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Abstract

Plants detect pathogens through nucleotide-binding leucine-rich repeat (NLR) immune receptors,
which activate effector-triggered immunity (ETI) after recognizing pathogen effectors. NLRs are
classified into TIR NLRs (TNL), coiled-coil NLRs (CNL), and RPW8-like NLRs (RNL), and can function
independently or in pairs, specializing in sensing pathogen effectors (sensor NLRs) or activating
immune signalling (executor/helper NLRs). TNLs rely on EDS1, SAG101, and PAD4 for immune
response activation, with the helper RNLs NRG1 and ADR1. In Solanaceous plants, many sensor CNLs
depend on NRCs for immune signalling. Thus, plant immune responses involve complex protein-
protein interactions (PPIs) in pathogen recognition and defense activation. This study aimed to
explore these interactions using TurbolD-based proximity labelling, which offers higher sensitivity

for identifying PPls compared to traditional approaches.

The first part of this work optimized TurbolD for capturing effectors that interact with TurbolD-
tagged host proteins during native infection (Chapter 3). This knowledge was then applied to capture
two previously reported Phytophthora infestans effectors, AVRamrl and AVRamr3, recognized by
the sensor CNLs Rpi-amrl and Rpi-amr3 from Solanum americanum, respectively (Chapter 4).
Additionally, we captured Albugo candida CCG effectors recognized by the sensor TNL WRR4A from
Arabidopsis thaliana, identifying two novel effectors, CCG14 and CCG41, which had not been
previously reported (Chapter 4). A. candida is particularly effective at suppressing TNL-mediate
immunity. Therefore, we tested TurbolD's ability to capture effectors targeting EDS1 signalling hubs
downstream of TNLs, identifying CCG82, which may interfere with the EDS1-PAD4-ADR1 complex
(Chapter 5). Lastly, TurbolD captured the transient interaction between sensor CNLs and helper NRCs,

shedding light on their dynamic communication (Chapter 6).

This work demonstrates TurbolD's utility in enhancing our understanding of plant-pathogen

interactions and establishes a foundation for future effector discovery.
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Chapter 1

General introduction



1. General introduction

1.1 Plant defense mechanisms

Plants have evolved a dynamic and innate set of defense mechanisms to protect themselves against
pathogenic organisms. The first line of defense consists of physical barriers, such as the cuticle and
the plant cell wall (Hamann, 2012, Yeats and Rose, 2013), along with constitutive chemical defenses
in the form of antimicrobial secondary metabolites called phytoanticipins (Piasecka et al., 2015,
Vanetten et al., 1994). However, many fungal pathogens can penetrate the plant epidermis by
mechanical rupture, often through the formation of an appressorium or by secreting a variety of
plant cell wall-degrading enzymes (Mendgen et al., 1996). In contrast, bacteria typically enter the
plant through natural openings, such as stomata (Melotto et al., 2008). Additionally, wounds caused
by environmental conditions, pests, or herbivores provide alternative routes of entry for microbial
pathogens. Once pathogens breach these pre-existing barriers, they must then contend with a
second line of defense, the plant’s immune system (Dodds and Rathjen, 2010, Jones and Dangl,

2006).

Plants have cell surface immune receptors localised to the plasma membrane called pattern
recognition receptors (PRR), typically receptor like-kinases (RLKs) and receptor like-proteins (RLPs).
These receptors can detect pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs).
PAMPs/MAMPs are often relatively invariant and well-conserved molecules that are released by
microbial organisms into the environment. When PRRs detect PAMPs/MAMPs, they initiate a series
of physiological responses in the plant cell, including burst of calcium (Ca?*) and reactive oxygen
species (ROS), ion fluxes, activation of mitogen-activated protein kinases (MAPKs), production of
inducible antimicrobial compounds called phytoalexins (Paxton, 1981), cell wall thickening, and

callose deposition. These events comprise pattern-triggered immunity (PTI) (Wu et al., 2014).

