other proteins, the specific tetraspanin
might also be important in defining with which proteins LYK4 can interact. This could for
example be important in a TET3-defined-nanodomain which has LYK4 present. Possibly this
nanodomain does not contribute to the chitin-triggered ROS burst and therefore a mutation
in tet3 does not cause a reduction in this ROS burst (Fig. 4-9), maybe due to a general lack of
ROS producing enzymes such as RBOHD. Similarly, the interaction with TET8 in a TET8-
defined nanodomain could explain why a tet8 mutation shows an inverse phenotype to WT

plants when observing their plasmodesmal flux in a chitin-triggered context (Fig. 4-10). TET8-
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defined-nanodomains might keep LYK4 ‘locked’ up during resting state conditions, either by
stopping it from interacting with other proteins or via specific PTMs. But in tet8 mutants,
LYK4 is not scavenged up by TET8-defined-nanodomains and might therefore be available to
continuously signal and result in a reduced plasmodesmal flux during resting-state
conditions. Correspondingly, the interaction with tetraspanins in a tetraspanin-defined-
nanodomain might protect receptors from enhanced degradation processes, thereby
influencing the available pools of proteins at the membrane. These and other possible
mechanisms show first ideas of how a receptor-tetraspanin interaction might be vital for

signalling functions in plants.

184



4.3.10 Tetraspanin localisations in a chitin and
receptor kinase context differ from each
other

No changes to the subcellular localisation of TET3 were observed while co-overexpressed

with LYK4 or LYKS constructs, both in the presence or absence of chitin (Fig. 4-17). Similarly,

no changes to the localisation of TET7 were observed (Fig. 4-18). This allows me to conclude

that neither TET3 nor TET7 change their localisations in the presence of LYK4 or LYKS5, or in a

chitin-triggered context.

While TET3-mCherry was predominantly present at the PM (Fig. 4-17), TET7-mCherry also
exhibited pools of fluorescence in the ER, the nuclear envelope, and the in transvacuolar
strands (Fig. 4-18). Further it accumulates in clusters of fluorescence in the apoplastic space.
Although there is a possibility for these clusters to be fluorescence originating from
Agrobacterium microcolonies, these clusters are likely to mark either exocytic vesicles or
exocytic processes. Cai et al. (2018) determined that both TET8 and TET9 are present in
extracellular vesicles during B. cinerea infections, while Guo et al. (2022) observed that
Solanum tuberosum TETS is present in extra cellular vesicles during P. infestans infections.
TET7 is the closest homologue to TET8 and TET9 (Fig. 4-3), giving it a high likelihood to share
characteristics with both proteins. TET7-mCherry was observed to be present in putative
extracellular vesicles under all tested co-expression as well as in mock and chitin treated
conditions. This hints that the presence of TET7 in extracellular vesicles could be constitutive
and does not need the presence of a further stimuli. Alternatively, the constitutive transient

expression of TET7 could enhance this presence.

| have not observed such putative exocytotic vesicle localisation for either TET3 or TETS. If
the presence of TET8 at exocytotic vesicles during B. cinerea infections would be due to
chitin-triggered processes, this would have resulted in such a localisation in my experiments.
Taking this information together | can speculate that the presence or absence of TET3, TET7
and TETS8 at exocytotic vesicles is chitin independent. Further | have not observed any clear
changes to exocytotic vesicle presence depending on the co-overexpression of LYK4-eGFP
and LYK5-eGFP, allowing me to speculate that the overabundance of these proteins does not

influence the exocytotic vesicle presence of TET3, TET7 or TETS either.

Combining the overexpression of TET8 and LYK5 with the presence of chitin, allowed me to
observe a cell biology phenomenon for which no similar descriptions in the published

literature could be found. This combination resulted in aggregating bubbles of strong
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fluorescence intensity (Fig. 4-19F and 4-20) for both the eGFP and the mCherry signals of
LYK5 and TETS8 respectively. These aggregating bubbles are different from vesicles in their
size. As these aggregating bubbles only appear to be visible with the overexpression
combination of LYK5 and TET8 in the presence of chitin, but not in any combinations with
TET3, or TET7 as well as with LYK4 or under mock conditions, it suggests they are a specific
phenomenon. Their thick structures suggest that aggregating bubbles consist of multiple
layers of membrane. Visible bubbles within other aggregating bubbles suggest that multiple
layers of membrane might be the reason for their thickness. Putatively they originate from
the PM, as the aggregating bubbles appear within half an hour after chitin treatment. The
depletion of the fluorescence signal from the PM gives further strength to the argument that
these structures originate from the PM. Therefore, it is likely these aggregating bubbles arise

from endocytic processes.

The function and significance of these aggregating bubbles is unknown. As cells don’t
normally exhibit structures reminiscent of these aggregating bubbles, their formation is
probably an artefact formed by the transient overexpression of two important interacting
membrane proteins. However, as it is a phenomenon only observed if the very specific
combination of LYK5, TET8 and chitin is present, it might allow us to elucidate their functions

in greater detail and resolution in the future, be it an artefactual phenomenon or not.

Future experiments following up on the aggregating bubbles should first investigate if a
similar phenomenon is observable in Arabidopsis lines treated with chitin which carry a
fluorescent marker for TET8 and LYK5. This could determine if the aggregating bubbles are
indeed just an artifact or if there is more physiological functionality underlying. But what
could be the reason for the formation of such aggregating bubbles? Sometimes they appear
reminiscent of BFA induced bodies in leaf epidermis cells, such as in Erwig et al. (2017).
However, BFA leads to the collapse of the Golgi into the ER and the aggregating bubbles but
the structures observed consist of multiple membrane layers suggesting they might be

different structures.

Operating under the assumption that there are special events when a plant cell would want
to push great amounts of its PM within itself, when would that be? And what could trigger
this? One hypothesis is that during intracellular arbuscular mycorrhizae symbiosis the host
cell has to cover the arbuscules with host membrane structures (lvanov et al., 2019). This
host-symbiont interface membrane needs to reach a high enough surface area to function

properly and therefore probably requires a lot of membrane material. LYK5 is a chitin
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receptor, and its M. truncatula homologue MtLYR4 is important for the detection of chitin
oligosaccharides in M. truncatula (Feng et al., 2019). The perception of chitin is important
for both immunity as well as symbiosis reactions (Zhang et al., 2021). Similarly, to symbiotic
processes, a lot of plant membrane material is necessary to cover invasive fungal hyphae
growth at the biotrophic interfacial complex (BIC) (Cruz-Mireles et al., 2021; Kankanala et al.,
2007; Khang et al., 2010). It therefore stands to reason that the combination of LYK5, TET8
and chitin might mimic conditions where the plant cell needs to invaginate lots of membrane

material to cover symbiotic arbuscules or invasive hyphae.

4.3.11 Tetraspaninsin a chitin triggered
signalling context —a model
The data presented in this chapter enables me to construct a hypothetical model of how
tetraspanins are involved in chitin-triggered responses (Fig. 4-21). As | see differences in the
ROS responses and plasmodesmal closure in the different tetraspanin mutants, their
functions are not completely the same, suggesting a spatiotemporal separation, and thereby
their possible presence in different nanodomains.
This model is an extreme over-simplification of a possible model for what the native protein
system and localisation might look like. The changes in FRET efficiency between LYK4 and the
tetraspanins could for example allow for a change in whether or LYK4 is still as present within
the tetraspanin domain, or alternatively LYK4 stays present within said domain, but
undergoes changes in conformation. It would be conceivable that chitin triggers a change in
LYK4 localisation from one tetraspanin defined nanodomain to another nanodomain —
resulting in a “hand-off” situation.
Possibly TET3, TET7 and TET8 are present within the same nanodomain, or they might mark
their individual nanodomains and additionally form nanodomains in which all three or only
two of them are present. Further experiments using super resolution microscopy approaches
as discussed in this chapter should allow to clarify their nanodomain presence and overlap
as well as if they indeed also are present in web-like structures in plants.
However, given that Zuidscherwoude et al. (2015) observed a separation between the
different tetraspanin marked domains as the most advanced imaging technique publication
to date, this model of separated plant tetraspanin membrane domains is currently favoured
in the absence of evidence that multiple different tetraspanins are present within the same

domain.

187



tetraspanin

nanodomain
enhanced presence in enhanced presence in
B TET8 nanodomains? ROS other nanodomains?

production il

PD closure and callose deposition
depends on TET3, TET7 and TET8
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Figure 4-21: A possible model for receptor-tetraspanin mediated chitin-triggered immune signalling with a
focus on the plasmodesmal response. This schematic representation is drawn as a continuity between the PM
(grey), the plasmodesmal PM microdomain (light pink), and both include tetraspanin defined nanodomains
(different shades of purple). Different receptor complex combinations can be present such as associations
between LYK4-TET3, LYK4-TET7, LYK4A-TET8. Tetraspanin proteins are enriched at plasmodesmata. (A) In the
absence of chitin TET8 is necessary to inhibit the deposition of callose (B) Chitin-triggered conditions. The full PM
localised ROS production is dependent on TET7 and TETS, but not on TET3. The ability to reduce the plasmodesmal
flux in the presence of chitin is dependent on TET3 and TET7. Meanwhile tet8 shows an inverse regulation and
increases the plasmodesmal flux triggered by chitin, indicating that TET8 is also important for WT-like
plasmodesmal responses. The association between LYK4 and TET7 is changing triggered by chitin, suggesting a
possible dissociation between those two proteins, and therefore a dissociation of LYK4 from a TET7 defined
nanodomain. (A) & (B) PD: plasmodesmata; GSL: GLUCAN SYNTHASE-LIKE = callose synthases.
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4.3.12 Conclusion

To conclude, | have determined a relationship between tetraspanins, chitin-triggered
receptors and signalling, and plant defence against fungi. | have demonstrated the
association of TET3, TET7 and TET8 with the chitin receptor LYK4. Thus, | have shed light on
the possible mechanism of how tetraspanin presence and function might be directly
necessary for chitin receptor functions. Further | have revealed that tetraspanin proteins are
essential for the regulation of cell-to-cell flux by determining the inability of mutants to close
their plasmodesmata in the presence of chitin. Taken together | have determined previously
not reported aspects of the plant immune system and opened the door to ask new questions.
Undoubtedly this research has added and will continue to add to the foundations of

understanding PM and plasmodesmata localised signalling processes.
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5 Flotillins in chitin signalling
5.1 Introduction

The RK LYK4 fulfils not only an important role in PM based chitin detection and signalling

(Wan et al., 2012) but also in plasmodesmal-localised chitin detection and flux modulation
(Cheval et al., 2020). Proteins associating with LYK4 can therefore potentially function in the
chitin perception and signalling pathways of both the general PM as well as the specialised
plasmodesmal PM, making LYK4 an ideal anchor point of research into chitin-triggered
immune responses. Chapter 3 demonstrated LYK4’s capability to interact with the RK LYKS5,
as well as with the RP LYM2. Chapter 4 used a targeted approach to identify plasmodesmal
localised proteins capable of localising in nanodomains which interact with LYK4. |
determined that proteins of the tetraspanin family are capable of doing so and are necessary

for chitin-triggered immune responses such as the modulation of plasmodesmal flux.

In this chapter | used an unbiased approach to identify proteins associated with LYK4. For
this purpose, | generated Arabidopsis lines expressing a LYK4 translational fusion protein
under the control of the native LYK4 promoter. | utilised this plant material via
immunoprecipitation assays to identify LYK4 associated proteins via mass spectrometry. A
plethora of different proteins which associate with the IP of LYK4 were identified in this
experiment, including two stomatin/prohibitin/flotillin/HfIK/C (SPFH) proteins of the flotillin
family. SPFH proteins mark membrane nanodomains, and therefore these flotillin proteins

were chosen as the most interesting candidate proteins and are the focus of this chapter.

5.1.1 What are SPFH proteins?

SPFH proteins are defined by the presence of a characteristic prohibitin homology (PHB)
domain and form a large super family of proteins referred to as the SPFH domain family
(Browman et al., 2007; Liu et al., 2005). Their core motif is the PHB domain, which is also
referred to as band-7 (Pfam entry: Band_7, accession number: PF01145) (Tavernarakis et al.,
1999). The presence of the PHB domain allows for membrane association to the inner leaflet
of the membrane through acylation sites and putative hydrophobic hairpins (Morrow and
Parton, 2005; Otto and Nichols, 2011). Two hydrophobic domains are present within the PHB
domain, and are universal to SPFH proteins (Morrow and Parton, 2005). The PHB domain
alone can efficiently target a GFP translational fusion protein to the PM but is not enough to
facilitate a nanodomain localisation (Morrow et al., 2002), suggesting that other mechanisms

or motifs are required to achieve a nanodomain localisation other than just a PHB domain.
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5.1.2 Non-flotillin SPFH proteins
5.1.2.1 Stomatins

Five genes code for proteins of the stomatin family in humans: stomatin (STOM), podcin
(NPHS2), and stomatin-like proteins 1-3 (STOML1, STOML2, STOML3) (Lapatsina et al.,
2012a). Homologues can be found in all higher eukaryotes, archaea and bacteria, thereby
suggesting this family is an ancient protein family (Green and Young, 2008; Rivera-Milla et
al., 2006). In symbiotic Rhizobium etli bacteria, stomatins have been found to be important
for bacterial growth as well as for the successful nodule competition on Phaseolus vulgaris
(common bean) (You et al., 1998). Stomatin proteins can interact with different ion channels,
particularly when localised in nanodomains (Chen et al., 2015; Lapatsina et al., 2012b; Poole
et al., 2014; Price et al., 2004). They can regulate the activities of those channels, depending
on circumstances — e.g. in a cholesterol-dependent manner (Huber et al.,, 2006). For
example human stomatin is involved in sugar transport by interaction with the glucose
transporter GLUT1 in erythrocytes (Montel-Hagen et al., 2008). Given how the perception of
biotic and abiotic stresses can lead to a rapid influx of calcium ions across the plant cell PM,
for example through the Arabidopsis OSCA1.3 channels (Thor et al., 2020), stomatin defined
nanodomains could be important in the regulation of these signalling processes in plants as

well.

There are two stomatin-like protein in Arabidopsis: STOMATIN-LIKE PROTEIN1 and 2
(AT4G27585; AT5G54100). Although HYPERSENSITIVE INDUCED REACTION 2 (HIR2) also
contains a stomatin signature sequence, it is alternatively classed as an HIR protein (Gehl et
al., 2014). Gehl et al. (2014) demonstrate that both STOMATIN-LIKE PROTEIN1 and 2 exhibit
a clear mitochondrial membrane localisation. Knockout mutants show reduced activity and
protein levels of respiratory complex | and supercomplexes, and are therefore implied to
affect the stability and/or assembly of these complexes in Arabidopsis (Gehl et al., 2014).
Thus, it stands to reason that plant stomatinscan be important for the formation and

functionality of membrane protein complexes.

5.1.2.2 Prohibitins
The name giving prohibitin gene (PHB) was originally identified by McClung et al. (1989) and

characterised as a candidate anti-proliferative gene (also referred to as tumor suppressor
genes) in rat liver cells. The two homologous genes in humans PHB1 and PHB2 exhibit diverse
functions and are widely distributed to different cellular compartments such as the nuclear
envelope, the PM and the mitochondria membranes (Knopf et al., 2015; Koushyar et al.,

2017; Nijtmans et al., 2000). They are important for a variety of different roles, such as the
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regulation of target gene transcription (Gamble et al., 2007), the promotion of cell growth,
and centromeric cohesion (Takata et al., 2007). Human prohibitins are further involved in
tumorigenesis processes such as cancer cell metastasis and apoptosis, by interactions with
other PM localised proteins (Chiu et al., 2013; Fu et al., 2013; Kuramori et al., 2009; Liu et al.,
2017). At the PM they can further facilitate entry for viruses in humans, such as during
Chikungunya virus infections, where PHB is necessary for virus internalisation from the PM

into microglial cells (Wintachai et al., 2012).

There are 7 members of the PHB protein family in Arabidopsis (Gehl et al., 2014). Even
though the mammalian PHB1 and PHB2 have been studied extensively, plant prohibitin
proteins have not been characterised to a similar extent (Huang et al., 2019b). Some of these
plant PHB proteins are close homologues and show at least partial redundancy in mutant
complementation experiments — for example the overexpression of PHB4 is able to restore
the root growth speed of phb3 mutant plants back to WT rates (Van Aken et al., 2007). Van
Aken et al. (2007) further demonstrated that PHB1, PHB2, PHB3, PHB4, and PHB6 are present
at mitochondria and showed that phb3 mutants exhibit mitochondrial swelling, as well as
slower cell division and decreased cell expansion rates. They speculate that PHB genes result
in pleotropic effects revealed by growth retardation. Piechota et al. (2015) show that
Arabidopsis PHB proteins assist in the assembly of enzymatic complexes at the inner
mitochondrial membrane, and therefore speculate that the principal function of PHBs in

mitochondria is to support the structural and protein organisation of this membrane.

Seguel et al. (2018) further determined that PHB3 also localises to the envelope membrane
of chloroplasts. PHB3/4 and other PHB proteins form a complex with ISOCHORISMATE
SYNTHASE 1 (ICS1) at the chloroplast membrane (Seguel et al., 2018), and this is required in
pathogen-induced biosynthesis and accumulation of Salicylic acid (SA) (Strawn et al., 2007),
thereby linking another non-flotillin SPFH protein family to plant defence responses against

pathogens.
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5.1.3HfIK/C

The region encoding the gene for the protein host factor | (HF-I) on the E. coli K-12
chromosome is referred to as hflA region, and all following genes after this region were given
names according to this region’s name. The genes following the hflA region on the plus strand
orientation were therefore designated as hflX, hflK and hflC (Banuett and Herskowitz, 1987;
Gautsch and Wulff, 1974; Tsui et al., 1994). HfIK/C are proteins localised to the inner
membrane of bacteria (Zorick and Echols, 1991). They are comprised of a single N-terminal
transmembrane domain as well as a large C-terminal periplasm-exposed domain (Kihara and
Ito, 1998; Noble et al., 1993). Individual HfIC and HfIK proteins are unstable (Banuett and
Herskowitz, 1987; Kihara and Ito, 1998), however interaction with each other stabilises them
(Banuett and Herskowitz, 1987). This suggests that proteins of this family have to interact

with each other to be stable and therefore available for interactions with other proteins.

HfIK-HfIC complexes are involved in the regulation of membrane protein quality control and
homeostasis via interactions and regulations of the membrane-bound proteases
Ytal0/Ytal1224 and FtsH (Kihara et al., 1996). This ability to organise membrane proteins and
their homeostasis results in downstream pleotropic effects for the organism (Arnold and
Langer, 2002; Bohovych et al., 2015; Glynn, 2017; Patron et al., 2018; Quirés et al., 2015).
Although HfIK/C proteins are important in bacteria, no close homologues of plants have yet

been identified (Gehl et al., 2014) and published.

5.1.3.1 Erlins

Erlins (ER lipid raft proteins) were first discovered in human myelomonocytic cells and define
lipid-raft-like domains of the ER membrane (Browman et al., 2006). They are defined as
proteins present in detergent-insoluble, low-density fractions of cell lysates, which do not
localise to the PM but instead to the ER (Browman et al., 2006). Human Erlin-1 and Erlin-2
undergo oligomerisation in a ratio of 1:2 resulting in a megacomplex of roughly 2 MDa which
can mediate the degradation of receptor proteins, such as Inositol 1,4,5-Trisphosphate
receptors in mammalian cells (Pearce et al., 2009). Erlin proteins are therefore another
example of SPFH domain proteins, which undergo oligomerisation with other proteins of the
same family, resulting in complex formation and interaction with other important membrane

proteins such as receptors.

Only one erlin homolog, the ERLIN-LIKE PROTEIN (ELP) has been identified in Arabidopsis to
date (Gehl et al., 2014). Apart from discussions in review papers, no further characterisation

of this protein are published. Danék et al. (2016) speculate that since ELP contains a putative
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transmembrane domain and a coiled-coil motif, it could similarly to mammalian undergo
protein complex formation at cellular membranes, and thereby possibly fulfil regulating
functions on Arabidopsis receptor proteins as well. ELP is expressed throughout all plant
organs and developmental stages, and its transcription is upregulated in response to cold
and SA treatment as well as during Phytophthora parasitica and Pseudomonas syringae
infections (Danék et al., 2016), making it an SPFH domain family protein, possibly linked to

plant immunity processes.

5.1.3.2 Hypersensitive induced reaction proteins (HIRs)
HIR proteins are a plant specific family of SPFH domain proteins. They have been originally

identified by Nadimpalli et al. (2000) in Zea mays. Multiple studies have since linked these
proteins to plant immune responses. The Oryza sativa protein, OsHIR1 has been shown to
associate to the PM, and overexpression of this gene in Arabidopsis triggers hypersensitive
cell death, as indicated by the spontaneous formation of lesions (Zhou et al., 2010). Capsicum
annuum LEUCINE-RICH REPEAT 1 (CalLRR1) interacts and functions together with
HYPERSENSITIVE INDUCED REACTION 1 (CaHIR1) enhancing cell death induced during
Xanthomonas campestris pv. vesicatoria infection (Choi et al., 2011). Four HIR genes have
been described in Arabidopsis (Gehl et al., 2014). Qi et al. (2011) demonstrated that HIR1,
HIR2, HIR3 and HIR4 localise to the PM and associate with each other. Mutant plants of hir2
and hir3 are more susceptible than WT plants to Pseudomonas syringae pv. tomato (Pto)
DC3000 with the effector AvrRpt2, while the overexpression of HIR1 and HIR2
overexpression results in enhanced resistance to Pto DC3000 (Qi et al., 2011), showing the

importance of HIR proteins in plant defences against pathogens.
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5.1.4Flotillins in non-plant systems

Independent identification of Mus musculus (mouse) and Drosophila melanogaster (fruitfly)
homologues led to the alternative names of flotillin-1 and -2 as reggie-2 and reggie-1,
respectively, and therefore for this protein family (Bickel et al., 1997; Galbiati et al., 1998;
Rivera-Milla et al., 2006). Even though flotillin proteins do not possess a transmembrane
domain, they localise to the PM via conserved hydrophobic stretches that allow potential
interactions with the inner leaflet of the PM in human cells (Morrow et al., 2002; Neumann-

Giesen et al., 2004).

Flotillins can undergo the PTM of S-acylation (covalent attachment of fatty acids, such as
palmitic acid) close to their N-terminus (Morrow and Parton, 2005). The predominant
localisation of flotillins into PM DRMs/nanodomains was first observed in experiments
studying the overlap of flotillin-1 and flotillin-2 with GPl-anchored proteins using
immunoglobulin labelled electron microscopy as well as CLSM in neurons, astrocytes, and
Jurkat cells (Stuermer et al., 2001). The PHB domain of flotillins alone is sufficient to result in
targeting to the PM (Morrow et al., 2002). However, S-acylation is necessary for flotillin

domain localisation, as the PHB alone is not sufficient for this (Morrow et al., 2002).

Numerous studies have since demonstrated the domain localisation of mammalian flotillins,
as well as shown an association of flotillin proteins with surface proteins and intracellular
signal transduction proteins such as Src family kinases (e.g. fyn and Ick), activated cell
adhesion molecules (CAMs), prion protein (PrPc), Thy-1 and cytoskeleton-associated
proteins such as ArgBP2, CAP/ponsin, and vinexins (Baumann et al., 2000; Kimura et al., 2001;
Kioka et al., 2002; Kokubo et al., 2003; Rivera-Milla et al., 2006; Stuermer et al., 2001;
Stuermer et al., 2004). Amaddii et al. (2012) demonstrated that flotillins can directly interact
with components of the MAPK cascade, thereby forming complexes with cRAF, MEK1, ERK
and KSR. Meister et al. (2013) therefore speculate that flotillins fulfil a MAP kinase cascade
scaffolding function. Thereby flotillins can be important for different defence signalling

responses.

Most bacterial genomes include flotillin-encoding genes (Green et al.,, 2009), and
translational fusions of bacterial flotillins with a fluorophore also localise to discrete punctate
at the PM (Bramkamp and Lopez, 2015). Often the bacterial flotillin gene is part of an operon
where the first gene encodes a protease Nodulation formation efficiency D -homolog protein

(NfeD) and the second gene encodes the flotillin (Bramkamp and Lopez, 2015). NfeD has
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been shown to interact with flotillin to control ion channel opening (Yokoyama and Matsui,

2005).

5.1.5Flotillins in plants

Three flotillins have been identified in Arabidopsis (Gehl et al., 2014). Previously they have
been referred to as FLOT1a (AT5G25250), FLOT1b (AT5G25260) and FLOT2 (AT5G64870)
(Jarsch et al., 2014; Yu et al., 2017). To avoid confusion | am using the current nomenclature
of TAIR10 (The Arabidopsis Information Resource (TAIR), 2020), which refers to the three
flotillins as FLOT1 (AT5G25250), FLOT2 (AT5G25260) and FLOT3 (AT5G64870) consistent with

Junkova et al. (2018) and Kroumanova et al. (2019).

Plant flotillins are present in nanodomains. Minami et al. (2009) showed that FLOT1 and
FLOT2 are present in detergent-resistant PM domains of Arabidopsis like many other Band 7
family proteins. FLOT1 and FLOT2 have gathered attention in plant cell biology for their
ability to label nanodomains within the PM when fused to a fluorescent tag (Jarsch et al.,
2014). Danék et al. (2020) further showed that FLOT3 is also able to label such nanodomains.

All three plant flotillins can therefore be resident within PM nanodomains.

The ability of flotillins to label nanodomains in the plant PM, has led to them being used as
markers to determine if other proteins are present in nanodomains and to study the
dynamics as well as behavioural changes of those nanodomains. The sterol-depleting
chemical methyl-b-cyclodextrin was used by Li et al. (2012b) to show that the dynamic
diffusion of FLOT1-labelled nanodomains within the PM is reduced roughly by a factor of
x100 under sterol-depleted conditions. Furthermore, they identified that in tissues treated
with the actin polymerisation inhibitor latrunculin B, the diffusion rates of FLOT1-labelled
nanodomains reduced six-fold, as well as resulting in a confinement of the movement to
smaller regions. This is in contrast to cells treated with oryzalin — an inhibitor of microtubule
polymerisation — which leads to a decrease of FLOT1 nanodomain diffusion rates of up to
120-fold (Li et al., 2012b). They thereby demonstrated that the movement of FLOT1-labelled
nanodomains is dependent on the presence of sterols and are more constrained by
microtubule-based cytoskeletal elements than by actin polymers. Li et al. (2012b) therefore
suggest that microtubule dynamics and reorganisation are more important for changes to
flotillin defined nanodomains in plants. Such changes to nanodomains could be stimuli

triggered, such as MAMP perception activating plant immune signalling (Biicherl et al., 2017).

These changes could be indicative of the nanodomain’s composition changing. Any changes

to nanodomain movement and behaviour suggest that the composition of said nanodomain
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has changed. This in turn can then allow for different proteins to undergo complex
formations or interactions, which were previously not possible or not favoured, or
alternatively inhibit or reduce previously favoured interactions. As receptor interaction and
complex formation is an important feature in MAMP perception and immune responses
(Couto and Zipfel, 2016; Ngou et al., 2022), nanodomain changes could be vital requirements

for these processes as well, allowing or inhibiting specific interactions triggered by an elicitor.

Danék et al. (2020) show data indicating that, not only the cytoskeleton is important for
lateral diffusion mobility of FLOT2, but that cell wall elements are even more important. They
combined FRAP experiments together with partial enzymatic cell wall removal and
pharmacological alteration of cell wall (CW) synthesis and structure to demonstrate that the
cell wall constraints are what keeps the immobile fraction of FLOT2-GFP above 90%. FLOT2-
labelled nanodomain dynamics within the PM therefore do not only depend on the
cytoskeleton but also on the cell wall outside of the cell. As flotillin proteins do not include a
transmembrane domain and are localised only to the inner leaflet of the PM (Morrow and
Parton, 2005; Otto and Nichols, 2011), this association with the cell wall, has to be due to

interactions and associations with proteins which reach through the PM to the cell wall.

Mammalian flotillins have been demonstrated to interact with each other and this is required
for their functionality (Affentranger et al., 2011; Baumann et al., 2012). In Arabidopsis plants,
Yu et al. (2017) used a FRET-FLIM approach to demonstrate that FLOT1-GFP interacts with
FLOT1-mCherry. Thereby they demonstrated that plant flotillin proteins can interact with
themselves in a homomeric fashion. They further used yeast two-hybrid assays to show
interactions of FLOT1 with FLOT1 as well as FLOT1 with FLOT3, thereby demonstrating that
plant flotillins can interact with each other in a heteromeric way. In addition Yu et al. (2017)
demonstrated that the amino acids 201-470 of FLOT1 are sufficient to mediate the

interactions between FLOT1.
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5.1.5.1 Flotillins in plant development

The use of artificial microRNA (amiRNA) knockdown transgenic lines, which affect both
FLOT1 as well as FLOT2, lead to the observation that seedling development in these
Arabidopsis lines is retarded, as these seedlings exhibit shorter root and hypocotyl lengths
(Li et al., 2012b). Li et al. (2012b) further report some indications, that FLOT1 might be
involved in clathrin-independent endocytosis, as FLOT1-labelled vesicles exhibit a bigger size
than clathrin-dependent endocytotic vesicles, as well as a lack of overlapping fluorescence
of FLOT1-GFP with CLATHRIN LIGHT CHAIN (CLC)-mOrange. They speculate that the growth
defectsin flot1/2 knockdown lines are due to a reduction of recycling of PM proteins, thereby

leading to a slowed cell cycle.

A flot1l T-DNA insertion mutant (CS444812GK) shows an increased expression of FLOTI,
which is more noticeable in salt stressed plants (Khalilova et al., 2020). This mutant generates
more biomass than WT plants under control conditions, as well as during salt stress. Khalilova
et al. (2020) speculate that this could be due to the more intense formation of post-Golgi
vesicles and multivesicular bodies in root cells of mutant plants. This could be affecting the
biogenesis of vacuoles and vesicular trafficking, and thereby result in differences in
maintaining K* and Na* ion homeostasis in those cells. FLOT1 can thereby at least indirectly

be linked to the ion homeostasis and maintenance in plant cells.

Plant flotillins can co-localise with receptors, such as the cell surface TRANSMEMBRANE
KINASE 1 (TMK1) with FLOT1 (Pan et al.,, 2020). TMK1 is capable of stabilising FLOT1-
associated nanodomains in an auxin-dependent way. This nanodomain stabilisation in turn
is capable of promoting the nanodomain clustering of ROP6 GTPase, which enables the
stabilisation of cortical microtubule organisation. Consequently, this has a further positive
stabilisation effect on TMK1 and FLOT1 nanodomains. Pan et al. (2020) thereby suggest a
new paradigm of receptor-triggered polarity formation: The TMK1 receptor perceives a
signal, mediates nanoclustering to a flotillin defined nanodomain, and through this induces
the stabilisation of cytoskeleton elements which in turn enhance these responses as a
positive feedback loop reinforcing the formation into polarised domains. Flotillins may
therefore not only have a role in receptor-based signalling in plants but also in PM protein

polarisation processes.
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5.1.5.2 Flotillins in plant symbiosis

The animal pathogen genus Brucella is closely related to the nitrogen-fixing symbiont
Sinorhizobium meliloti, and both bacteria have common genes required for infection and
invasion processes of their hosts (Batut et al., 2004). The first indication that flotillin proteins
might be involved in the infection processes of this group of bacteria came from a proteomic
study identifying mouse flotillin-1 to be present in the phagosome — the membrane
organelle engulfing intracellular pathogens (Garin et al., 2001). Dermine et al. (2001) further
showed that the intracellular parasite Leshmania donovani is capable of inhibiting the
accumulation of flotillin-1 enriched domains on phagosomes, demonstrating an even clearer

link between host flotillins and intracellular bacteria (Watarai et al., 2002).

Early gene annotation models further named some plant flotillins and flotillin-like genes
‘nodulins’, as a generic name for genes which are expressed uniquely in nodules, as the
soybean flotillin-like gene GmNod53b was originally identified as such a nodulin gene (Haney
and Long, 2010; Winzer et al., 1999). In soybean root nodules, GmNod53b was further
identified at the peribacteriod membrane (Panter et al., 2000) — also referred to as the
symbiosis membrane (Whitehead and Day, 2006). Similarly this protein has also been
identified in Pisum sativum peribacteroid space and peribacteroid membrane preparations

(Saalbach et al., 2002).

Given all these indications that plant flotillins are involved in plant symbiosis interactions,
Haney and Long (2010) assessed the roles of the M. truncatula flotillins MtFLOT1 to
MtFLOT4. They determined that early symbiotic events cause strong up-regulation of
MtFLOT2 and MtFLOT4, depending on the presence of the bacterial Nod factor as well as the
plant host’s ability to perceive the Nod factor. Further they demonstrate that MtFLOT2 and
MtFLOT4 fluorophore translational fusion constructs localise visually to punctae in the PM
of uninoculated root hair cells, as well as MtFLOT2, localising weakly in a polar orientation in
those cells. During the infection process MtFLOT4 relocalises preferentially to root hair tips.
Using silencing constructs they determined that both MtFLOT2 as well as MtFLOT4 are

necessary for successful early nodulation events (Haney and Long, 2010).

Following these initial results Haney et al. (2011) determined a connection between the M.
truncatula MtLYK3 — which is capable of mediating bacterial infection — and MtFLOT4. In
the absence of symbiotic bacteria both MtLYK3-GFP and MtFLOT4-mCherry are present in
domains at the PM, which show little co-localisation. However, in the presence of

Sinorhizobium meliloti these domains exhibit greater overlap, thereby showing that upon
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stimulus MtLYK3 moves into MtFLOT4-defined domains (Haney et al., 2011). They further
demonstrated that MtFLOT4 mislocalises and exhibits a lower domain density in the kinase-
inactive mutant of MtLYK3, called hcl-1, thereby demonstrating a further co-dependence of

the localisation of these two proteins.

Liang et al. (2018) further used this MtLYK3 and MtFLOT4 system during symbiosis initation
to resolve the presence of these proteins in nanodomains in greater detail by utilising
another scaffolding protein necessary for successful nodule formation MtSYMREM1
(Lefebvre et al., 2010). Upon perception of the symbiotic bacteria, not only MtLYK3 but also
MtSYMREM1 co-localises in nanodomains labelled by MtFLOT4 and depending on MtFLOT4
(Liang et al., 2018). Preliminary experiments further demonstrated that this relocation of
MtSYMREM1 to nanodomains of MtFLOT4 is dependent on the presence of the actin
cytoskeleton, but not on microtubules. Conversely, in the absence of MtSYMREM1 such as
in the symrem1 mutant, the MtLYK3 receptor does not undergo relocalisation to MtFLOT4-
labelled nanodomains in inoculated samples, but rather is destabilised at the PM and
undergoes endocytosis. This results in premature abortion of cell infections and thereby
abortion of infection thread initiation. Using this MtLYK3, MtFLOT4, MtSYMREM1 system,
Liang et al. (2018) therefore revealed that correct receptor recruitment into flotillin

nanodomains is crucial for signalling processes.

5.1.5.3 Flotillins in plant defence responses
Most studies elucidating the characteristics and dependence of plant immune responses in

a flotillin-dependent way use the bacterial MAMP flg22 to elicit a response and use FLOT1
dynamics as a representative example. Callose is not only deposited at plasmodesmata after
MAMP elicitation (Xu et al., 2017) — such as by flg22 — but also macroscopically at cell walls
(Clay et al., 2009). This macroscopic deposition of flg22-triggered callose is increased in
FLOT1 overexpressing Arabidopsis mutants, and also less callose is deposited in FLOT1
knockdown mutants (Yu et al., 2017). This demonstrated a direct involvement of FLOT1
either in the perception of flg22, in the progression of the signalling pathway or in the

deposition of callose.

FLOT1 is constitutively recycled at the PM via an endocytic pathway (Yu et al., 2017).
Treatment with flg22 induces increased endocytosis of PM proteins (Robatzek et al., 2006).
Induction of increased endocytosis by flg22 leads to enhanced targeting of FLOT1 to late
endosomes and vacuolar compartments, where FLOT1 gradually undergoes degradation

processes (Yu et al., 2017). Cui et al. (2018) further demonstrated that FLOT1 and the flg22

200



receptor FLS2 co-localise in flg22-triggered endocytosis vesicles in a clathrin-independent
manner. These studies thereby suggest that PRR endocytosis processes may be associated

with FLOT1-labelled but clathrin-independent endocycling.

Nanodomains can change dynamics such as their density, frequency, as well as the proteins
present within them (Blicherl et al., 2017). The velocity and diffusion dynamics of FLOT1-
labelled nanodomains in the PM change in a flg22-triggered manner (Yu et al., 2017). This
study demonstrates that dynamic FLOT1-marked nanodomains can be changed in a MAMP-

triggered manner.