However, some pathogens can overcome this initial immune response by injecting virulence factors,
called effectors, into the host cell cytosol. For bacteria, this is achieved through a needle-like
structure known as the type-Illl secretion system (T3SS) (Cunnac et al., 2009). For filamentous
pathogens, external appendages called haustoria, which are intimately associated with the host cell
plasma membrane, facilitate the transfer of effectors (Catanzariti et al., 2007). The plant’s

recognition of these pathogenic proteins is mediated by intracellular immune receptors known as



nucleotide binding, leucine-rich repeats (NLR) proteins (Jacob et al., 2013, Wu et al., 2017). The
detection of these effectors activates a second immune response, known as the effector-triggered
immunity (ETI) (Cui et al., 2015). ETI triggers resistance (R)-gene-mediated defense, often leading to
a hypersensitive response (HR), which involves the apoptosis of infected host cells to prevent

pathogen spread to neighbouring cells (Greenberg and Yao, 2004).

Nevertheless, pathogens can evolve new, unrecognized effectors or modify existing ones to suppress
ETI and successfully colonize the plant. This ongoing interaction is often described as a multi-level
evolutionary arms race between plants and pathogens (Dodds and Rathjen, 2010, Jones and Dangl,
2006, Kanzaki et al., 2012). It is important to note that while PTl and ETI are often portrayed as two
independent cellular processes, the distinction between them is increasingly blurred (Ngou et al.,

2021, Thomma et al., 2011, Yuan et al., 2021).

1.2 NLR-mediated perception and response to pathogens

Once a pathogen is recognized by the plant, the activation of defense mechanisms involves a
complex network of signalling pathways (Bigeard et al., 2015), many of which remain unclear,
particularly in the case of the NLR-initiated ETI response. One possible reason for the lack of

identified ETI signalling proteins is that the pathway is short.

Typical NLRs feature a variable N-terminal domain, which plays a key role in receptor activation and
signalling, a central nucleotide-binding, apoptotic protease activating factor 1 (APAF-1), R-protein
and cell death 4 (CED-4) domain (NB-ARC), which has an ATPase homology and functions as an
ATP/ADP-exchange molecular switch (van der Biezen and Jones, 1998a, Van Ooijen et al., 2008), and
a C-terminal leucine-rich repeats (LRR) domain that is involved in the direct or indirect recognition
of pathogen effectors. NLRs are classified into three groups based on the architecture of their N-
terminal domain (Shao et al.,, 2016): the toll/interleukin-1 receptor/resistance (TIR) NLRs
(abbreviated TNL) which can function in various subcellular localizations, including the nucleus; the
coiled-coil (CC) NLRs (abbreviated CNL) which, despite primarily functioning in association with the
plasma membrane (Bentham et al.,, 2018), exhibit a vast and previously unsuspected diversity
(Contreras et al., 2023a); and the resistance to powdery mildew 8 (RPW8)-like coiled-coil NLRs

(abbreviated RNL) which support the function of many NLRs and therefore are often referred to as



helper NLRs (Feehan et al., 2020, Jubic et al., 2019). The role of helper NLRs is discussed in section
1.3.1.

NLRs can detect effectors in various ways. One mechanism involves direct interaction between the
LRR domain of NLRs and the effectors, known as the “ligand-receptor model” (Catanzariti et al., 2010,
Jia et al., 2000, Krasileva et al., 2010). Alternatively, NLRs can indirectly sense effectors by acting as