Kroumanova et al. (2019) showed that Arabidopsis flotillin genes undergo different
transcriptional changes depending on the stress a plant is exposed to. Cold treatment for
example increased the expression of FLOT3, while salt stress reduced the expression of
FLOT1 and FLOT2. Interestingly, inoculation with P. syringae did not lead to a significant
change of expression of any of the flotillin genes, while treatment with flg22 triggered strong
expression increases of FLOT1, FLOT2 and FLOT3 within 1 h. Inoculation with B. cinerea
caused an increase in expression of FLOT1 as well as FLOT3. Different stresses thereby
change the expression and as a consequence possibly the protein levels of flotillins in plants.
Which might be important for the initiation and to carry out stress responses as well as a
cellular mechanism to prime for future responses. Different defence and developmental
characteristics of flot1 (SALK_203966C), flot2 (FLAG_352D08), and flot3 (SALK_143325C)
mutants were further elucidated in the same study (Kroumanova et al., 2019). However, no
significant differences were determined in this study in the susceptibility against P. syringae
or B. cinerea, the ROS production triggered by flg22 or elf22, or in the root length of

seedlings.
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5.1.6 Overview and aims of this chapter

RKs and RPs can form hetero-oligomeric complexes and these protein-protein interactions
are necessary to achieve signalling functions (Buendia et al., 2018). | hypothesise that the
chitin RK LYK4 interacts with a multitude of different partner proteins and aimed to

determine these proteins in an untargeted approach.

Out of the candidates generated by this search, | have chosen two proteins of the flotillin
family — an intriguing nanodomain localised protein family (Jarsch et al., 2014). | tested if |
could confirm their interaction with LYK4. Considering that these candidates have been
determined in a LYK4 interactor screen, and LYK4 is important for chitin-triggered immunity
responses, | hypothesised that these candidate genes are also involved in chitin-triggered
cellular responses. | aimed to characterise the potential roles of these flotillin proteins by
testing mutant line responses in chitin-triggered signalling processes such as the release of
an ROS burst or the modulation of plasmodesmal flux. Finally, | tested the hypothesis that
these chitin-triggered signalling and cellular phenotypes of flotillin mutants translate into a

change of susceptibility to a fungal pathogen infection.
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5.2 Results
5.2.1ldentification of LYK4 interaction candidates

Different receptor proteins are necessary for chitin triggered immune responses (Cao et al.,
2014; Faulkner et al., 2013). In Cheval et al. (2020) we identified that the receptor kinase
LYK4 is present in both the PM as well as the plasmodesmal PM and is necessary for chitin
triggered changes to the plasmodesmal flux. | identified that LYK4 associates with LYK5 and
LYM2 (chapter 3.2.6). In chapter 4.2.9 | further identified three proteins of the tetraspanin
family which associate with LYK4 in a targeted experimental approach. However, which other
proteins associate with LYK4, are present in protein complexes and are necessary for LYK4's

chitin triggered plasmodesmal changes?

To probe for LYK4-interacting proteins in an unbiased way, stable Arabidopsis lines were
generated expressing pLYK4::LYK4-mCherry in the lyk4 mutant background (chapter 3.2.2).
Although these lines successfully generate detectable LYK4-mCherry, they have not been
assessed for complementation of the lyk4 mutant phenotypes, and the results are therefore
limited in their interpretation and conclusions as no functionality of this translation fusion
can be guaranteed. | immunoprecipitated using LYK4-mCherry as a bait and processed these

samples for mass spectrometry to determine further proteins present in this fraction.

After initial filtering of these data, 150 putative proteins were identified (full list in the
appendix Table 7-4). LYK4 itself exhibited a perfect Bayesian False Discovery Rate (BFDR) of
0 and the highest possible specificity (AvgP) score of 1, suggesting that the IP was indeed
specific in protein binding over the Col-0 control samples. Neither LYM2, nor LYKS or any
tetraspanin hits have been identified. The protein hit showing the highest abundance (Table
5-1, 7-4), and AvgP score while also exhibiting a perfect BFDR of 0, is EPITHIOSPECIFIER
MODIFIER 1 (EMF1) (Table 5-1), closely followed by GLYCERALDEHYDE 3-PHOSPHATE
DEHYDROGENASE A SUBUNIT 2 (GAPA-2) and SUBTILISIN-LIKE SERINE PROTEASE 2 (SLP2).

Of the proteins detected in the highest abundance, multiple members of different protein
families were detected (Table 5-1), such as the protein family of flotillins as well as tubulin
proteins. Multiple B-tubulin proteins have been identified in the IP with LYK4 such as
TUBULIN BETA CHAIN 2 (TUB2), TUB4, TUBS, TUB7 as well as TUBG6. Particularly the values of
TUB2 suggest an abundant and specific association with LYK4, resulting in AvgP scores of 1

or close to 1, and BFDRs of 0.
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Two of the three Flotillin proteins present in Arabidopsis were identified to IP with LYK4 in
this experiment (Table 5-1). FLOTILLIN1 (FLOT1) was detected at a lower abundance in water
treated samples versus chitin treated samples, thereby resulting in a lower AvgP score of
0.67 for water treated samples and a higher, near maximal AvgP score of 0.99 in chitin
treated samples. This data thereby suggests an association between LYK4 and FLOT1 under
mock conditions, which is increased by chitin. FLOT2 has only been detected in one chitin
treated and one water treated sample (mock: 10 versus chitin 24 observations), which
lowered the AvgP specificity score and increased the BFDR, even though it has not been

identified in any WT IP control samples at all.
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Table 5-1: Putative protein interactors of LYK4. Mass spectrometry results from plants expressing pLYK4::LYK4-
mCherry in lyk4, immunoprecipitated with Anti-RFP magnetic beads. Col-0 plants were used as control. Mature
leaves of four- to six-week-old plants, were treated with water or 0.5 mg/mL chitin and harvested 30 min. after
treatment. Three leaves were harvested per sample. Three samples of both sets of treatments and genotypes
respectively were analysed. Highest hits after filtering including all hits which are present in the test samples, but
absence in the control samples or exhibit at least 5xtimes more peptide hits in the Test samples versus the control
samples. AvgP is the calculated corresponding probability scores (AvgP) as the SAINT score. Each interactor is
assigned a SAINT score with a probability ranging from 0 to 1, thereby representing the specificity of the
interaction (1 represents the highest possible specificity). A Bayesian False Discovery Rate (BFDR) has been further
calculated ranging from 0 to 1, representing the likelihood that this protein has been falsely identified.

Water Chitin

Joint results
treated treated

e Name Locus Size | AvgP | BFDR | AvgP | BFDR | AvgP | BFDR

kDa | water | water | chitin | chitin | all all
EPITHIOSPECIFIER
ESM1 MODIEIER 1 AT3G14210 | 44 | 1.00 | 0.00 | 1.00 | 0.00 | 1.00 | 0.00
LYSM-CONTAINING
LYK4 RECEPTOR-LIKE KINASE 4 AT2G23770 | 67 | 1.00 | 0.00 | 1.00 | 0.00 | 1.00 | 0.00
GLYCERALDEHYDE 3-
PHOSPHATE
GAPA-2 DEHYDROGENASE A AT1G12900 | 43 | 1.00 | 0.00 | 0.74 | 0.03 | 0.92 | 0.02
SUBUNIT 2
SUBTILISIN-LIKE SERINE
SLP2 PROTEASE 2 AT4G34980 | 81 | 1.00 | 0.00 | 1.00 | 0.00 | 0.78 | 0.14
FLOT1 FLOTILLIN 1 AT5G25250 | 52 | 0.67 | 0.09 | 0.99 | 0.00 | 0.80 | 0.14

PRK | PHOSPHORIBULO-KINASE | AT1G32060 | 44 | 1.00 | 0.00 | 1.00 | 0.00 | 1.00 | 0.00

TUB2 TUBULIN BETA CHAIN 2 | AT5G62690 | 51 | 1.00 | 0.00 | 1.00 | 0.00 | 0.94 | 0.00

TUB4 | TUBULIN BETA CHAIN 4 | AT5G44340 | 50 | 0.67 | 0.09 | 0.67 | 0.09 | 0.67 | 0.18

TUBS TUBULIN BETA-5 CHAIN | AT1G20010 | 50 | 0.67 | 0.09 | 1.00 | 0.00 | 0.83 | 0.09

TUB7 TUBULIN BETA-7 CHAIN | AT2G29550 | 51 | 0.33 | 0.38 | NA NA | 0.17 | 0.51

FLOT2 FLOTILIN2 AT5G25260 | 51 | 0.33 | 0.38 | 0.33 | 0.32 | 0.33 | 0.39
TUB6 BETA-6 TUBULIN AT5G12250 | 51| 0.33 | 0.38 | 0.33 | 0.32 | 0.33 | 0.39
CAT3 REPRESSOR OF GSNOR1 | AT1G20620 | 57 | 0.67 | 0.09 | 1.00 | 0.00 | 0.83 | 0.12
TKL1 TRANSKETOLASE 1 AT3G60750 | 80 | 0.67 | 0.09 | 0.67 | 0.07 | 0.67 | 0.18

ATPase, F1 complex, alpha

. . AT2G07698 | 86 | 0.67 | 0.09 | 1.00 | 0.00 | 0.83 | 0.09
subunit protein

PLASTID
PTAC16 TRANSCRIPTIONALLY AT3G46780 | 54 | 0.67 | 0.09 | 1.00 | 0.00 | 0.83 | 0.09
ACTIVE 16
GOX2 GLYCOLATE OXIDASE 2 | AT3G14415 | 40 | 0.33 | 0.38 | 0.33 | 0.32 | 0.33 | 0.39
GLDT T-protein AT1G11860 | 44 | 0.67 | 0.09 | 0.97 | 0.00 | 0.83 | 0.12
ZW9 TRAF-like family protein | AT1G58270 | 45 | 0.67 | 0.09 | 0.96 | 0.00 | 0.75 | 0.15
HSC70-1 HEAL;I:)?_;I'(\‘S())?PATE AT5G02500 | 71 | 0.67 | 0.09 | 0.85 | 0.02 | 0.82 | 0.13
ATIF3-4 | INITIATION FACTOR 3-4 | AT4G30690 | 32 | 0.67 | 0.09 | 1.00 | 0.00 | 0.83 | 0.09
LOX2 LIPOXYGENASE 2 AT3G45140 |102| 0.67 | 0.09 | 0.67 | 0.08 | 0.64 | 0.21
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5.2.2 Arabidopsis and M. truncatula flotillin
nomenclature does not correspond

The M. truncatula flotillins MtFLOT2 and MtFLOT4 are necessary for successful nodule
formation with Sinorhizobium meliloti (Haney and Long, 2010). MtFLOT4 has been further
identified to be necessary to stabilise Carboxy-terminal region of MtSYMREM1 together with
the receptor kinase MtLYK3 in nanodomains during the infection detection process (Liang et

al., 2018).

As a flotillin (MtFLOT4) plays such an important role in the nanodomain localisation of a
receptor protein (MtLYK3) and this dynamic has been researched in detail (Liang et al.,
2018), | wanted to first determine how the Arabidopsis flotillins group with the M.
truncatula flotillins to resolve which flotillins could potentially be functionally and
phylogenetically equivalent. For this purpose, a phylogenetic tree based on the protein
sequences of the flotillins from both species was generated (Fig.5-1A). The protein
sequences were chosen over DNA sequences to allow for clustering of possible shared and
conserved function as well as to avoid problems caused by nucleotide compositional biases
in DNA sequences (Foster and Hickey, 1999). Using this phylogenetic tree, | determined
that both the Arabidopsis flotillins as well as the M. truncatula flotillins cluster together
only within their own species, thereby enabling no direct one-to-one gene comparisons.
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5.2.3 Flotillin co-localisation with LYK4 in a chitin
dependent manner

FLOT1, 2, and 3 were identified in a refined plasmodesmal proteome (Bayer, pers. comms.).
Due to their high amino acid sequence similarity FLOT1 and FLOT2 were grouped together
reaching a PD/PM ratio (a ratio of protein abundance between plasmodesmata and the PM)
of 2.1 — suggesting that at least one of the two results in this PD/PM ratio — while FLOT3
had a PD/PM ratio of 0.5 (Bayer, pers. commes.). Although this is a relatively low ratio result,
it does not exclude a possible plasmodesmal localisation for either of these proteins. To
determine if the flotillins localise to plasmodesmata, fluorescent translational fusion
constructs were generated and transiently expressed them in N. benthamiana as well as
stably in Arabidopsis. However, by contrast with FLOT1 and FLOT2, all attempts to clone

FLOT3 in multiple different cloning approaches and systems failed.

Both FLOT1 and FLOT2 constructs showed a PM localisation, both in N. benthamiana as well
as in Arabidopsis (Fig. 5-1). In mid plane optical sections of epidermal cells, they appear to
be localised rather homogeneously to the cell boundary, reminiscent of an even PM
localisation rather than a plasmodesmal localisation. When expressed stably in Arabidopsis
under the Actin2 promoter, only a weak fluorescence signal for FLOT1 and a barely visible

signal for FLOT2 was observed.
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Figure 5-1: Flotillin phylogeny and localisation. (A) Phylogenetic tree of Arabidopsis and Medicago truncatula
flotillin protein families. A ClustalW 2.1 alignment with a BLOSUM cost matrix was used to generate the original
alignment followed by using the Jukes-Cantor Genetic Distance Model and the UPGMA tree building method to
generate this tree on the basis of protein amino acid similarity (based on the alignment of Fig. 7-2, Table 7-3).
The node labels are branch confidence values. (B) to (E) Single-plane confocal images of stable Arabidopsis lines
or N. benthamiana expressing flotillins, which localise to the PM. The following constructs were used: (B)
p35s::FLOT1-mRFP1, (C) p35s::FLOT2-mRFP1, (D) pAtAct2::FLOT1-mRuby3-6xHA, (E) pAtAct2::FLOT2-mRuby3-
6xHA. All scale bars, 10 um.
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True association between two proteins can only be, if the two are physically close enough to
indeed associate with each other. If one of the two proteins (e.g. the flotillin) is
predominantly present in a nanodomain, the second protein (e.g. LYK4) would be expected
to show a co-localisation to allow for an association between the two. Both FLOT1 and FLOT2,
as well as LYK4, were determined to not be present homogeneously within the PM, when
observing the PM of epidermis cells facing away from the bulk of the leaf. These
inhomogeneities suggest the enriched protein presence within nanodomains. | wanted to
test if | could determine a correlation in the fluorescence pattern of the flotillins with LYK4

in the PM, and therefore in the nanodomain localisations of these proteins.

Indeed, a correlation between those protein fluorescent signal domains was determined
(Fig. 5-2). All samples analysed resulted in a mean Pearson correlation coefficient (PCC, a
comparison value, indicative of if two proteins are co-localised or not, with O representing
no association between two proteins, and 1 representing full co-localisation (McDonald and
Dunn, 2013)) of >0.4. To allow for better control of random chance of correlation one should
carry out the same analysis with one of the two channels turned by 90°, which should then
result in a great reduction of the correlation coefficient — ideally to 0. In the case of this
experiment, | have not used images which are completely filled by a region of interest (ROI).
Instead, | used images which in which also areas of no interest are depicted (Fig. 5-2A to D).
This is not ideal for such a random chance control to be carried out as this would lead to an
artificial exaggeration of how random the correlation is. For future experiments one should
therefore either only acquire images in which their whole area is the ROI or limit the analysis

ROl to a defined area, in which no “blackness” is present.

As LYK4 is a chitin receptor speculated to undergo endocytosis events depending on chitin
(Erwig et al., 2017) and as different amounts of FLOT1 and FLOT2 were present in the IP with
LYK4 in my interactor screen (Table 5-1, Table 7-4), | wanted to test if the co-localisation of
LYK4 with the flotillins in PM undergoes chitin-triggered changes. A significant reduction in
the PCC between LYK4 and FLOT1 was determined in the presence of chitin when compared
to mock conditions (Fig. 5-2). A similar shift was not observed when comparing LYK4 with

FLOT2 following chitin treatment.
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Figure 5-2: Domain correlation of LYK4 with FLOT1 and FLOT2.

(A) — (D) Example images of the domain localisation in transient N. benthamiana leaf epidermis cells in the PM,
co-expressing 35s::LYK4-eGFP with a flotillin construct. Images were acquired 30-60 min. after treatment with
either chitin or mock (water). Additional flotillin construct and treatment of (A) 35s::FLOT1-mRFP1 with water,
(B) 35s::FLOT1-mRFP1 with chitin, (C) 35s::FLOT2-mRFP1 with water, (D) 35s::FLOT2-mRFP1 with chitin. (A) to (D)
Individual image acquisition channels in greyscale and the overlay with LYK4-eGFP represented in green, and
FLOT1-mRFP or FLOT2-mRFP1 represented in magenta. Scalebar is 10 um in all images. (E) Quantitative co-
localisation analysis for LYK4-eGFP with FLOT1-mRFP1 or FLOT2-mRFP1 respectively, after transient co-
expression in epidermal leaf cells of N. benthamiana. The Pearson correlation coefficient reveals the correlation
between the two different fluorescence signals: 0 indicating no correlation, and 1 indicating exact correlation.
Statistical comparison was carried out by using Mann-Whitney-Wilcoxon test (sample sizes range from n=4 to
n=11, * indicates p<0.05).

5.2.4LYK4 co-IPs with FLOT1 and FLOT2

To validate the association between LYK4 with FLOT1 and FLOT2 a second protein-protein
interaction detection experiment was necessary, and the co-IP approach optimised in
chapter 3 was therefore used. As part of this experiment, the use of mClover3-3xFLAG as a
bait protein tag and the use of mRuby3-6xHA as a prey protein tag was validated by utilising
the already described interaction (chapter 3.2.6) between LYK4 with LYK5 (Fig. 5-3). Indeed,

these two proteins demonstrate a clear association using these biomolecular tag constructs.

| performed targeted co-IPs with LYK4-mClover3-3xFLAG and FLOT1-mRuby3-6xHA, with
LTI6b-mRuby3-6xHA as a control (Fig. 5-3). The co-IPs were carried out as described in
chapter 3.2.5. This experiment showed that the prey FLOT1-mRuby3-6xHA
immunoprecipitates with the bait LYK4-mClover3-3xFLAG, while the negative control prey
LTI6b-mRuby3-6xHA did not. As the mass spectrometry data suggested an enhanced
association between LYK4 and FLOT1 in the presence of chitin, the association between LYK4-
mClover3-3xFLAG and FLOT1-mRuby3-6xHA was tested for changes in the presence of chitin.
However, in this co-IP approach no significant changes could be determined in the

association of LYK4 with FLOT1 when comparing chitin or mock treated samples.

| only carried out an interactor identification screen based on the association with LYK4
showing that immunoprecipitates with FLOT1 and FLOT2, but as LYK4 interacts with LYK5, |
wanted to test whether LYKS would also show an association with FLOT1. Thus, targeted co-
IPs with LYK5-mClover3-3xFLAG and FLOT1-mRuby3-6xHA, with LTI6b-mRuby3-6xHA as a
control were performed. This experiment showed that FLOT1-mRuby3-6xHA
immunoprecipitates with LYK5-mClover3-3xFLAG, while the negative control prey LTI6b-
mRuby3-6xHA did not (Fig. 5-3A). This association also did not show any significant increases

or decreases in FLOT1-mRuby3-6xHA prey signals between mock or chitin treated samples.
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To confirm the association between FLOT2, with LYK4 or LYKS targeted co-IPs were carried
out using LYK4-mClover3-3xFLAG or LYK5-mClover3-3xFLAG and FLOT2-mRuby3-6xHA. This
experiment showed that the prey FLOT2-mRuby3-6xHA immunoprecipitates with the both
the bait LYK4-mClover3-3xFLAG as well as the bait LYK5-mClover3-3xFLAG (Fig. 5-3B).