III

guardians of host proteins targeted by effectors, as described by the “guard model” (Dangl and Jones,
2001, van der Biezen and Jones, 1998b). According to the guard hypothesis, NLRs recognize
modifications to or perturbation of a host protein which typically plays a crucial role in defense and
may therefore be repeatedly targeted by pathogen effectors. This strategy allows the plant to
optimize a limited immune receptor repertoire. For example, the Arabidopsis RPS2 and RPM1
immune receptors monitor the status of the RIN4 protein, which is targeted by multiple different
bacterial type Ill effectors. When RIN4 is cleaved by the AvrRpt2 protease, RPS2 activates immune
responses (Axtell and Staskawicz, 2003, Mackey et al., 2003). In contrast, RPM1 triggers immunity
upon detecting hyperphosphorylation of RIN4 by AvrRpm1, which disrupts its phospho-switch status
(Mackey et al., 2002), as well as rhamnosylation of RIN4 by AvrB (Peng et al., 2024). Another
mechanism is the “decoy model”, in which NLRs protect host proteins that have evolved to resemble
those targeted by effectors. These proteins no longer serve indispensable defense functions but
instead function solely to trap the effectors (Lewis et al., 2013, Ntoukakis et al., 2014, van der Hoorn
and Kamoun, 2008). The ZAR1 immune receptor monitors the status of multiple RLCK-like proteins
via intermediate pseudokinases, such as RKS1. For instance, the Xanthomonas campestris effector
AvrAC uridylylates PBL2, which acts as a decoy for the true AvrAC target, BIK1 (Wang et al., 2015).
Subsequently, the pseudokinase RKS1, in conjunction with ZAR1, interacts with the modified PBL2,

leading to the activation of ZAR1 (Wang et al., 2019).

Some NLRs function independently in effector recognition and the execution of defense signalling.
The activation of these so-called singleton NLRs, such as ZAR1 (CNL), ROQ1 (TNL), and RPP1 (TNL),
upon detection of their cognate effectors, leads to their oligomerization into a wheel-like multimeric
complex known as a resistosome (Ma et al.,, 2020, Martin et al., 2020, Wang et al., 2019). This
oligomerization process usually involves the exchange of ADP for ATP at the NB domain of NLR
proteins, which triggers the association of NB domains with one another, bringing their N-terminal
signalling domains into proximity and allowing the initiation of signalling events. Once the N-

terminal TIR domains are close to one another upon oligomerization, this activates an intrinsic



nicotinamide adenine dinucleotide hydrolases (NADases) activity in the TIR domain that hydrolyses
NAD+ or ATP into small signalling molecules that can be detected by downstream signalling partners
(Huang et al., 2022). RPP1 and Roq1l oligomerize to form tetramers (Ma et al., 2020, Martin et al.,
2020), while ZAR1 constitutively forms a heterodimer with one of multiple pseudokinases, such as
RKS1, which then binds to uridylylated PBL2, leading to the formation of ZAR1-RKS1-PBL2 complexes
that oligomerize into a pentamer (Wang et al., 2019). These resistosomes harbour a funnel-shaped
structure at their N-termini that can disrupt the plasma membrane integrity, creating cation
channels and enabling Ca?* influx, inducing the expression of genes important for ETI and ultimately

triggering HR (Bi et al., 2021).

Finally, some NLRs function in pairs, with one NLR acting as a sensor NLR that contains an integrated
domain (ID) at its C-terminus, mimicking the effector target, and the other NLR acting as an executor
NLR that converts effector recognition into defense activation. This is referred to as the “integrated

I”

decoy model” (Cesari et al., 2014). The first identified chromosomally adjacent Arabidopsis TNL gene
pair, RPP2A and RPP2B, is required for conferring resistance to downy mildew (Sinapidou et al., 2004).
Two of the most studied NLR-ID pairs are the Arabidopsis TNL pair RPS4/RRS1, in which RRS1
contains an integrated WRKY transcription factor domain that detects two unrelated bacterial
effectors, AvrRps4 and PopP2, from Pseudomonas syringae and Ralstonia solanacearum,
respectively (Le Roux et al., 2015, Sarris et al., 2015); and the rice CNL pair RGA4/RGAS5, in which
RGAS carries an integrated HMA domain that interacts with Magnaporthe orizae effectors AVR-Pia

and AVR1-CO39 (Cesari et al., 2013). It has not yet been shown whether NLR pairs oligomerize upon

effector detection, like singleton NLRs.
Together, these mechanisms highlight the diverse strategies employed by NLRs to recognize and

respond to pathogen effectors, ultimately orchestrating complex defense responses to protect

plants from infection.

1.3 Additional signalling components in plant immunity: linking perception to defense activation

1.3.1 The role of helper NLRs downstream of sensor NLRs in plant defense

In addition to the sensor and executor NLRs, there are helper NLRs, and many NLR-mediated

immune responses depend on their presence (Bonardi et al., 2011). Helper RNLs act as downstream



signalling hubs, enabling a wide range of sensor NLRs to activate subsequent signalling events. Two
major RNL families in Arabidopsis and many other plants are the ACTIVATED DISEASE RESISTANCE 1
(ADR1) family (Dong et al., 2016), and the N REQUIRED GENE 1 (NRG1) family (Castel et al., 2019,
Peart etal., 2005). These families belong to a small subclass of CNLs and carry a RPW8-like CC domain
at their N-termini, which is related to the resistance protein RPW8 (Li et al., 2018, Xiao et al., 2001).
Interestingly, homology has been observed between the RPW8 domain and the four-helical bundle
(4HB) domain in the mammalian mixed-lineage kinase domain-like (MLKL) protein, as well as the
fungal HelLo-like (HELL) domain (Daskalov et al., 2016). These domains play a role in pore-formation
in the plasma membrane following aggregation, ultimately leading to cell death (Hildebrand et al.,
2014, Seuring et al., 2012). Indeed, it has been shown that once activated, NRG1 and ADR1
oligomerize to form Ca?* influx channels at the plasma membrane (Feehan et al., 2023, Jacob et al.,
2021, Wang et al., 2023), resembling the proposed pore-forming activity of the ZAR1 CC domain or
the animal MLKL cation channel (Cai et al., 2014, Chen et al., 2014, Wang et al., 2019). In Arabidopsis,
there are four paralogs of ADR1: ADR1, ADR1-L1, ADR1-L2, and the N-terminally truncated ADR1-L3;
and three paralogs of NRG1: NRG1.1 (or NRG1-A), NRG1.2 (or NRG1-B), and N-terminally truncated
NRG1.3 (or NRG1-C). Members of the NRG1 family are essential for TNL but not CNL receptor
responses, whereas ADR1 family members function redundantly in signalling downstream of both
TNLs and some CNLs (Wu et al., 2019). NRG1 and ADR1 functions are unequally redundant (Saile et
al.,, 2020). Finally, NRG1 and ADR1 are essential for transcriptional reprogramming during TNL-
mediated immunity, as 86% of genes induced 4 hours after AvrRps4 recognition are not activated in

the helperless mutant or in the eds1 mutant (Saile et al., 2020).

In Solanaceae, there is an additional class of helper NLRs, known as NLRs-required for cell death
(NRCs), which support the function of many sensor CNLs (Wu et al., 2017). Several NRCs can either
be specific or redundantly support the function of overlapping sets of sensor CNLs. For example, two
CNLs, Rpi-amrl and Rpi-amr3, from Solanum americanum, a wild relative of the potato that is
resistant to blight, confer resistance to Phytophthora infestans in cultivated potatoes and are NRC-
dependent (Witek et al., 2016, Witek et al., 2021). However, Rpi-amrl can signal through NRC2 or
NRC3, but not NRC4 (Witek et al., 2021), while Rpi-amr3 can signal through NRC2, NRC3 or NRC4
(Lin et al., 2022). The N-terminal region of NRCs carries a conserved MADA motif that is functionally
exchangeable with the matching N-terminal region of ZAR1, which undergoes a conformational
switch during resistosome activation (Adachi et al., 2019a). In contrast, sensor CNLs that depend on

NRCs lack the MADA motif, suggesting that this motif has degenerated in sensor CNLs over



evolutionary time. It has been shown that members of the NRC family, NRC2 and NRC4, also
oligomerize upon activation (Ahn et al., 2023, Contreras et al., 2023b). Notably, they form hexamers
instead of pentamers, forming Ca?* channels, and the sensor CNLs are not incorporated into the NRC
oligomers (Liu et al., 2024a, Ma et al., 2024, Madhuprakash et al., 2024). The precise molecular
mechanisms by which activated sensor CNLs translate into activated helper NRCs, and consequently

trigger disease resistance, remain to be determined.