A LYK4-mClover3-3xFLAG - - + + + + + +
LYK5-mClover3-3xFLAG + + - - - - - -
LTIBb-mRuby3-6xHA - - - - - -+ o+
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Figure 5-3: LYK4 and LYK5 associate with FLOT1 and FLOT2 respectively, but not with the negative control LTI6b.
Western blot analysis of immunoprecipitated proteins from N. benthamiana leaf tissue transiently expressing
combinations of LYK4-mClover3-3xFLAG, LYK5-mClover3-3xFLAG, FLOT1-mRuby3-6xHA, FLOT2-mRuby3-6xHA,
LYK5-mRuby3-6xHA and LTI6b-mRuby3-6xHA. Both FLOT1-mRuby3-6xHA and FLOT2-mRuby3-6xHA are
indicated by triangles, while LYK5-mRuby3-6xHA is indicated by an arrow. Input and immunoprecipitated (IP)
samples were probed with a-FLAG or a-HA antibodies as indicated. (A) FLOT1-mRuby3-6xHA and LYK5-mRuby3-
6xHA were detected in detergent extracted fractions by IP of LYK4-mClover3-3xFLAG. No LTI6b-mRuby3-6xHA
was detected in the IP fraction. FLOT2-mRuby3-6xHA was further detected in the detergent extracted fractions
by IP of LYK4-mClover3-3xFLAG. This experiment was repeated three times, showing similar results. (B) FLOT1-
mRuby3-6xHA and FLOT2-mRuby3-6xHA were detected in the detergent extracted fractions by IP of LYK4-
mClover3-3xFLAG and LYK5-mClover3-3xFLAG. This is an initial experiment and has only been carried out once.
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5.2.5Identification of flotillin mutants

To assay for the function of flotillins in Arabidopsis, insertion mutants (flot1 SALK_203966,
flot2 GK-430C05.1, flot3 SALK_143325) were obtained, genotyped (Fig. 5-4) and progeny of
homozygous plants were used for all further experiments. The mutants flot1 and flot3 were
previously characterised by Kroumanova et al. (2019). Their T-DNA insertion sites were

identified by Alonso et al. (2003) and for flot2 by Kleinboelting et al. (2012).
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Figure 5-4: Genotyping of flotillin mutant plants. (A) Cartoon models of the flotillin genes with their T-DNA
insertion location (triangle), exons (grey boxes), and primers (arrows) used to assess individual plants for
homozygous presence of the insertion. (B) Electrophoresis gel of genotyping PCR, separated according to
individual mutant and plants tested. The gene specific primer combination shows bands in the presence of the
WT gene without an insertion. The insert specific primer combination shows bands if an insertion is present.
Homozygous plants are indicated by *. For flot2 the plants #1, 5, and 7 were homozygous for the insertion. Both
the North Junction (NJ) and the South Junction (SJ) of this insertion has been used to verify the insertion. For flot1
the plants #1-8 were homozygous, and for flot3 the plants #1, 5, and 6 tested were homozygous for their
insertions. The primers were designed using T-DNA Primer Design (http://signal.salk.edu/tdnaprimers.2.html) for
flot1 and flot3 assessment. The primers for flot2 assessment were designed using the GABI KAT primer tool from
Huep et al. (2014). Insertion specific primers result in 300-700 bp products, while WT gene specific primers result
in 900-1100 pb products. Col-0 is used as the respective WT control. (A)&(B): LP: left primer, RP: right primer,
LBb1.3: SALK insertion specific primer. L: 100 bp DNA Ladder (New England Biolabs).
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5.2.6 Flotillin mutant plants are defective in chitin
triggered ROS production

One chitin-triggered plant immune response is the PM-localised production of ROS (Lee et

al., 2020). As FLOT1 and FLOT2 additionally partially correlate with the PM domains in which

LYK4 is present, | wanted to ask if they are necessary or important in the chitin-triggered ROS

production.

As expected, when the leaf disc samples were treated with water, none of the genotypes
demonstrated a significant difference to the water-treatment-triggered WT Col-0 control
ROS burst (Fig. 5-5). Mutant plants of flot1, flot2 and flot3 all showed a reduction in the
chitin-triggered total ROS production in comparison to the chitin-triggered ROS production

of Col-0 leaf discs. None of the mutant plants showed an abolishment of the chitin-triggered

ROS burst.
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Figure 5-5: Reduction in ROS production triggered by chitin in leaf discs of flotillin mutants. Cumulative relative
light units (RLU) as acquired within 90 min. of treatment with mock (water) or chitin. Statistical analysis was
carried out by fitting a linear mixed effects model accounting for the fixed additive effects of genotype and
treatment. Different letters (a, b, and c) indicate statistically significant groups with p < 0.05, compared between
genotypes and treatments. All water treated samples have a sample size of n = 8, and all chitin treated samples
have a sample size of n = 16.
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5.2.7 Flotillin mutants show altered plasmodesmal
flux responses

LYK4 is present both at the PM as well as the plasmodesmal PM and is necessary for the
chitin-induced reduction of plasmodesmal flux (Cheval et al., 2020). | therefore wanted to
test if mutations in the flotillin genes causes a difference to chitin-triggered plasmodesmal
flux as well. For this purpose, microprojectile bombardment experiments were carried out,
based on the capability of free eGFP to diffuse from a single cell to neighbouring cells. As
previously reported (Cheval et al., 2020; Faulkner et al., 2013), control plants of Col-0 exhibit
a significant reduction of plasmodesmal flux triggered by chitin. However, no significant
changes to the plasmodesmal flux in flot1 or flot2 mutant plants could be observed when
comparing treatments with mock (water) or chitin (Fig. 5-6). Thereby these mutants
demonstrated that they cannot successfully close their plasmodesmata triggered by chitin.
By contrast, the flot3 mutant exhibited similar changes to its plasmodesmal flux as Col-0,

showing that this mutant can regulate its plasmodesmal flux in response to chitin.
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Figure 5-6: Assessment of the cytosolic cell-to-cell flux of flotillin mutant plants. Microprojectile bombardment
into leaf tissue of 4- to 6-week-old Arabidopsis shows that Col-0, and flot3 but not flot1, and flot2 exhibited
reduced movement of eGFP to neighbouring cells in response to chitin. These data are summarised in a
combination of a box plot with a violin plot. For the box plot, the line within the box marks the median, the box
signifies the upper and lower quartiles, and the whiskers represent the minimum and maximum with 1.5 x
interquartile range. The violin plot represents the data contribution. The number of bombardment sites (n)
counted is 246. Asterisks indicate significant difference between the chitin treated samples compared with
control conditions. ** indicates p < 0.01. Statistical analysis carried out using bootstrapping to compare the
medians, according to Johnston and Faulkner (2021).
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5.2.8Flotillin mutants exhibit enhanced
susceptibility to Botrytis cinerea

| showed that flotillin mutants exhibit different immune response phenotypes such as

reduced ROS bursts and the inability to down-regulate plasmodesmal flux triggered by chitin.

Based on this evidence, | asked if these proteins have a significant effect not just after

treatment with a purified MAMP, but rather during infection with a pathogenic fungus.

For this purpose, detached mature leaves of flotillin mutants were spot inoculated with spore
suspensions of B. cinerea and measured the resulting progression of fungal growth (Fig. 5-
7). Yellowing, chlorotic areas outside of the necrotic lesions are a sign of high virulence of B.
cinerea (Breen et al., 2022). Leaves of the flot1 mutant exhibited a bigger size of these
chlorotic areas four days past infection (dpi) when compared to the chlorotic areas of Col-0,

flot2, or flot3 plants (Fig. 5-7B).

By contrast, an increase in the size of necrotic lesions in the leaves of flot2 mutants (Fig. 5-
7C) was observed, while such an in increase was not observed in the other genotypes.
Therefore, the flotl and flot2 mutants show different susceptibility increases against B.
cinerea, one as an enhanced chlorotic area and one as an enhanced necrotic lesion

respectively, while the flot3 mutant does not show such a phenotype.
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Figure 5-7: Responses of flotillin mutants to a fungal pathogen. The fungal pathogen B. cinerea was spot
inoculated onto detached leaves. The progression of fungal infection was determined 4 dpi. (A) Representative
photographic images of the progression of B. cinerea in detached leaves of Col-0, flot1, flot2, and flot3. Arrows
indicate necrotic lesions and triangles indicate biotrophic lesions. (B) & (C) A linear mixed-effects model
accounting for the fixed effect of genotype and the random effect of experimental repeats. Different letters (a,
b, and c) indicate statistically significant differences when comparing the between the genotypes (p < 0.01). The
number of individual lesion sites (n) counted for each genotype is 256, from three different independent
experimental repeats. Arrows indicate necrotic lesions; triangles indicate chlorotic areas. (B) Analysis of chlorotic
area caused by the fungus. This also includes the necrotic lesion area. The flot1 mutant exhibits bigger biotrophic
lesions than Col-0, flot2 or flot3. (C) Analysis of the necrotic lesion caused by the fungus. The flot2 mutant exhibits
bigger necrotic lesions than Col-0, flot1 or flot3.
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5.3 Discussion
5.3.1ldentification of LYK4 candidate interactors

150 different proteins passed the initial screening criteria and were identified by mass
spectrometry to associate with LYK4 based on their co-immunoprecipitation (Table 5-1,

Table 7-4). Here | will discuss some of the most abundantly identified proteins.

LYK4 localises to the PM and to plasmodesmata, while multiple proteins identified in this
screen are known to be present in non PM/plasmodesmata/cell wall cellular compartments.
They could therefore be contaminations even if they passed stringent criteria controls.
GAPA-2 (Marri et al., 2005), PHOSPHORIBULO-KINASE (PRK) (Marri et al., 2005), PLASTID
TRANSCRIPTIONALLY ACTIVE 16 (PTAC16) (Emanuelsson et al., 1999; Pfalz et al., 2006),
TRANSKETOLASE 1 (TKL1) (Rocha et al., 2013), INITIATION FACTOR 3-4 (ATIF3-4) (Nesbit et
al., 2015; Zheng et al., 2016), and LIPOXYGENASE 2 (LOX2) (Zybailov et al., 2008) localise to
chloroplasts. GLYCOLATE OXIDASE 2 (GOX2) further localises to chloroplasts (Armbruster et
al.,, 2009) and peroxisomes (Reumann et al.,, 2007), while T-protein (GLDT) localises to
chloroplasts (Timm et al., 2018) and mitochondria (Engel et al., 2008). REPRESSOR OF
GSNOR1 (CAT3) also localises to peroxisomes (Li et al., 2015c) while the HEAT SHOCK
COGNATE PROTEIN 70-1 (HSC70-1) has been observed in the cytosol and the nucleus (Zhao
et al.,, 2021). ATPase, F1 complex, alpha subunit protein localises to mitochondria
(Heazlewood et al., 2004; Kruft et al., 2001). As LYK4 fulfils its chitin perception and signalling
roles at the PM, these candidate proteins are not the most likely to associate with LYK4 at

the PM, and therefore not the most likely to be important for its functions.

EPITHIOSPECIFIER MODIFIER 1 (ESM1) was detected at a higher abundance than the bait
protein LYK4 itself, and even though individual protein hits were identified in the control
samples, data of this protein still resulted in AvgP scores of 1, and BFDR scores of 0, thereby
suggesting a high specificity in the association between LYK4 and ESM1 and a low false
discovery rate respectively. ESM1 belongs to the GDSL-motif lipase/hydrolase protein family.
This subclass of lipolytic enzymes possesses a distinct GDSL amino acid sequence motif
(Upton and Buckley, 1995). GDSL-domain proteins have recently been identified to play an
important role in auxin-triggered cell wall remodelling and for the synthesis and turnover of
suberin (Ursache et al., 2021). A different remodelling of the cell wall is triggered by chitin as
callose gets deposited at plasmodesmata to reduce plasmodesmal flux (Cheval et al., 2020).

As this is another cell wall modification dependent on the synthesis and turnover of a
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biopolymer, one could hypothesise that chitin-triggered callose deposition could also be

dependent on or enhanced by a GDSL-domain protein such as ESM1.

ESM1 modifies the EPITHIOSPECIFIER PROTEIN (ESP, also known as TASTY) (Zhang et al.,
2006), which in turn promotes the hydrolysis of secondary metabolites of the class of
glucosinolates (Lambrix et al.,, 2001). Some fungi are sensitive to the presence of
glucosinolates and exhibit a reduced pathogenicity in their presence (Buxdorf et al., 2013),
thereby showing that glucosinolate synthesis is strategy contributing to plant immunity
against fungi. Glucosinolates further enhance protection against insect herbivory (Ratzka et
al., 2002; Sato et al., 2019). Not only fungi have chitin as a central component of their cell
walls (Brown et al., 2020), but insects also use this biopolymer in their cytoskeleton and
particularly mouth parts (Elieh-Ali-Komi and Hamblin, 2016; Prince et al., 2014). LYK4 could
therefore potentially be linked via ESM1 to the detection of insect chitin in herbivory
situations followed by changes to the plant defence system. This potential direct link
between glucosinolate production and chitin receptors has so far not been published and

opens new routes of research into the activation of herbivory deterrence mechanisms.

ESM1 was also identified to associate with the NLR protein RESISTANT TO P. SYRINGAE 2
(RPS2), which confers resistance to the bacterial pathogen P. syringae carrying the avirulence
gene avrRpt2 (Mindrinos et al., 1994; Qi and Katagiri, 2009). In the same experiment RPS2
showed an association with the SPFH proteins HIR1 and HIR2 (Qi and Katagiri, 2009). This
could suggest a broader role of ESM1 in the interactions in plant defence signalling with SPFH

proteins.

Subtilisin-like proteases form a multigene family in Arabidopsis and are predominantly
targeted to the extracellular matrix where they can act proteolytically (Golldack et al., 2003;
Taylor et al., 1997). SLP2 is part of the SUBTILASE 1 (SBT1) subfamily (Figueiredo et al., 2014).
Knockout mutants of sbt3.3 exhibit an enhanced disease susceptibility to the bacterial
pathogen P. syringae DC3000 and the fungal pathogen Hyaloperonospora arabidopsidis,
while overexpression mutants show enhanced disease resistance and enhanced mitogen-
activated kinase activation (Ramirez et al., 2013). Ramirez et al. (2013) speculate that this
could be due to the proteolytic cleavage of a yet unidentified substrate of SBT3.3. Such a
substrate could be a PRR, which by shedding of its ectodomain via SBT3.3. becomes signalling
competent and active. Chapter 3.2.7 shows that LYK4 and LYKS5 likely undergo ectodomain
shedding processes. However, the protease carrying out this proteolytic cleavage is still

unknown. As SLP2 associates with LYK4 (Table5-1), it is therefore now a prime candidate to
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facilitate the ectodomain shedding of LYK4. This could be determined by assessing LYK4's

ectodomain shedding processes in a slp2 mutant.

SLP2 has been determined to have a PD/PM index of 168.7 (Bayer, pers. comms.) giving a
strong suggestion that this protein is enriched at plasmodesmata. Only few of the 56
Arabidopsis subtilisin-like proteases (Figueiredo et al., 2014) have been found in
plasmodesmal protein extractions (Kirk et al., 2021), giving the possible association between
SLP2 and LYK4 further importance, as this could be the protease responsible for ectodomain
shedding of LYK4 at plasmodesmata. However, no subtilisin-like protease family member has
been published to date to localise to plasmodesmata by confirmation with other techniques
such as confocal microscopy. The confirmation of SLP2’s plasmodesmal localisation could

therefore be the first step in future lines of research into this protein.

Different members of the protein family of tubulins were identified to associate with LYK4
and have been determined to exhibit varying PD/PM ratios, such as TUB2 0.8, TUB4 0.8, TUB7
0.9, BETA-6 TUBULIN (TUB6) 1.4 (Bayer, pers. comms.). TUB5 has been identified to IP with
LYK4 as well but does not have a PD/PM score from the same experiment as the others
(Bayer, pers. commes.). Overall, the PD/PM scores of these tubulin proteins are relatively low,
suggesting that possibly they are present at plasmodesmata, but either at lower than PM
levels or they are semi-equally distributed between the PM and the plasmodesmal PM.
Antibody labelling experiments detecting for tubulin, labelled plasmodesmata only slightly
more than the cytoplasm in Chara corallina (Blackman and Overall, 1998), thereby further
suggesting an absence of enrichment of microtubules at plasmodesmata. Treatment with
colchicine — a microtubule depolymerizing drug (Bhattacharyya et al., 2008) — has been
shown to induce nearly no effect on cell-to-cell conductivity in Trianea bogotensis roots
(Krasavina et al., 2001), suggesting that microtubules are not or are only minimally important
to regulate plasmodesmal flux. Although there is no specific evidence that microtubules are
present within plasmodesmata, they can direct cargo towards plasmodesmata (Harries et al.,
2009). Microtubules can therefore play a role in plasmodesmal processes even without being

present or enriched at plasmodesmata themselves.

The cytoskeletal microtubules consist of different tubulin dimers, and cortical microtubules
are closely associated with the PM (Chan and Coen, 2020). Members of the tubulin protein
family have been found to be enriched at detergent resistant membranes in Arabidopsis
(Minami et al., 2009). These tubulins associating with LYK4, could therefore be a further

suggestion that LYK4 resides in a nanodomain within the PM.
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The cytoskeleton, and in particular microtubules, can undergo reorganisation processes
during fungal infection (Kobayashi et al., 1994; Porter and Day, 2016). The presence of an
elicitor itself is able to trigger such a reorganisation of the cytoskeleton (Higaki et al., 2007).
For example, treatment with chitin is able to trigger such a cytoskeletal reorganisation
(Henty-Ridilla et al., 2013). In cerk1/lyk4 double mutants the application of chitin does not
lead to a reorganisation of actin filaments, thereby suggests that this cytoskeletal
reorganisation is dependent on the function of at least one of those two proteins (Li et al.,
2015b). From these receptor proteins the signals get translated to the actin filaments by
CAPPING PROTEIN (CP), which detects changes in the stress signalling molecule phosphatidic
acid, resulting in uncapping of filaments (Huang et al., 2003; Li et al., 2012a). A similar
mechanism for chitin-triggered microtubule reorganisation has not yet been published.
However, it seems likely that chitin-triggered microtubule reorganisation is dependent on
one or more chitin receptor proteins such as LYK4. The association with so many different
tubulin proteins allows the formation of the speculative hypothesis that the signal for the
chitin-triggered microtubule reorganisation could be processed in a more local way via a
protein complex which includes LYK4. This could be evaluated by testing for chitin-triggered

microtubule reorganisation in different knock-out mutants such as lyk4.

As an alternative hypothesis, the association between LYK4 and tubulins could be important
for membrane protein organisation into nanodomains. The actin and microtubule
cytoskeleton can regulate PM protein cluster size and dynamics such as of the flg22 receptor
FLS2, and thereby have a regulating function on the formation, maintenance and
functionality of membrane nanodomains (McKenna et al., 2019). As LYK4 interacts with TET3,
7 and 8 (chapter 4.2.9), and with LYM2 (chapter 3.2.6), and all these proteins are putatively
present in nanodomains, it is likely that at least a pool of LYK4 is present in such a
nanodomain as well. Therefore, a plausible hypothesis is that LYK4’s presence within these
nanodomains could be dependent on its association with microtubules. This dependence
could be tested by assessing for nanodomain localisation or complex formation in
cytoskeleton disrupted conditions, for example via treatments with chemical inhibitors such
as oryzalin (Morejohn et al., 1987). Although the abundance of tubulin proteins associating
with LYK4 raises intriguing hypotheses and potential future experiments they are not
markers for nanodomains themselves — and | therefore chose to prioritise flotillins over the

tubulins.

222



The TRAF-like family protein (ZW9) was identified in the Arabidopsis plasmodesmal
proteome by Fernandez-Calvino et al. (2011), but not in any other published plasmodesmal
proteomes since then (Kirk et al., 2021). It has been identified as part of the active PYK10
(also referred to as BGLU23) complex, which is a major component of ER-derived organelles
called ER bodies (Nagano et al., 2008). The B-glucosidases PYK10 hydrolises scopolin (Ahn et
al.,, 2010), a compound inhibiting growth of the fungal pathogen Fusarium oxysporum
(Peterson et al., 2003). Nakano et al. (2014) speculate that PYK10 complexed proteins
thereby indirectly contribute to plant immune responses through growth inhibition of fungi.
Yamada et al. (2020) identified PYK10 to be important in glucosinolate-mediated resistance
of Brassicaceae plants against herbivore damage from woodlice. This suggests that ZW9
could also be important in plant defence responses against insects. ZW9 localisation has
previously not been experimentally determined and published. However, its indirect
association with plant immunity and potential presence at plasmodesmata, as well as

association with LYK4, make it an interesting candidate for future studies.

Both FLOT1 and FLOT2 have been identified in the IP of LYK4 (Table 5-1, 7-4), and both were
identified with a higher abundance in chitin-treated samples, thereby suggesting that FLOT1
and FLOT2 associate more abundantly with LYK4 in the presence of chitin. As flotillins are the
main focus of this chapter, the overall characteristics of this protein family have been

discussed in length in the chapter introduction.
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5.3.2 Localisation of FLOT1 and FLOT2 in the PM

The flotillin proteins of Arabidopsis and M. truncatula form species specific clusters in their
phylogenetic tree. This separate grouping between the different flotillin proteins of M.
truncatula and Arabidopsis does therefore not allow to draw conclusions on which protein
of one species is a potential corresponding equivalent protein in the other. Any Arabidopsis
flotillin could therefore potentially fulfil the same or similar functions as a flotillin from M.

truncatula, and their functions have to be experimentally determined.

Although the flotillins are present in a plasmodesmal proteome (Bayer, pers. commes.),
fluorophore translational fusion constructs of FLOT1 and FLOT2 did not show an enriched
plasmodesmal localisation (Fig. 5-1). However, this result does not prove that FLOT1 or
FLOT2 are completely absent at plasmodesmata either. As in the case of LYK4, a protein can
be evenly distributed between the PM and the plasmodesmal PM without a particular
enrichment at the plasmodesmata, and thereby not be detectable there using conventional
CLSM (Cheval et al., 2020). Further, proteins can have predominant localisations in other
cellular compartments due to localisation signals which clear obscure plasmodesmal
localisations (Kitagawa et al., 2022). Both FLOT1 and FLOT2 localise to domains within the
PM (Jarsch et al., 2014; Yu et al., 2017). They do not demonstrate a clear plasmodesmal
localisation pattern, but rather exhibit an uneven fluorescence intensity at the PM which
may instead be attributable to localisation to specific nanodomains. The unexpectedly low
fluorescence signal of FLOT1 and FLOT2 proteins expressed under the Actin2 promoter in
Arabidopsis was an issue for the visualisation and the generation of high-quality images.
Future experiments should therefore make use of stronger constitutive promoters or

attempt expression using the genes’ native promoters.

| determined that LYK4 shows a significant co-localisation with both FLOT1 and FLOT2, each
with a mean PCC >0.4 (Fig. 5-2). These results are comparable to the results of Biicherl et al.
(2017), who determined similar values for FLS2-eGFP correlation with FLS2-mCherry. This
experiment thereby gives the first suggestion, that LYK4 is likely to partially correlate with
the same nanodomains as FLOT1 and FLOT2. The sample sizes in this experiment are
relatively low and could benefit from further replication. However, these results nonetheless
suggest that there is a co-localisation in the fluorescence pattern of LYK4 with both FLOT1 as

well as with FLOT2.

The effects of chitin on the correlation between the flotillins and LYK4 were further observed.

In this experiment, no difference in the correlation between LYK4 with FLOT2 triggered by
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chitin was determined. However, a significant difference in the correlation of LYK4 with
FLOT1 when comparing the mock-treated with the chitin-treated samples was observed. The
presence of chitin decreases the PCC, suggesting less correlation between those two
proteins. This is unexpected, insofar the presence of more FLOT1 associated with LYK4

triggered by chitin was observed in the interactor screen (Table 5-1, 7-4).

Flotillins can be involved in membrane protein transport and turnover (Hilsbusch et al.,
2015) and are implicated in endocytosis (Meister and Tikkanen, 2014; Schneider et al., 2008).
Erwig et al. (2017) speculate that LYK4 undergoes chitin-induced re-localisation to vesicles.
Combined together, a potential hypothesis for the reduction of association between LYK4
and FLOT1 in the PCC compared to the mass spectrometry data could therefore be as follows.
LYK4 and FLOT1 associate with each other within the PM under mock conditions. Following
chitin treatment, the association between these two proteins is further enhanced, resulting
in higher values in the mass spectrometry-based approach (Table 5-1, 7-4). However, at the
same time a pool of these proteins re-localises to vesicles, thereby leaving the PM, resulting
in a lower correlation as calculated by the PCC (Fig. 5-2), as this experiment is not optimised
to pick up on correlating signals outside of the PM and within vesicles. This hypothesis would
fit both experimental data, however further experiments such as LYK4/FLOT1 endocytosis

evaluations will be necessary to determine if this is indeed correct or not.

5.3.3Co-IPs confirm interaction of LYK4 with
FLOT1 and FLOT2

To confirm the associations of the RK LYK4 with the SPFH proteins FLOT1 and FLOT2 the co-
IP methods optimised in chapter 3.2.5 were utilised. An association between LYK4 and LYK5
was demonstrated with FLOT1 or FLOT2 respectively (Fig. 5-3). These experiments did not
show a clear indication of more or less association between these proteins triggered by
chitin. However, these co-IP approaches might not have the resolution necessary to pick up
on more subtle changes. This could be due to them being constitutively overexpressed in a
transient system, which in turn could result in the different amounts or ratios of these
proteins when compared to the native Arabidopsis system. Quantitative co-IPs in such a

transient system might therefore not accurately represent important changes.

For future experiments | would therefore suggest the use of native promoter driven
expression lines of Arabidopsis, as this could enable clearer detection of association shifts.
Further the additional use of FRET-FLIM might allow for finer observation of changes, as this

allows a quantitative analysis of association, and will therefore enable the detection of chitin-
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dependent shifts. Taken together, these results confirm that LYK4 associates with FLOT1 and
FLOT2.

5.3.4Flotillin mutants produce less ROS

To test whether chitin-triggered immune responses are influenced by flotillins, multiple
phenotyping assays were carried out, starting with an assessment of the chitin-triggered ROS
burst in Arabidopsis leaves (Fig. 5-5). A reduction in chitin-triggered ROS production was
observed in all three flotillin mutants, flot1, flot2, as well as flot3. This demonstrates that
flotillins are indeed necessary for the full chitin-triggered signalling function of a plant. In
rbohd mutants, the ROS production triggered by the presence of MAMPs is nearly completely
abolished (Niihse et al., 2007). Even though the flotillin mutants showed reduced chitin-
triggered ROS bursts, by contrast to rbohd mutants, their mutations did not lead to a
complete abolishment of this MAMP-triggered ROS burst. This could be due to a variety of
reasons, such as the continuing presence of other flotillin proteins in these single mutants.
These others could potentially rescue the function due to high similarity and potential
redundancy. Indeed, FLOT1 and FLOT2 only differ in 21 of their 461 amino acids and their
last 11 amino acids at their C-terminal end (95.4% identity) (Fig. 7-2, Table 7-3). Therefore, it
seems likely that they can rescue their functions in case of single mutations. In the animal
kingdom, new research recently demonstrated that knock-out mutations of individual genes
can lead to enhanced expression of related genes within the same family, which are then
potentially able to complement the lost function (El-Brolosy et al., 2019). In light of this
discovery, it would be interesting to test if these flotillin mutants do indeed show an increase
in the gene expression of the other flotillin genes; e.g. if FLOT2 and FLOT3 are upregulated
in flot1 mutants. El-Brolosy et al. (2019) suggest the generation of entire gene locus deletions
using a CRISPR-CAS9 system, to generate knock-out mutants which do not influence the gene
expression of other family members. | have started the generation of such mutants as well
as a triple flot1/2/3 mutant via CRISPR-CAS9 to test this hypothesis as well as to test if the

mutations are having an additive effect. These mutants can be used for future experiments

The application of chitin triggers the production of ROS depending on the presence and
functionality of chitin receptors (Cao et al., 2014; Petutschnig et al., 2010; Xue et al., 2019).
A flotillin interacting with a receptor can have direct impact on the function, localisation and
maintenance of the receptor (Amaddii et al., 2012; Hu et al., 2021). Receptors or receptor

complexes not localising or being maintained at appropriate levels in flotillin mutants could
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therefore be an explanation to why these mutations cause defects in chitin-triggered ROS

production.

The result that the flot3 mutant showed a reduced chitin-triggered ROS production was
surprising, insofar as FLOT3 was not identified in the LYK4 mass spectrometry interactor
screen. FLOT3 therefore may not associate with LYK4. An association with another chitin
receptor or receptor complex, such as CERK1 or LYK5, could be the reason why this mutant
exhibits such a phenotype. It will therefore be interesting to test in future experiments if
FLOT3 indeed does not associate with LYK4, but does associate with other chitin receptor

proteins.

Interestingly, Kroumanova et al. (2019) used the same mutant lines as | did for flot1
(SALK _203966) and flot3 (SALK_143325) to test for a change to MAMP-triggered ROS bursts
by flg22 application and found no significant changes in comparison to WT plants. They
further tested a flot2 allele (FLAG_352D08) in the Arabidopsis ecotype Wassilevskija (Ws-0)
for proteinaceous elicitor triggered ROS burst changes, and found no changes to the elf18-
triggered ROS bursts in this mutant either. They chose elf18 as Gdmez-Gémez et al. (1999)
showed that Ws-0 carries a premature stop codon in FLS2, resulting in this ecotype being
flg22-insensitive. Taken together with my results of a reduction in the chitin-triggered ROS
burst in all three tested flotillin mutants, this could suggest that the flotillins’ involvement in
MAMP-triggered immunity is specific to at least one, but not all MAMPs. M. truncatula can
perceive rhizobial lipo-chitooligosaccharides, the so-called “Nod factors” (NFs), which trigger
changes in root morphology necessary for successful infection establishment (Murray, 2011).
NFs are perceived by RKs, such as the ligand-binding receptor MtNFP and the coreceptor
MtLYK3 (Limpens et al., 2003; Smit et al., 2007). The correct signalling processes and
localisation of MtLYK3 is dependent on MtFLOT4, thereby further demonstrating the

importance of a flotillin to the perception of a microbe-associated molecular pattern.

As a further hypothesis, individual flotillin mutations could be rescued better or more
completely by the other members of the protein family in a flg22 signalling context rather
than in a chitin signalling context, thereby resulting in drops in chitin-triggered, but not in
flg22-triggered ROS production. It will therefore by particularly interesting to test a triple
flot1/2/3 knock-out not just for chitin phenotypes, but also for flg22 and other elicitor-
triggered phenotypes. Determining if flotillin mutants are not only disrupting the chitin- or
lipo-chitooliogsaccharide-triggered signalling processes but also others signalling processes

will yield information regarding to which other receptor proteins might be dependent on
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flotillins to function. This will allow future researchers to determine if this is a generalised
component of RKs and RPs signalling processes or a specific one for individual specialised
ligand perception systems. Future experiments utilising techniques such as elicitor-triggered
ROS burst assays or plasmodesmal flux assays of flotillin mutants should therefore also test

a variety of different elicitors for their triggered phenotypes.

Although some of the flotillin mutants used in this work have been previously described
(Kroumanova et al., 2019), the absence of expression of these genes should still be
additionally verified in the future — for example via gPCR approaches. Further have the
phenotypes of these mutants only been assessed using single mutant lines per flotillin gene.
To validate these phenotypes, the characterisation of a further second independent mutant

line per gene will be necessary.
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5.3.5Chitin can’t trigger plasmodesmal closure in
flot1 and flot2

Using a particle bombardment-based assay, flot1 nor flot2 mutants showed that they can
reduce their plasmodesmal flux in the presence of chitin in mature leaves (Fig. 5-6). This data
demonstrates that both FLOT1 and FLOT2 are necessary for chitin-induced reduction of
plasmodesmal flux. The M. truncatula MtFLOT4 enables the ‘correct’ nanodomain
localisation of MtLYK3/MtNFP, which in turn in necessary for the establishment of the
appropriate signalling processes by MtLYK3/MtNFP (Liang et al., 2018). The interaction of
FLOT1 and FLOT2 with LYK4 therefore allows me to speculate that the absence of chitin-
triggered changes to plasmodesmal flux in flot1 and flot2 mutants could also be due to

mislocalisation of LYK4, like the MtFLOT4-MtLYK3-MtNFP system.

Out of the three flotillin mutants assessed, only flot3 is capable of a chitin-triggered
reduction of plasmodesmal flux, similarly to the WT control plants Col-0 (Fig. 5-5). However,
similarly to flot1 and flot2, flot3 shows a reduction in the chitin-triggered ROS burst (Fig. 5-
5). This is a divergence in function as flotl and flot2 show a PM-localised ROS and a
plasmodesmal localised phenotype, whereas flot3 shows only a PM ROS phenotype. This
suggests that FLOT3 is only involved in the PM chitin detection processes but not in the
plasmodesmal responses. This could be a similar divergence to CERK1, which is only
necessary for PM, but not for plasmodesmal PM-localised chitin-triggered responses
(Faulkner et al., 2013). Whether or not the flotillin-dependent changes to plasmodesmal flux
are caused by changes of callose deposition, such as the tetraspanin-dependent changes (Fig.

4-11), remains to be determined in future experiments.

Faulkner (2013) already speculates that SPFH domain proteins play a role in receptor
localisation in membrane micro-/nanodomains and thereby possibly in plasmodesmal
localisation. If flotillins indeed are responsible for receptor proteins localising to
plasmodesmata, this could be tested in future experiments by crossing different
plasmodesmal localised translational fusion constructs in a flot1/2/3 background. To
determine if the flotillin plasmodesmal phenotypes are chitin signalling specific or more
general immune signalling phenotypes, future experiments should test this by utilising the
same mutants and assay but using different MAMPs which trigger plasmodesmal closure in

WT plants such as flg22 (Faulkner et al., 2013).
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5.3.6Flotillins are necessary plant defences against
fungi
To determine whether the flotillin mutants not only show phenotypes differing from control
plants in MAMP-triggered assays but when encountering a pathogen, leaves were inoculated
with the fungus B. cinerea. These experiments revealed that flot1 mutants exhibit bigger
areas of chlorosis and flot2 mutants exhibit bigger necrotic lesions 4 dpi compared to WT
plants (Fig. 5-7). The enhanced susceptibility observed, allows to draw the conclusion that
indeed FLOT1 as well as FLOT2 play an important role in enabling successful plant defence

responses.

This is different from the results of Kroumanova et al. (2019), who present data of a similar
assay on flotillin mutants where they did not observe a significant difference in lesion size
between the mutants and their control plants. Differing experimental conditions could be a
reason for this experimental variation, as they can cause different B. cinerea virulence
(Ciliberti et al., 2015). For example, my experiments were carried out on detached leaves,
while Kroumanova et al. (2019) inoculated leaves on plants, with further differences in
sample size. A further difference between our experiments is the use of different B. cinerea
strains. | used B05.10, while Kroumanova et al. (2019) used BMM. Different strains of B.
cinerea can exhibit differences in virulence (Choquer et al., 2007), and this could be an

explanation for these conflicting data.

Curiously flot1 and flot2 mutants showed differences in their susceptibility to B. cinerea in
my experiments. In flot2 mutants, only the area of the necrotic lesion was bigger compared
to Col-0, flot1 and flot3. Conversely, this was not the case in flot1, where the fungus caused
bigger chlorotic areas, as estimated by the sum of the chlorotic as well as the necrotic lesion
size, was significantly enlarged, compared to Col-0, flot2 and flot3. This could hint at varying
importance of FLOT1 and FLOT2 within the timeframe of fungal infections, as pathogenic
fungi infecting plants undergo different stages of the infection process (Dean et al., 2012).
They might be differently important during an initial asymptomatic phase of the infection.
FLOT1 might be more important in the early onset detection of the fungus (Choquer et al.,
2007; van Kan, 2006), thereby resulting in a larger colonised area in flotl mutants while

FLOT2 could be more important in the activation of the HR (Govrin and Levine, 2000).