1.3.2 Beyond NLRs: the role of lipase-like proteins in plant immunity

The RNLs function in concert with a family of EP domain (for EDS1 and PAD4-defined, (Feys et al.,
2001)) containing signalling partners. This highly conserved C-terminal EP domain, shared by
ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1), SENESCENCE ASSOCIATED GENE 101 (SAG101), and
PHYTOALEXIN DEFICIENT 4 (PAD4) (Wiermer et al., 2005), is unique to plants and occurs only in
conjunction with a lipase domain, thus defining the EDS1 family (Wagner et al., 2013). Both NRG1
and ADR1 proteins require the lipase-like protein EDS1 for function (Falk et al., 1999, Qi et al., 2018).
EDS1 forms spatially distinct complexes with the two related lipase-like proteins SAG101 or PAD4 to
mediate plant immunity (Cui et al., 2017, Feys et al., 2001, Feys et al., 2005, Gantner et al., 2019,
Wagner et al., 2013). The EDS1-PAD4 complex localizes to both the nucleus and cytosol, while the
EDS1-SAG101 complex localizes exclusively to the nucleus (Feys et al., 2005, Garcia et al., 2010).
Helper RNLs and lipase-like proteins form two distinct signalling complexes. In Arabidopsis, the EDS1-
SAG101-NRG1 module is involved in eliciting host cell death, while the EDS1-PAD4-ADR1 module
stimulates the accumulation of the plant hormone salicylic acid (SA), which is crucial for basal and
systemic immunity, thereby restricting bacterial growth (Lapin et al., 2019). AtEDS1-AtSAG101
cannot signal in conjunction with NbNRG1, indicating a molecular incompatibility between signalling
components from different species. As a result, HR in the epss N. benthamiana mutant can only be
triggered when alleles of EDS1, SAG101 and NRG1, all derived from Arabidopsis, are co-expressed
(Lapin et al., 2019).

Conserved residues at the C-terminal EP domain (EPD) surfaces of PAD4 and SAG101, surrounding a
cavity formed with EDS1, contribute to the function of EDS1 heterodimers and their association with
the respective helper RNLs ADR1 and NRG1. These residues also play a role in recruiting other
immune-related proteins upon NLR resistosome formation (Dongus et al., 2022). The N-terminal TIR

domains of NLR resistosomes act as NADases releasing small molecules that were proposed to be



the signal perceived by the EPD surfaces of EDS1-PAD4 and EDS1-SAG101 heterodimers, thereby
activating the helper RNLs ADR1 and NRG1, respectively (Horsefield et al., 2019, Huang et al., 2022,
Jiaetal., 2022, Wan et al., 2019). Recently, the molecular structures of both the EDS1-SAG101-NRG1
and the EDS1-PAD4-ADR1 signalling complexes have been resolved, revealing the nesting of TIR-
catalyzed small molecules within the EPD cavity as predicted, which triggers conformational changes

that lead to the recruitment of helper RNLs (Huang et al., 2025, Xiao et al., 2025, Yu et al., 2024).

1.4 Evasion of NLR-mediated defense mechanisms by pathogens

Pathogens introduce scores to hundreds of virulence factors, known as effectors, into plant cells to
manipulate host cell biology. These effectors are often functionally redundant and can target and
disrupt any phase of the plant immune response, thereby facilitating infection. In contrast, hosts
only need to detect a single effector to mount a resistance response. Most plant R genes encode

NLR proteins, while effector genes encode proteins with diverse biochemical functions.

NLRs are the primary sentinels for detecting intracellular effectors. Effectors recognized by NLRs are
often referred to as “avirulence (AVR) effectors”, as their detection triggers ETI-mediated defense
mechanisms that restrict pathogen growth (Cui et al., 2015). The robust immune response provided
by NLRs exerts strong selection pressures on pathogens, driving host-pathogen coevolution.
Pathogens that adapt to their hosts avoid or impair ETI through various strategies, including
modification of AVR genes, acquisition of epistatic effectors, and modulation of plant’s guardees or
decoys (Arnold and Jackson, 2011, Raffaele and Kamoun, 2012). The AVR gene repertoire of
pathogens is frequently subject to change, with many effector-encoding genes located in highly

plastic, repeat-rich genomic regions, enabling rapid evolution (Raffaele et al., 2010).