Even though flot3 mutants showed a reduced chitin-triggered ROS burst (Fig. 5-5), no
increase in fungal pathogen susceptibility for this mutant was observed (Fig. 5-7). This is not

unsurprising as mutants of important chitin signalling machinery such as lyk5-2 and cerk1-2,
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also do not necessarily lead to a B. cinerea susceptibility phenotype, as their pathogen
recognition machinery might still be sufficient to mount responses consistent with WT plants
(Giovannoni et al., 2021). However, it is curious that flot3 mutants also did not show a
plasmodesmal flux phenotype differing from WT plants, whilst both flot1 and flot2 showed
such a phenotype and these mutations also resulted in an enhanced susceptibility. This could
possibly be due to functional diversification between FLOT3 and FLOT1/FLOT2, possibly
reflected in the greater differences between FLOT3 when compared with FLOT1 or FLOT2
(Fig. 6-1A). In a simplified hypothesis this would allow to conclude that FLOT1 and FLOT2 are
necessary for successful pathogen-triggered plasmodesmal flux reduction (Fig. 5-6), resulting
in an increased resistance against the pathogen (Fig. 5-7), while FLOT3 is not necessary for
this cellular adaptation. The reduction of the chitin-triggered ROS burst observed in the flot3
mutant (Fig. 5-5) does not abolish chitin-triggered plasmodesmal closure. B. cinerea growth
is not inhibited by H,0.-induced oxidative stress in planta (Temme and Tudzynski, 2009).
Therefore, the reduction of the chitin-triggered ROS burst in flot3 mutants might not have
translated in an observable B. cinerea susceptibility effect, while the inability to adjust the

plasmodesmal flux of flot1 and flot2 did.

Recent work on the protein structure of SPFH domain proteins revealed that they can
achieve their nanodomain organisation by the formation of supramolecular complexes of
highly homologous proteins of their own family (Ma et al., 2022). Given the high protein
homology of FLOT1 with FLOT2 (95.4% sequence identity), plant flotillins could undergo
similar multi-protein complex formations to enable the interactions with their partner
proteins. Further, experiments in animal systems have observed that the stability of flotillin
proteins is interdependent, whereby the absence of one leads to the reduction in protein
levels of another (Babuke et al., 2009; Frick et al., 2007; Langhorst et al., 2008; Ludwig et al.,
2010). Following this logic, the absence of an individual flotillin could possibly already upset
any bigger structures formed by proteins of this family, depending on how much their
redundancy might be able to rescue. Future experiments could start with the elucidation of
these hypotheses by determining if all three of the plant flotillins indeed do interact with

each other, such as by co-IPs or FRET-FLIM approaches.
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5.3.7 Model of flotillins in chitin-triggered
responses

Taking the data of this chapter together, enables to conceptualise a simplified model of how
flotillins are important in chitin-triggered immune responses (Fig. 5-8). All three flotillins
(FLOT1, FLOT2 and FLOT3) are necessary to achieve the full WT-like ROS burst. Using IP
followed by Mass spectrometric analysis, FLOT1 and FLOT2 showed to enhance their
association with LYK4 in the presence of chitin, and their inability to adapt their
plasmodesmal flux triggered by chitin showed that they are important for the regulation of
plasmodesmal flux, even though there is no conclusive evidence that they themselves are
enriched at plasmodesmata. These functional differences suggests that FLOT3 is present in
different nanodomains than the other flotillins, and possibly completely absent at
plasmodesmata. Following this logic, FLOT1 and FLOT2 could either mark the same or

different nanodomains.
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FLOT1, FLOT2 and FLOT3 FLOT1, FLOTZ2 but not FLOT3

Figure 5-8: A possible model for receptor-flotillin mediated chitin-triggered immune signalling with a focus on
the plasmodesmal response. This schematic representation is drawn as a continuity between the PM (grey), the
plasmodesmal PM microdomain (light pink), and both include flotillin defined nanodomains (different shades of
green). Different receptor complex combinations can be present such as the association between LYK4-FLOT1
and LYK4-FLOT2. The flotillins are not enriched at plasmodesmata but might still be present within them. (A)
Resting state conditions in the absence of chitin. (B) Chitin-triggered conditions. In the presence of chitin, the
mass spectrometry interactor screen of LYK4 revealed an enhanced association between LYK4-FLOT1 and LYK4-
FLOT2. The ability to elicit a full chitin-triggered ROS burst depends on all three flotillins (FLOT1, FLOT2 and
FLOT3). By contrast the chitin triggered plasmodesmal closure depends only on FLOT1 and FLOT2, but not on
FLOT3. (A) & (B) PM: plasma membrane; PD: plasmodesmata.
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5.3.8 Conclusion

The data presented in this chapter provides some key steppingstones in the advancement of
our knowledge of plant pathogen recognition and signalling processes. | have determined
that a family of nanodomain-localised proteins — the flotillins — not only show associate
with a PRR, but themselves are necessary for optimal signalling and defence responses
against pathogens, and in particular in the pathogen-triggered regulation of plasmodesmata.
Thereby | have added new components to these signalling pathways. This contribution to
scientific knowledge will allow further hypotheses to be formulated and research questions
to be built upon it, ultimately further enabling our efforts as a scientific community in

understanding the plant immune system.
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6 Final Discussion

6.1.1.1 Total summary and theories of nanodomains
In this work | demonstrated that proteins of the tetraspanin and flotillin families are

important for chitin-triggered plasmodesmal regulation. | observed different dynamics
between receptors, receptors with tetraspanins and receptors with flotillins, and have sorted

this information into one comprehensive model (Fig. 6-1).

| showed that TET3, TET7 and TET8 can exhibit an enhanced localisation at plasmodesmata
over their localisation at the rest of the PM (Fig. 4-4), while there is little evidence that
flotillins localise at plasmodesmata too (Fig. 5-1). | demonstrated that LYK4 can associate
with TET3, TET7 and TET8 (chapter 4.2.9) as well as with FLOT1 and FLOT2 (Fig. 5-3). This
association might be important in ensuring the presence of LYK4 in the appropriate
nanodomains together with the appropriate partner proteins. The tetraspanin and flotillin
proteins, might act as a scaffold for LYK4 and its associated proteins, and thereby ensure the

appropriate protein composition of plasmodesmal PM microdomains.

| revealed contrasting dynamics between the involvement of these nanodomain resident
proteins in chitin-triggered responses. For example, the mass spectrometry data suggests
that chitin triggers a stronger association between LYK4 and FLOT1 and FLOT2 (Table 7-4).
By contrast via FRET-FLIM data | observed a chitin-triggered enhanced dissociation between
LYK4 and TET7 (Fig. 4-14) within the PM. This suggests that these processes might be spatially
separate from each other, e.g. a TET7 marked nanodomain might release LYK4, while a
FLOT1/FLOT2 marked nanodomain might take up more LYK4 triggered by chitin. Different
distinct populations of nanodomains do exist within the same PM (Biicherl et al., 2017),
allowing for the hypothetical existence of different tetraspanin and flotillin nanodomains in
the PM. This could be extended into further differences between the PM and the PD
nanodomains. Therefore, different associations and dynamics for LYK4 in its nanodomain

associations could be conceivable even when comparing the PM and PD.

The FRET-FLIM observation that chitin triggers an enhanced dissociation between LYK4 and
TET7 (Fig. 4-14), combined with the IP mass spectrometry data showing an enhanced
detection of FLOT1 and FLOT2 (Table 5-1) allows for further speculations. Possibly LYK4 is
primarily associated with a tetraspanin defined nanodomain, from where it dissociates or
gets released triggered by chitin. In turn this might then allow either for an active or passive

increase of LYK4 in a flotillin defined nanodomain. This ‘handoff’ hypothesis might be too
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simplified to accurately represent the reality. However, it may be a good hypothesis as a

starting point to design future research activities which will allow for further unravelling.

TET7 and TET8 have the potential to interact with each other using split-ubiquitin assays
yeast (Boavida et al., 2013). Whether they also do so in planta and at all times is still an open
question. Zuidscherwoude et al. (2015) determined that the more historical way of thinking
that tetraspanin defined domains would consist of different tetraspanin species is not
holding up to closer examination and that it is rather likely that single tetraspanin protein
species form such platforms without other tetraspanin species partners. Possibly TET7 and
TET8 could therefore associate with each other, but their association might not be important

or relevant for their respective domains.

Further FLOT1 and FLOT3 can interact with each other in split-ubiquitin assays (Yu et al.,
2017), and SPFH domain proteins have the potential to interact with other members of the
same family to achieve their scaffolding functions (Ma et al., 2022). However, the potential
to interact or associate with each other does not always have to translate into the

simultaneous presence in the same nanodomain in planta.

From experiments carried out in a transient N. benthamiana expression system, | determined
that LYK4 is associating with both tetraspanins as well as flotillins independently of the
presence of chitin. This consistent association might not be representative of the full
underlying dynamics, as the transient overexpression system might not be as sensitive to
important dynamic changes as native levels of proteins in their native system. Particularly as
| observed functional differences between the scaffolding proteins, a simple hypothesis
would be to cluster them into differently functional nanodomains (Fig. 6-1). These
nanodomains might be dynamic in their temporal and spatial distribution and function and

might also recruit or exclude different components triggered by chitin.

Further components and interactions might be vital for the functions of tetraspanin or
flotillin nanodomains. FLOT1, FLOT2, FLOT3, TET7, and TETS8 are necessary to achieve the full
chitin-triggered ROS burst caused by RBOHD at the PM. RBOHD is localised to nanodomains
(Noirot et al., 2014) and might show a dynamic association with those tetraspanin/flotillin
nanodomains and might, always be present within them, be triggered by chitin to become

resident in them or be excluded from them once it is activated.

Even though | was able to determine general trends between flotillin and tetraspanin

proteins in chitin-triggered immune signalling, | observed some critical differences that
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suggest members these protein families to function differently in chitin signalling.
Particularly striking are the differences in the phenotypes of flot3 and tet3. While FLOT3 is
necessary for WT-like levels of chitin-triggered ROS bursts at the PM (Fig. 5-5), TET3 is not
necessary to achieve this (Fig. 4-9). They further show an inverse phenotype of
plasmodesmal regulation, as TET3 is vital to achieve a chitin-triggered reduction of
plasmodesmal flux (Fig. 4-10), but flot3 shows WT-like plasmodesmal responses to chitin
(Fig.5-6). These inverse phenotypes point towards a differentiation between the tetraspanin-
flotillin-marked nanodomains at the PM, and the tetraspanin-flotillin-marked nanodomains

within plasmodesmata, possibly due to different inclusion or exclusion of other proteins.

Collectively this work has enabled the formulation of a first understanding and model of
protein associations (Fig. 6-1) important for chitin-triggered immunity and how vital
nanodomain resident scaffolding proteins can be for these signalling and response
processes. However, there are still a lot of dynamics and processes which are very little
understood, and | will discuss some of them as well as some suggested experimental

approaches to unravel them, in the text below.
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Figure 6-1: A holistic simplified model for receptor mediated chitin-triggered immune signalling in context of associations with flotillins and tetraspanins and a focus on the plasmodesmal
response. This schematic representation is drawn as a continuity between the PM (grey), which includes tetraspanin and flotillin defined nanodomains (different shades of green and purple),
and the plasmodesmal PM microdomain (light pink). LYM2, LYK4, TET3, TET7 and TET8 can be present at plasmodesmata, while there is no data showing the presence of CERK1, or LYK5 at
plasmodesmata. Flotillins have not shown an enrichment at plasmodesmata, but FLOT1 and FLOT2 are functionally important and might be present at plasmodesmata. A multitude of different
protein associations has been observed such as LYK4-LYK5, LYK5-LYM2, LYK4-LYM2, LYK4-TET3, LYK4-TET7, LYK4-TETS, LYK4-FLOT1, LYK4-FLOT2. (A) During resting state conditions, in the
absence of chitin, CPK5 and TET8 are inhibiting the deposition of callose at plasmodesmata. (B) Chitin triggers an enhanced association between LYK4-FLOT1 and LYK4-FLOT2, whilst changing
the dynamics between LYK4 and the tetraspanins. Chitin further triggers an enrichment and higher order of LYM2 at plasmodesmata. Both at the plasmodesmata as well as in the PM, the
activation of RBOHD is triggered by phosphorylation, but on different sites and depending on different kinases such as CKP6 and CPK11 within the plasmodesmal PM microdomain. The
cytoplasmic kinases also trigger further cellular responses such as the MAPK cascades. This model is a summary of the models shown in Fig. 3-14, 4-21, 5-8. PM: plasma membrane; PD:
plasmodesmata, PTM: post-translational modification; P: phosphorylation, GSL: GLUCAN SYNTHASE-LIKE = callose synthases; RLCK: receptor-like cytoplasmic kinases.

237



6.2 Further considerations, questions, and

proposals

6.2.1Involvement of TETs/FLOTSs in other immune
responses

| have tested mutants of tetraspanins and flotillins for impairments in a selection of the
signalling and response processes triggered by chitin. However, chitin does trigger further
cellular processes in WT plants, and future experiments could ask questions focussed on
those. For example, the chitin-triggered activation of the MAPK cascade in tetraspanin and
flotillin mutants could be assessed using a SDS-PAGE and Western blots approach with
antibodies specific to changes to the phosphorylation status of p44/42 MAPK. Or RNA-
sequencing experiments on these tetraspanin and flotillin mutants during chitin perception,
could be carried out to elucidate differences in gene regulation caused by the absence of

these scaffolding proteins.

6.2.2 Roles of TETs/FLOTs in other pathogen
contexts

In this work | studied the dynamics and associations of receptors, tetraspanins and flotillins
in response to chitin and from a plant-pathogen interaction point of view. However, other
MAMPs are also important for the perception of pathogens and during the initiation of
symbiosis. For these processes other PRR such as FLS2, EFR, or MtLYK3 are necessary. This
opens the question of if, the tetraspanin-LYK4, and flotillin-LYK4 association is specific to
LYK4, or also possible with other PRRs and a rather universal mechanism in plant signalling?
Does the functionality of other PRRs in plants also depend on flotillins and tetraspanins? And
if so, do these PRR also associate with these scaffolding proteins? If this is the case, then the
functions and roles of these proteins could allow us to further our understanding of PM
localised receptor-mediated signalling processes by vital components. This specificity
between scaffolding protein-receptor interaction might be necessary for engineered
resistance approaches or for the transfer of functionality of PRR systems from one plant

species to another.

These questions could be answered in two different lines of experiments. In an extended
chitin-perception context, it would be interesting to see if tetraspanins and flotillins interact
with other non-LYK4 chitin PRRs, such as LYM2, LYK5, or CERK1, thereby showing that for

scaffolding proteins are important for all PRRs involved in chitin perception. Dynamics of
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other PRRs, could be investigated in by using the scaffolding mutants described in this work,
and assessing their phenotypes elicited by different MAMPs, such as flg22 or elf18. Similarly,
they could also be tested for their susceptibility to different pathogens such as Pseudomonas
syringae. As flotillins have already shown to be involved in the perception of bacterial
symbionts in M. truncatula (Liang et al., 2018), it allows speculation that this protein family
might also be important for the perception of bacteria in a pathogenic context — thereby
making flg22 an ideal further first candidate MAMP to test. If the tetraspanin or flotillin
mutants indeed show differences to WT plants such as ROS bursts or plasmodesmal flux
regulation, the RKs and RPs known to be involved in these processes could be screened and

assessed for their interactions with the relevant tetraspanins or flotillins.

6.2.3PTM in a receptor-scaffolding context
6.2.3.1 Assessing the role of PTM of TETs/FLOTs

Both plant tetraspanins and flotillins possess putative S-acylation sites (Borner et al., 2005;
Wang et al.,, 2012a). These sites have been shown to be important for the micro-
/nanodomain localisation of tetraspanins (Charrin et al., 2002; Hemler, 2005) as well as the
interaction with tetraspanin partner proteins (Mazurov et al., 2007) in animal model systems.
S-acylation can be important for enabling a network of secondary interactions between both
tetraspanins as well as tetraspanin associated proteins (Berditchevski et al., 2002; Charrin et
al., 2002; Clark et al., 2004; Hemler, 2005; Yang et al., 2002), thereby ensuring both the

appropriate domain stability as well as its appropriate components.

As plasmodesmata are a specialised PM microdomain and show enrichment of tetraspanins,
this localisation could be dependent on S-acylation of tetraspanins as well. Possibly the fatty
acid addition could allow for different preferential localisation in more lipophilic
environment, such as hypothetically a plasmodesmata or other micro- and nanodomains.
Different chain lengths of this PTM might further allow for more fine control in protein
localisations. Mutations of cysteine sites necessary for S-acylation, result in proteins unable
to undergo this PTM (Hurst et al., 2021). Mutating tetraspanins in such a way, could be used
to test if such proteins still localise to plasmodesmata or not, and whether mutated variants

functionally complement the tetraspanin mutants.

These mutated proteins could also further be used to ask if the scaffolding protein-receptor
interaction depends on S-acylation. As well as if the non- S-acylation proteins can
complement knock-out phenotypes or not and if this PTM therefore is essential for the

function of these scaffolding proteins. The resources produced to answer these questions
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could then further be used to assess if the PM nanodomain localisations and MAMP-

triggered dynamics of domains marked by these proteins depend on S-acylation as well.

6.2.3.2 Could scaffolding proteins be important for LYK4 PTMs?
In Cheval et al. (2020) we observed a PTM of LYK4, which is dependent on the presence of

LYK5, and possibly important for chitin-triggered LYK4 mediated plasmodesmal closure.
However, could this PTM also be dependent on other proteins interacting with LYK4, such as
tetraspanins and flotillins? To answer this question a LYK4 fluorophore translational fusion
Arabidopsis line, such as the pLYK4::LYK4-mCherry generated in this work could be crossed
into different scaffolding protein mutant backgrounds, and the presence or absence of the
PTM could be assessed by measuring size differences using SDS-PAGE and Western blots.
The exact nature of this PTM is still unknown and further approaches could be undertaken
in future experiments to determine it — such as using tandem mass spectrometry (MS/MS)
as an unbiased approach, and in vitro assays for phosphorylation, ubiquitination, and
SUMOylation. Once all of the PTMs of LYK4 are determined, a systematic evaluation of which
one(s) is dependent on LYK5 could be undertaken, by expressing and comparing pLYK4::LYK4-
mCherry in lyk4 with lyk5-2 mutants.
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6.2.4 Differences between nanodomains

In this work | focussed on only three candidates of the tetraspanin family. However, there
are in total 17 canonical tetraspanins in Arabidopsis (Cnops et al., 2006) (Fig. 4-3), and it is
likely that some of these might also play a role during pathogen perception and signalling
processes. Alternatively, they might also play roles in general membrane features which in
turn influence such processes. They might therefore be direct or indirect players. Further
candidates should therefore be additionally assessed in future work, even if they were out

of the scope for this work.