One or two amino acid substitutions can be enough to allow effector variants to escape recognition
by NLRs. For example, a single amino acid change in the Hyaloperonospora arabidopsidis (Hpa)
effector ATR1-Cala2, located at the centre of the interaction interface, is sufficient to disrupt its
binding with the immune receptor RPP1-WsB, allowing it to escape RPP1 recognition (Chou et al.,
2011). In another case, a single amino acid substitution in the nuclear localization signal of the Hpa
effector RxL103 abolishes its accumulation in the nucleus. By altering its subcellular localization, this
prevents recognition by the immune receptor RPP4 (Asai et al., 2018). Larger numbers of

substitutions can also cause a recognized effector to become unrecognized. For instance, the P



infestans effector AVR2 targets the host phosphatase BSU-LIKE PROTEIN 1 (BSL1), forming a complex
that is recognized by the immune receptor R2 in Solanum demissum. An AVR2 variant, called “AVR2-
like”, contains 13 amino acid polymorphisms in the mature protein. Although AVR2-like still binds to

BSL1, this complex can no longer be detected by R2 (Gilroy et al., 2011, Saunders et al., 2012).

Additionally, pathogens can avoid recognition by NLRs by modifying the expression of AVR genes. In
virulent isolates of Magnaporthe oryzae, a transposon has inserted itself into the promoter region
of AVR-Pital, stopping its transcription (Kang et al., 2001, Zhou et al., 2007). Avrvnt1 is silenced in P.
infestans strains that overcome Rpi-vntl-mediated resistance (Pais et al., 2018). Moreover, the
expression of AVR genes can also be regulated by epigenetic modifications. The virulent isolate of P.
sojae (P6496) harbours elevated methylation of histone H3 at the Avrib locus, which reduces its

expression (Wang et al., 2020).

Alternative strategies to evade the activation of ETI-mediated immune responses include the
acquisition of epistatic effectors that bind to or regulate NLRs or other AVR effectors. The
Pseudomonas syringae acetyltransferase type lll effector HopZ3 binds to the AvrB3-RPM1 immune
receptor complex and, through its acetylation activity, may inactivate the entire effector-immune
complex (Lee et al., 2015). Moreover, the RIN4 protein, which is targeted by several effectors and
guarded by two NLRs, RPS2 and RPM1, is also acetylated by HopZ3, suppressing RPM1-mediated
resistance by interfering with RIN4’s phosphorylation (Lee et al., 2015). Additionally, the
Leptosphaeria maculans, the causal agent of oilseed rape stem canker, effector AvrLm4-7 is
structurally similar to the AvrLm3 and AvrLm5-9, and can suppress their recognition by the immune

receptors RIm3 and RIm9, respectively (Lazar et al., 2022).

Finally, some effectors have been shown to interfere with NLR regulatory elements or subvert
immune signalling components. For example, an important regulator of NLR accumulation and
activation, SUPPRESSOR OF G2 ALLELE OF skp1 (SGT1), interacts with the Ralstonia solanacearum
type Il effector RipAC, which blocks its phosphorylation, leading to attenuated SGT1-dependent ETI
responses (Yu et al., 2020). Furthermore, a co-chaperone of SGT1, HEAT SHOCK CHAPERONE 90
(HSP90), which is required for the maturation of several NLRs, is targeted by the P. syringae type lll
effector HopBF1. HopBF1 mimics an HSP90 substrate, phosphorylates HSP90, and thereby
inactivates it (Lopez et al., 2019). Pathogens have also convergently evolved effectors that target the

NRC helper NLRs, which form a partially redundant signalling network downstream of sensor CNLs



in the Solanaceae, increasing the complexity and resilience of the plant immune system. Specifically,
two effectors, the oomycete AVRcaplb and the nematode SPRYSEC15 effectors, were found to
counteract the function of NRC2 and NRC3, thereby preventing the signal transmission of effector-
activated sensor CNLs through these two NRCs (Derevnina et al., 2021). Surprisingly, despite the fact
that the lipase-like proteins EDS1, SAG101, and PAD4 constitute a central signalling node linking TNL
activation to the induction of resistance pathways, and are broadly conserved in plant genomes,
making them ideal targets for effectors, only recently have a few effectors been identified that

interfere with these key signalling proteins as a virulence strategy (Liu et al., 2024b, Qi et al., 2024).