6.2.4.1 Do different scaffolding proteins mark different nanodomains?
For the generation of my models on how scaffolding proteins of the flotillin and tetraspanin

families localise within nanodomains depending on LYK4, | assumed the simplest model,
which resulted in these proteins being present in different nanodomains (Fig. 6-1). However,
this might not be the case. It is conceivable that LYK4 is resident in multiple different
nanodomains in the PM marked by different scaffolding proteins, or at different preferences
and ratios. So, might LYK4 be resident in multiple different nanodomains? Or are all of these
scaffolding proteins capable of being present in the same domains? Could they form a
complex mesh-like structure instead of small domains? How do different scaffolding proteins
define a separation between each others’ nanodomains if there are different nanodomains?
And how do the dynamics of those domains change — particularly during MAMP perception
such as chitin? The use of advanced imaging techniques such as VAEM will allow to ask and

answer these questions.

Even within the same scaffolding protein family, the different proteins could be present in
different nanodomains. For example, as TET3 is not required for chitin-triggered ROS bursts
it might not be present within the same nanodomain in the PM as TET7 or TET8, which are
required for this response. It will therefore be very informative to see if all of these proteins
truly are present within the same distinct nanodomains, in how many different types of
nanodomains they exist and how these behave. Advanced microscopy techniques such as
VAEM or TIRF could allow for such an assessment. These techniques allow for a greater
resolution than standard CLSM techniques and thereby allow to resolve areas of greater
density and enrichment of translational fusion proteins with fluorescent tags. Thereby
enabling to study their domain distribution, sizes, dynamics, and correlation. Particularly the
direct comparisons for multiple protein species at the same time with VAEM or TIRF will

allow how to determine how their dynamics differ from one to another.
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6.2.4.2 Do changes to receptors affect their nanodomain localisation?
In this work | reported evidence that LYK4 and LYK5 undergo cleavage of their ectodomains

(Fig. 3-11), resulting in at least two different populations of these proteins being present at
the PM. Depending on which of their domains are responsible for their putative nanodomain
localisation and association with tetraspanins and flotillins, this cleavage reaction might
change their localisations and dynamics as elucidated with FRAP (Fig. 3-3). These differences
could be elucidated by either directly determining the cleavage mechanism and site,
followed by the generation of non-cleavable mutant proteins, or by generating cleavage-
mimic proteins which do not carry the cleavable ectodomain. Translational fusions with
fluorophores of these variant proteins would then allow to test hypotheses of different
protein mobility behaviour by FRAP, followed by nanodomain localisations and dynamics by

utilising techniques such as VAEM.

6.2.4.3 Scaffolding proteins in ROS production
| have demonstrated that TET7, TET8, FLOT1, FLOT2 and FLOT3 are necessary to achieve WT-

like levels of chitin-triggered ROS production. Putatively this is due to their ability to interact
with a chitin receptor such as LYK4 and thereby to define its interaction possibilities with
other proteins. An additional hypothesis could be that these scaffolding proteins are also
responsible for the localisation of the ROS producing enzyme RBOHD. RBOHD was reported
to be present in PM domains (Hao et al., 2014; Noirot et al., 2014). The simplest unifying
hypothesis would therefore be that RBOHD is resident within the same nanodomains as
tetraspanins and flotillins, thereby enabling efficient signalling processes. Alternatively,
RBOHD could also be present in a different nanodomain and treatment with chitin triggers
its release from this domain or the RBOHD hosting nanodomain to fuse with the receptor
hosting nanodomain. Such an example could be if the receptors are predominantly present
in tetraspanin defined nanodomains and RBOHD in a flotillin-defined nanodomain pre-chitin-
treatment. Upon chitin treatment, these two nanodomains could undergo fusion/merging
processes, thereby allowing for spatial and temporal separation and control of the signalling
responses. Such dynamics between the receptors, the scaffolding proteins and RBOHD could
be observed using VAEM (Blicherl et al., 2017), or FRET-FLIM, and further interactions

between these proteins could be determined by co-IPs.
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6.2.4.4 Other proteins present at TET/FLOT nanodomains
In this work | showed that LYM2, LYK4 and LYK5 can associate with each other, and that LYK4

can associate with TET3, TET7, TET8, FLOT1 and FLOT2. However, | have not yet gone into
greater detail and tested whether LYM2 or LYK5 also associate with these scaffolding
proteins, or if they might show different behaviours and dynamics. As LYM2 exhibited a
higher mobile fraction in FRAP experiments in comparison to LYK4 or LYK5 (Fig. 3-3), it seems
likely that at least pools of these proteins localise to different nanodomains or show

generally a different nanodomain localisation preference pattern.

Even though | focussed on tetraspanins and flotillins as scaffolding proteins within this work,
there are more scaffolding proteins such as other proteins of the SPFH superfamily and
REMs, which could also interplay with these nanodomains. Although these are again

interesting hypotheses, they were outside of the scope of this work.

Further, not only scaffolding proteins or individual receptors are present at nanodomains,
but rather a plethora of other proteins might be present within them too. To elucidate these
proteins, | propose that future experiments should be carried out as mass spectrometry
based approaches using different scaffolding proteins as bait for immunoprecipitations, to
determine an overview of proteins populating these nanodomains. As the presence and
association within nanodomains might be short-lived particularly during elicitor-triggered
processes, the use of turbo-ID (an optimised variant of BirA) (Arora et al., 2020) could be an

excellent additional tool for this purpose.
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6.2.5Do higher order mutants result in stronger
phenotypes?

In this work | have used single mutants to show phenotypes in chitin-triggered response
processes. Some of these processes were completely disrupted such as the chitin-triggered
plasmodesmal closure in tet3, tet7, flot1 and flot2. Others however only showed a reduction
from WT-like levels such as the chitin-triggered ROS burst which did not get abolished in any
of the mutants. If scaffolding proteins of a high similarity such as other tetraspanin proteins
in single tetraspanin mutants or other flotillins proteins in single flotillin mutants, can to a
certain degree rescue the loss of functions caused by single mutations, | would expect
mutants higher order to show an increase in phenotypes such as the chitin-triggered ROS

burst.

For this purpose, | had started to generate double and triple mutants of the three Arabidopsis
flotillin genes. Further tetraspanin mutants of a higher order could be generated by CRISPR
or crossing approaches as well. These mutants can then be used in future experiments to

assess the importance of these scaffolding proteins even further.

6.2.6 Are scaffolding proteins important for
receptor sorting?

Little is known about how proteins are sorted to and localise to plasmodesmata. However,
curious phenomena have been observed such as LYM2 showing a chitin-triggered
enrichment at plasmodesmata over the PM (PD index), and a chitin-triggered increase in
homo-FRET suggestive of the formation of higher order complexes (Cheval et al., 2020).
Tetraspanins do not undergo such a chitin-triggered increase in their PD index (Figure 4-10).
However, they and other scaffolding proteins might still be vital for this process as well as
the general plasmodesmal localisation of other proteins. To assess if this is indeed dependent
on scaffolding proteins, lines expressing translational fusions with fluorophores of important
plasmodesmal signalling components such as LYM2 (Cheval et al., 2020; Faulkner et al.,
2013), NHL3 (M. Johnston, PhD thesis), CML41 (Xu et al., 2017) and PDLP5 (Wang et al., 2013)
could be crossed into scaffolding protein mutants — particularly mutants higher order to
fast-track overall assessment — and tested whether they maintain their plasmodesmal

localisations and MAMP-triggered behaviour in these mutant backgrounds.
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6.2.7 The complexity of nanodomains and
scaffolding proteins

As | have shown in this work, the roles, interactions, and localisations of scaffolding proteins
and in particular the dynamics of putative nanodomains is not trivial nor simple. To further
complicate the matter most eukaryotic organisms, have a plethora of different scaffolding
proteins which all in theory could be important or relevant for nanodomain maintenance, as
well as protein functions and interactions. This is particularly illustrated by proteins of the
tetraspanin family. There are 33 tetraspanins in humans (Huang et al., 2005) and 17 canonical
tetraspanins encoded in Arabidopsis (Cnops et al., 2006). Most of which have the ability to
interact with each other (Boavida et al., 2013), making analysis and interpretation of

individual tetraspanin importance convoluted.

Future studies could therefore make use of model systems which have even fewer
tetraspanin genes, such as Marchantia polymorpha, which only has three tetraspanin genes
(EnsemblPlants, Howe et al. (2020)). This could help advance research into plant scaffolding
proteins in an even faster and clearer manner. Currently the research into plant scaffolding
proteins and nanodomains is profiting of a vast amount of knowledge already determined in
animal and fungal model systems. However, my data has laid a foundation to start the
generation of further understanding of these processes in plants, to the point that one day

the animal research community will profit off new insights generated in plants as well.
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Figure 7-1: Alignment of the tetraspanin protein family. This alignment was created using Geneious Prime®
2019.2.3, with the ClustalW Alignment tool (ClustalW 2.1), applying the cost matrix BLOSUM, with a gap open
cost of 10, and a gap extended cost of 0.1.
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Table 7-1: Genetic distance of proteins of the tetraspanin family. This table has been created from the protein

alignment information of Fig. 7-1.
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Table 7-2: FRET Lifetime and Efficiencies using LYK4 as a donor. The mean of the donor fluorescence lifetime as
well as its corresponding standard deviation (sd), together with the calculated FRET efficiency.

P FRET
Lifetime ..
Donor Acceptor Treatment [ns] sd |efficiency
(E) [%]
gw LYK4-eGFP mock 2.35 | 0.040
Eo gw LYK4-eGFP chitin 2.29 | 0.074
23 gw LYK4-eGFP gw TET7-mRFP1 | mock | 1.95 |0.116| 17.02
% 20 gw LYK4-eGFP gw TET7-mRFP1 chitin 2.09 |0.080| 11.06
gw LYK4-eGFP gw BRI1-mRFP1 mock 2.28 | 0.063 2.98
gw LYK4-eGFP gw BRI1-mRFP1 chitin 2.3 0.059 2.13
gw LYK4-eGFP mock 2.35 | 0.030
N gw LYK4-eGFP gg TET3-mCherry mock 2.24 | 0.018 4.68
4{ gw LYK4-eGFP gg TET7-mCherry mock 2.27 | 0.026 3.40
ol gw LYK4-eGFP gg TET8-mCherry mock 2.26 | 0.033 3.83
g gw LYK4-eGFP gw LYK5-mRFP1 mock 2.13 | 0.022 9.36
E gw LYK4-eGFP gw TET7-mRFP1 mock 2.12 | 0.044 9.79
3 |gg LYK4-mClover3-3xFLAG mock 2.98 | 0.023
gg LYK4-mClover3-3xFLAG|TET7-mRuby3-6xHA| mock 2.92 | 0.039 2.01
gg LYK4-eGFP mock 2.41 | 0.043
gg LYK4-eGFP chitin 2.38 | 0.038
o gg LYK4-eGFP gg TET3-mRFP1 mock 2.36 | 0.059 2.07
<'f. gg LYK4-eGFP gg TET3-mRFP1 chitin 2.31 | 0.051 4.15
L?‘_D gg LYK4-eGFP gg TET7-mRFP1 mock 2.37 | 0.047 1.66
g gg LYK4-eGFP gg TET7-mRFP1 chitin 2.3 0.035 4.56
E gg LYK4-eGFP gg TET8-mRFP1 mock 2.33 | 0.050 3.32
3 gg LYK4-eGFP gg TET8-mRFP1 chitin 2.3 0.043 4.56
gg LYK4-eGFP gg BRI1-mRFP1 mock 2.31 | 0.089 4.15
gg LYK4-eGFP gg BRI1-mRFP1 chitin 2.26 | 0.072 6.22
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Figure 7-2: Alignment of the Arabidopsis and M. truncatula flotillin protein family. This alignment was created
using Geneious Prime® 2019.2.3, with the ClustalW Alignment tool (ClustalW 2.1), applying the cost matrix
BLOSUM, with a gap open cost of 10, and a gap extended cost of 0.1.

Table 7-3: Genetic distance of proteins of the Arabidopsis and M. truncatula family. This table has been created
from the protein alignment information of Fig. 7-2.

MLFLOT3 MtFLOT?2 MtFLOT1 MtFLOT4 AtFLOT? AtFLOT1 AtFLOT3
MtFLOTS | 92.89% ww 73.47% 72.96% | 70.08%
alap) 92.85% \ 91.42% |W 72.63% 71.97% 69.31%
MtFLOT1 93.10% 91.42% \ |W 73.05% 72.18% 70.29%

MtFLOT4 91.77% 90.17% 90.79% | 73.89% 74.06% 70.15%
AtFLOT2 73.47% 72.63% 73.05% 73.89% | 95.03%

AtFLOT1 72.96% 71.97% 72.18% 74.06% 95.03%
AtFLOT3 70.08% 69.31% 70.29% | 70.15%
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Table 7-4: Full list of putative protein interactors of LYK4. Mass spectrometry results from plants expressing
pLYK4::LYK4-mCherry in lyk4, immunoprecipitated with Anti-RFP magnetic beads. Col-0 plants were used as
control. Mature leaves of four- to six-week-old plants, were treated with water or 0.5 mg/mL chitin and harvested
30 min. after treatment. Three leaves were harvested per sample. Three samples of both sets of treatments and
genotypes respectively were analysed. Highest hits after filtering including all hits which are present in the test
samples, but absence in the control samples or exhibit at least 5xtimes more peptide hits in the Test samples
versus the control samples. AvgP is the calculated corresponding probability scores (AvgP) as the SAINT score.
Each interactor is assigned a SAINT score with a probability ranging from 0 to 1, thereby representing the
specificity of the interaction (1 represents the highest possible specificity). A Bayesian False Discovery Rate (BFDR)
has been further calculated ranging from 0 to 1, representing the likelihood that this protein has been falsely

identified.
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SUBUNIT PROTEIN
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PTAC16 | PLASTID

TRANSCRIPTIONALLY ACTIVE 16 AT3G46780(54 0 21/16|13{11|17|0.67|0.09(1.00/0.00/0.83|0.09
ALDOLASE-TYPE TIM BARREL
FAMILY PROTEIN AT3G14415(40 0 20/ 0(17{ 0| 0|0.33/0.38/0.33/0.32|0.33/0.39
GLYCINE CLEAVAGE T-PROTEIN AT1G11860(44 0 12(12| 7 |10]10{0.67|0.09/0.97|0.00(0.83(0.12
FAMILY
ZW9 | TRAF-LIKE FAMILY AT1G58270|45 0 10{9 |3 |5 (17|0.670.09/0.96(0.00/0.75|0.15
PROTEIN
HSC70-1, HSP70-1, AT-HSC70-1,
HSC70 | HEAT SHOCK COGNATE|AT5G02500|71 0 5113|720 2 |0.67|0.09/0.85|0.02/0.82(0.13
PROTEIN 70-1
AT4G36030.1-DECOY AT4G36030| ? 0 3|11(2|1|0
TRANSLATION INITIATION
FACTOR 3 PROTEIN AT4G30690(32 0 10 6| 8|9 |14/0.67/0.09]1.00/0.00/0.83/0.09
LOX2, ATLOX2 ELIPOXYGENASE AT3G45140 120 0 12|10| 6 (11| 1 |0.67|0.09/0.67(0.08]0.64{0.21
GS2, GLN2, ATGSL1 |
GLUTAMINE SYNTHETASE 2 AT5G35630(47 0 10{7 {3 |1 |4 |1.00/0.00/0.39(0.23]0.66/0.20
RIBOSOMAL PROTEIN S11
FAMILY PROTEIN AT2G36160(16 0 9(5|8(0]|00.67/0.09/0.33/0.32(0.50(0.29
THIOREDOXIN SUPERFAMILY AT3G11630(29 0 8(9]7|3]18/0.67/0.09|0.98(0.00(0.77|0.14
PROTEIN
MTO3, SAMS3, MAT4 | S-
ADENOSYLMETHIONINE AT3G17390(43 0 3|8|5|6]2|0.670.091.00/0.00/0.83(0.12
SYNTHETASE FAMILY PROTEIN
ATGLDP1, GLDP1 | GLYCINE 11
DECARBOXYLASE P-PROTEIN 1 AT4G33010 3 0 3(9|4|3|210.67|0.09(0.68]0.06/0.62(0.22
ATCDSP32, CDSP32 |
CHLOROPLASTIC DROUGHT-
INDUCED STRESS PROTEIN OF AT1G76080(34 0 1{2(2|2|1]0.33)0.370.69/0.05/0.51/0.28
32 KD
2-CYS PRX B, 2CPB | 2-CYSTEINE
PEROXIREDOXIN B AT5G06290(30 0 6|8(3|0]|00.670.090.33|0.32/0.50(0.29
SHM1, STM, SHMT1 | SERINE
TRANSHYDROXYMETHYLTRANS |AT4G37930|57 0 917(4|3|5/0.67/0.09/0.76(0.03/0.73|0.15
FERASE 1
MANNOSE-BINDING LECTIN
SUPERFAMILY PROTEIN AT1G52000(74 0 1|7(3]11{11]0.36/0.30(1.00/0.00/0.68|0.17
SUBTILASE FAMILY PROTEIN [AT3G14240|83 04 41415|9|00.67/0.09/0.58(0.16/0.62|0.22
CLPC, ATHSP93-V, HSP93-V,
DCA1, CLPC1 | CLPC AT5G50920( ? 0 819(2|2|0/0.67/0.09/0.67(0.13]0.66|0.20
HOMOLOGUE 1
RIBOSOMAL PROTEIN S3AE  |AT3G04840|30 0 3(1|1]2]110.370.29(0.35|0.27|0.16(0.55
GGT1, AOAT1, GGAT1 |
GLUTAMATE:GLYOXYLATE  [AT1G23310(53 0 8(6|5(3]|20.67/0.09/0.47|0.20(0.60(0.23

AMINOTRANSFERASE
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P-LOOP CONTAINING

NUCLEOSIDE TRIPHOSPHATE 11
HYDROLASES SUPEREAMILY |AT3G45850( 0 10 0.33(0.38/0.67/0.09(0.50{0.29
PROTEIN
ATCIMS, ATMETS, ATMST1 |
COBALAMIN-INDEPENDENT  |AT5G17920|84 0 7 0.67/0.09|0.55(0.17/0.53/0.26
SYNTHASE FAMILY PROTEIN
ATP SYNTHASE ALPHA/BETA
EAMILY PROTEIN AT5G08680|60 0 5 0.68(0.07/1.00(0.00(0.68/0.17
LHCB3, LHCB3*1 | LIGHT-
HARVESTING CHLOROPHYLL B- |AT5G54270(29 0 0 0.33(0.38(0.47/0.20(0.32{0.42
BINDING PROTEIN 3
CHR9 | SWITCH 2 AT1G03750|98 0 0 0.01/0.51/0.02{0.63
APS1 | ATP SULFURYLASE 1 |AT3G22890|51 0 5 0.33(0.38/1.00(0.00(0.67/0.19
VAR2, FTSH2 | FTSH
EXTRACELLULAR PROTEASE  |AT2G30950|74 0 5 0.67/0.09|0.55(0.17/0.59/0.24
FAMILY
AGT, AGT1, SGAT |
ALANINE:GLYOXYLATE  |AT2G13360|44 0 11 0.67(0.09(0.02/0.49(0.32{0.41
AMINOTRANSFERASE
ATSCO1, ATSCO1/CPEF-G, SCO1
| TRANSLATION ELONGATION |AT1G62750(86 0 9 0.67/0.09|1.00(0.00(0.81/0.13
FACTOR EFG/EF2 PROTEIN
ATS3, AT | DN’;J HOMOLOGUE| 13 544110|38 0 2 0.67(0.09|0.34/0.31{0.33(0.41
NIT1, ATNITL, '\im | NITRILASE |\ +3644310[38 0 4 0.67(0.09/0.67/0.09(0.67/0.19
CAS | CALCIUM SENSING
RECEPTOR AT5G23060(41 0 4 0.67/0.09|1.00(0.00(0.83(0.12
HPR, ATHPR1 |
HYDROXYPYRUVATE AT1G68010(42 0 5 0.67(0.09|0.67/0.09(0.66{0.19
REDUCTASE
MAT3 | METHIONINE
ADENOSYLTRANSFERASE 3 |AT2G36880(42 0 4 0.33(0.38 0.170.51
BIP, BIP2 | HEAT SHOCK
PROTEIN 70 (HSP 70) FAMILY |AT5G42020|74 0 4 0.33(0.38 0.170.51
PROTEIN
RIBOSOMAL PROTEIN S5
DOMAIN 2-LIKE SUPERFAMILY [AT5G18380(17 0 2 0.67(0.09/0.35(0.27(0.51/0.28
PROTEIN
NAD(P)-BINDING ROSSMANN-
FOLD SUPERFAMILY PROTEIN |ATAG35250(44 0 5 0.33(0.38/0.37/0.24{0.36/0.36
PSBB | PHOTOSYSTEM II
REACTION CENTER PROTEIN & [ATCG00680/56 0 2 0.67(0.09|0.33(0.38(0.31/0.43
BIFUNCTIONAL
INHIBITOR/LIPID-TRANSFER
PROTEIN/SEED STORAGE 25 |AT2G10940|30 0 2 1.00(0.00(0.35(0.280.52(0.27
ALBUMIN SUPERFAMILY
PROTEIN
PTAC17 | PLASTID AT1G80480(49 0 4 0.67(0.09|0.36/0.25(0.37/0.35

TRANSCRIPTIONALLY ACTIVE 17
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EIF4A1, RH4, TIF4A1 |

EUKARYOTIC TRANSLATION |AT3G13920(47 0 0.67/0.09[1.00(0.00/0.83(0.13
INITIATION FACTOR 4A1
LOS2, ENO2 | ENOLASE  |AT2G36530(48 0 0.670.09(0.37/0.24{0.52(0.27
CPNG60A, CH-CPNGOA, SLP |
CHAPERONIN.GOALPHA | AT2G28000(62 0 0.67/0.09 0.330.39
PSBR | PHOTOSYSTEM I
SUBUNIT R AT1G79040|15 0 0.34/0.35 0.16/0.54
PDF1B, DEF2, ATDEF2 | PEPTIDE
DEFORMYLASE 18 AT5G14660|31 0 0.33(0.38(0.36/0.26{0.34{0.37
RPS15 | CHLOROPLAST
RIBOSOMAL PROTEIN 15 |ATCG01120(11 0 0.67/0.09 0.330.40
ATGLDP2, GLDP2 | GLYCINE 11
DECARBOXYLASE P-PROTEIN 2 |AT2626080| 0 0.330.38 0.17/0.51
RIBOSOMAL PROTEIN S7E
FAMILY PROTEIN AT1G48830(22 0 0.34/0.35(0.49(0.19|0.40(0.33
RIBOSOMAL L38E PROTEIN | 1) c43460] 8 0 0.34{0.34(0.34/0.29(0.19(0.48
FAMILY
ATTIC110, TIC110 |
TRANSLOCON AT THE INNER 11
ENVELOPE MEMBRANE OF |AT1606950| 0 0.330.38 0.17/0.51
CHLOROPLASTS 110
VAR1, FTSH5 | FTSH
EXTRACELLULAR PROTEASE |AT5G42270|75 0 0.00[0.50(0.67/0.13(0.34{0.38
FAMILY
IMPA-2 | IMPORTIN ALPHA
ISOFORM 2 AT4G16143(59 0 0.33|0.38/0.67/0.09|0.50(0.29
VHA-A | VACUOLAR ATP
SYNTHASE SUBUNIT A AT1G78900|69 0 0.67|0.09[1.00(0.00/0.81(0.13
RPS1, ARRPS1 | RIBOSOMAL
PROTEIN S1 AT5G30510/45 0 0.35(0.31/0.33(0.32/0.34{0.38
COATOMER EPSILON SUBUNIT [AT1G30630|33 0 0.670.09(0.33(0.32/0.48(0.31
PORB |
PROTOCHLOROPHYLLIDE  |AT4G27440|43 0 0.330.38 0.17/0.51
OXIDOREDUCTASE B
THI1, TZ, THI4 | THIAZOLE
BIOSYNTHETIC ENZYME,
CHLOROPLAST (ARAG) (THi2) |[AT5G54770[37 0 0.67|0.09(0.34/0.30[0.50(0.29
(THI4)
PTAC13 | PLASTID
TRANSCRIPTIONALLY ACTIVE 13|AT3609210(37 0 0.33(0.38/0.00(0.57/0.19(0.47
BOU | MITOCHONDRIAL
SUBSTRATE CARRIER FAMILY |AT5G46800(31 0 0.33|0.38/0.00(0.55(0.14{0.56
PROTEIN
TIP2, SITIP, GAMMA-TIP2,
TIP1;2 | TONOPLAST INTRINSIC |AT3G26520(26 0 0.00{0.58/0.67/0.09|0.36/0.35
PROTEIN 2
30S RIBOSOMAL PROTEIN,
CUTATIVE AT5G24490)35 0 0.33|0.38/0.67/0.090.50(0.30
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ACETYL CO-ENZYME A

CARBOXYLASE
CARBOXYLTRANSFERASE ALpHa AT2G38040(85 0 0.33(0.38(0.33(0.32/0.33(0.40
SUBUNIT
POR C, PORC |
PROTOCHLOROPHYLLIDE ~ |AT1G03630(44 0 0.33/0.38 0.14/0.57
OXIDOREDUCTASE C
CLEAVAGE/POLYADENYLATION
SPECIFICITY FACTOR, 25KDA  |AT4G25550(23 0 0.00[0.49(0.67(0.13(0.34(0.37
SUBUNIT
KETOL-ACID
REDUCTOISOMERASE AT3G58610|64 0 0.33(0.38/0.00(0.55/0.14{0.56
PYRIDINE NUCLEOTIDE-
DISULPHIDE OXIDOREDUCTASE |AT1G74470|52 0 0.33/0.38 0.17/0.51
FAMILY PROTEIN
RIBOSOMAL PROTEIN S19E
FAMILY PROTEIN AT3G02080|16 0 0.33/0.38 0.17/0.51
RPS15 | CYTOSOLIC RIBOSOMAL
PROTEIN S15 AT1G04270(17 0 0.00[0.57(0.34(0.28/0.19(0.47
MAB1 | TRANSKETOLASE
EAMILY PROTEIN AT5G50850(39 0 0.000.58/0.00[0.55/0.01(0.68
LOS1 | RIBOSOMAL PROTEIN
S5/ELONGATION FACTOR  |AT1G56070|94 0 0.67/0.09 0.32/0.42
G/Ill/V FAMILY PROTEIN
CPHSC70-1 | CHLOROPLAST
HEAT SHOCK PROTEIN 70.1 | AT4G24280(77 0 0.67/0.09 0.32/0.42
ADG2, APL1 | ADP GLUCOSE
PYROPHOSPHORYLASE LARGE |AT5G19220|58 0 0.000.49|0.67/0.09/0.36{0.35
SUBUNIT 1
PIN1AT | PEPTIDYLPROLYL
CIS/TRANS ISOMERASE, NIMA- |AT2G1804013 0 0.340.35/0.01/0.51/0.18/0.49
INTERACTING 1
RPL4 | RIBOSOMAL PROTEIN L4|AT1G07320|31 0 0.34/0.35 0.16/0.54
ATPHB3, PHB3 | PROHIBITIN 3 |AT5G40770(30 0 0.33(0.38[1.00{0.000.65(0.20
AOC2 | ALLENEZOX'DE CYCLASE | 362577028 0 0.33(0.38|0.34(0.30/0.34(0.39
EMB2761 | THREONYL-TRNA
SYNTHETASE, PUTATIVE /
THREONINE —TRNA LIGASE, | AT2604842|75 0 0.33/0.38 0.17/0.53
PUTATIVE
PIP1B, TMP-A, ATHH2, PIP1;2 |
PLASMA MEMBRANE INTRINSIC|AT2G45960|31 0 0.000.49|0.33(0.32/0.18/0.50
PROTEIN 1B
MDARSG |
MONODEHYDROASCORBATE [AT1G63940|53 0 0.00/0.50 0.01/0.65
REDUCTASE 6
RIBOSOMAL PROTEIN $13/515 |AT3G60770(17 0 0.340.35/0.33(0.32/0.32(0.41
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RIBOSOMAL PROTEIN L30/L7

FAMILY PROTEIN AT2G01250(28 0 0.33(0.37/0.00/0.57/0.14(0.57
ATPASE, V1 COMPLEX, SUBUNIT
B PROTEIN AT1G20260(54 0 0.33(0.37/0.00/0.55|0.14(0.56
MALATE DEHYDROGENASE  |AT3G47520|42 0 0.67(0.24 0.29(0.44
ILA | ILITYHIA AT1G64790 258 0 0.34(0.32 0.18/0.50,
METHYLTRANSFERASES AT3G28460(35 0 0.33(0.38 0.17/0.53
TCH3, ATCAL4 | CALCIUM-
BINDING EF HAND FAMILY  |AT2G41100(37 0 0.33(0.38/0.00/0.57/|0.17(0.50
PROTEIN
APG1, VTE3, IEP37, E37 | S-
ADENOSYL-L-METHIONINE-
DEPENDENT AT3G63410(38 0 0.35(0.31 0.18/0.49
METHYLTRANSFERASES
SUPERFAMILY PROTEIN
RIBOSOMAL PROTEIN L1P/L10E AT3G63490(38 0 0.00(0.58/0.00/0.57|0.01/0.68
FAMILY
RPS2 | RIBOSOMAL PROTEIN S2|ATCG00160(27 0 0.00[0.58 0.00(0.70,
GLU1, GLS1, GLUS, FD-GOGAT | 17
GLUTAMATE SYNTHASE 1 AT5G04140 7 0 0.40/0.28 0.19|0.47
RPT6A, ATSUG1 | REGULATORY
PARTICLE TRIPLE-A ATPASE 6A AT5G19990|47 0 0.34/0.34 0.15/0.55
ATPHB2, PHB2 | PROHIBITIN 2 |AT1G03860(32 0 0.33|0.32/0.17(0.51
ATPME3, PME3 | PECTIN
METHYLESTERASE 3 AT3G14310|64 0 0.34(0.34(0.33(0.32/0.32/0.41
ATP3 | GAMMA SUBUNIT OF
MT ATP SYNTHASE AT2G33040(35 0 0.00/0.50(0.67(0.13|0.34{0.38
OXIDOREDUCTASES, ACTING ON
THE ALDEHYDE OR OXO GROUP
OF DONORS, NAD OR NADP AS |AT2G19940|44 0 0.00[0.49 0.01/0.64
ACCEPTOR;COPPER ION
BINDING
MTLPD1 | MITOCHONDRIAL
LIPOAMIDE DEHYDROGENASE 1 AT1G48030|54 0 0.33/0.38 0.14/0.57
TUF, EMB2448, TUFF, VHA-E1 |
VACUOLAR ATP SYNTHASE  |AT4G11150|26 0 0.00[0.58 0.00(0.71
SUBUNIT E1
FSD1, ATFSD1 | FE SUPEROXIDE
DISMUTASE 1 AT4G25100|24 0 0.34/0.35 0.16/0.54]
P40, AP40, RP40, RPSAA | 40S
RIBOSOMAL PROTEIN SA AT1G72370|32 0 0.33/0.38 0.170.53
SVR1 | PSEUDOURIDINE
SYNTHASE FAMILY PROTEIN AT2G39140(45 0 0.33/0.38 0.14/0.57
DXR, PDE129 | 1-DEOXY-D-
XYLULOSE 5-PHOSPHATE AT5G62790(52 0 0.34(0.35 0.16(0.54

REDUCTOISOMERASE

258




FCF2 PRE-RRNA PROCESSING

PROTEIN AT1G54770(22 0 0.00/0.50/0.33(0.32(0.17/0.50
RPN1A, ATRPNIA | 265
PROTEASOME REGULATORY  AT2G20580| ? 0 0.330.38 0.140.57
SUBUNIT 52 1A
RPE, EMB2728 | D-RIBULOSE-5-
PHOSPHATE.3.EPIMERASE . |AT5G61410/30 0 0.00/0.50 0.01/0.65
ACP4 | ACYL C/ZRR'ER PROTEIN | AaG25050/15 0 0.00/0.500.00/0.57/0.01(0.64
TROL | THYLAKOID
RHODANESE.LIKE AT4G01050(49 0 0.0000.58 0.00/0.70
HCEFL | HIGH CYCLICELECTRON s 13654050{a5 0 0.00/0.50 0.01/0.65
FLOW 1
AT5G19690.1-DECOY ~ |AT5G19690| ? 0
NDHH | NAD(P)H
DEHYDROGENASE SUBUNIT H |ATCG01110(46 0 0.0000.50 0.01/0.65
MRAW METHYLASE FAMILY
PROTEIN AT5G10910(49 0 0.0000.50 0.01/0.65
CARB | CARBAMOYL 13
PHOSPHATE SYNTHETASE B |AT1629900( 0 0 0.00/0.50 0.01/0.65
ATP-DEPENDENT CASEINOLYTIC
(CLP) PROTEASE/CROTONASE [AT1G09130(36 0 0.0000.49 0.010.64
FAMILY PROTEIN
ATGCN2, GCN2 | ABC
TRANSPORTER FAMILY PROTEINAT3G09930]76 0 0.0000.50 0.01/0.65
ATPDIL2-2, ATPDI10, PDI10,
PDIL2-2 | PDI-LIKE 2.2 |AT1604980148 0 0.0000.50 0.01/0.65
CORI3, JR2 | TYROSINE
TRANSAMINASE FAMILY  |AT4G23600|47 0 0.0000.57/0.00(0.69
PROTEIN
ELFS | PROLINE-RICH FAMILY
DROTEIN AT5G62640|56 0 0.0000.58 0.000.71
COATOMER GAMMA-2
SUBUNIT, PUTATIVE / GAMMA-
2 COAT PROTEIN, PUTATIVE / | AT4634450/98 0 0.0000.50 0.01/0.65
GAMMA-2 COP, PUTATIVE
ALPHA/BETA-HYDROLASES
UPERFAMILY PROTEIN . |AT1652510/42 0 0.00/0.50 0.01/0.65
PROTEIN OF UNKNOWN
FUNCTION (DUF3411)  |[AT5612470(41 0 0.0000.50 0.01/0.65
AOS, CYP74A, DDE2 | ALLENE
OXIDE SYNTHASE AT5G42650|58 0 0.0000.50 0.01/0.65
MITOCHONDRIAL SUBSTRATE
CARRIER FAMILY PROTEIN |AT5619760[32 0 0.0000.50 0.01/0.65
POEUDOURIDINE SYNTHASE | a5 61446061 0 0.0000.50 0.01/0.65

FAMILY PROTEIN

259




ATIDDS, IDDS5 |

INDETERMINATE(ID)-DOMAIN 5| AT2602070/64 0 0.000.50 0.01/0.65
RPS19 | R'BOS%MAL PROTEIN | \rcGo0820(11 0 0.00[0.50 0.01/0.65
FTSZ2-2 | TUBULIN/FTSZ
EAMILY PROTEIN AT3G52750(50 0 0.00[0.50 0.01/0.65
ATSFGH, SFGH | S-
FORMYLGLUTATHIONE  |AT2G41530(32 0 0.000.50 0.01/0.65
HYDROLASE
MAP1C, MAP1B | METHIONINE
AMINOPEPTIDASE 18 AT1G13270(40 0 0.000.50 0.01/0.65
DELTA-TIP, TIP2;1, DELTA-TIP1,
AQP1, ATTIP2;1 | DELTA  |AT3G16240(25 0 0.330.32(0.17/0.54
TONOPLAST INTEGRAL PROTEIN
PROTEIN OF UNKNOWN
FUNCTION (DUF1118) AT1G74730|21 0 0.330.38 0.17/0.51
ALPHA/BETA-HYDROLASES
SUPERFAMILY PROTEIN |AT2G42690|46 0 0.000.50 0.01/0.65
PSAB | PHOTOSYSTEM |,
bSAA/PSAB PROTEIN ATCG00340(82 0 0.000.50 0.01/0.65
RIBOSOMAL PROTEIN S3
EAMILY PROTEIN AT2G31610(28 0 0.000.50 0.01/0.65
AT5G16910.1-DECOY AT5G16910| ? 0
EMB2753 | 10
TETRATRICOPEPTIDE REPEAT |AT1G80410|, 0 0.00[0.58 0.00[0.71

(TPR)-CONTAINING PROTEIN
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Table 7-5: Analyses of Variance Table (ANOVA) with Satterthwaite's method. df: degrees of freedom. p-value:
* =<0.05, ** =<0.01, *** = <0.001.

Figure Variable F-statistic df p-value

Fig. 4-7 genotype 5.546 3 ok
LYK4 0.2 1 ns

Fig. 4-8A tetraspanins 0.5 3 ns
LYK4:tetraspanins 1.4 3 ns

LYK4 0.6 1 ns

Fig. 4-8B TET3 11.5 1 *oEx

LYK4:TET3 13.1 1 ok

LYK4 7.6 1 wk

Fig. 4-8C TET7 15.2 1 *oEx
LYK4:TET7 0.07 1 ns

LYK4 0.03 1 ns

Fig. 4-8D TET8 9 1 ok
LYK4:TET8 8 1 *k

genotype 5.8 3 ok

Fig. 4-9 treatment 510.2 1 ok
genotype:treatment 2.7 3 *

genotype 7.725 3 ok

Fig. 5-5 treatment 88.9243 1 Hokk
genotype:treatment 3.8251 3 *

Fig. 5-7B genotype 4.823 3 ok
Fig. 5-7C genotype 4.206 3 *ok
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