Pathogens have evolved to evade plant immune responses through strategies like modifying effector
proteins, altering AVR gene expression, and interfering with immune components like NLRs, boosting
virulence and infection. However, the specific host targets and mechanisms used by many effectors
remain unclear, as does how pathogens coordinate their effector repertoires to target key plant

pathways.

1.5 Uncovering protein-protein interactions through proximity labelling

Protein-protein interactions (PPIs) are crucial to nearly all cellular processes, including the activation
of plant defense mechanisms. Given the central role of proteins in plant-pathogen interactions,
developing novel molecular techniques to identify protein interactors within various complexes is

essential for their subsequent functional characterization.

Traditional methods for identifying PPIs include yeast-two-hybrid (Y2H) assays and biochemical
techniques such as co-immunoprecipitation (Co-IP) and affinity purification (AP) coupled with mass-
spectrometry (MS) (Struk et al., 2019). However, these techniques have notable limitations. The Y2H
approach requires generation of cDNA libraries which can be labour-intensive and expensive and is
performed in the nucleus of a heterologous single-cell eukaryotic organism, yeast. Biochemical
approaches, such as Co-IP and AP-MS, on the other hand, are typically limited to detecting high-
affinity interactions and often fail to capture weak or transient interactions unless paired with cross-
linking (Chu et al., 2018). They also exhibit low efficiency in identifying interactors of membrane-
associated proteins due to their low solubility and are not well-suited for low-abundance proteins.
In addition, these conventional techniques are not representative of true cellular environments

because they are conducted in vitro or under non-physiological conditions.
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Enzyme-catalyzed proximity labelling (PL) methods have been developed to address some of the
limitations of traditional PPl identification techniques. These approaches utilize an engineered
enzyme, such as a biotin ligase, fused to a target protein of interest (POI) to catalyze the biotinylation
of endogenous proteins in a proximity-dependent manner (Figure 1.1). In the presence of ATP and
biotin, the biotin ligase generates reactive biotinyl-5’-AMP (bio-AMP), the active form of biotin,
which covalently binds to nearby primary amines present on lysine residues of proteins within an
estimated radius of 10 nanometres, as demonstrated in a study on the nuclear pore complex (Kim
et al.,, 2014a), and up to 35 nanometres (May et al.,, 2020). The biotinylated proteins are
subsequently isolated using streptavidin-based affinity purification and enriched under stringent
washing conditions for identification by MS. PL techniques reveal unique spatial and temporal
protein interaction networks by capturing weak, transient or hydrophobic PPls in their native cellular
environment, thereby providing deeper insights into specific biological processes (Gingras et al.,

2019).
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Biotinylated residue

Biotin ligase

Free biotinyl-AMP

=~ 35 nm

Figure 1.1 TurbolD-based identification of protein-protein interactions.

TurbolD enables the capture of transient or weak protein-protein interactions
in vivo and at room temperature. In the presence of ATP and biotin, TurbolD
releases reactive free biotinyl-5’-AMP, which diffuses within a radius of up to 35
nm around the enzyme. Proteins that come in proximity with a TurbolD-tagged
bait are biotinylated, including direct and indirect interactors as well as proteins
randomly passing by. The enzymatic reaction occurs within approximately 10
minutes, after which biotinylated proteins can be retrieved using streptavidin-
based affinity purification. It is important to note that this approach reflects
close proximity but does not confirm direct interactions.

Various PL enzymes have been developed, each with distinct advantages and disadvantages
(Samavarchi-Tehrani et al., 2020). Two commonly used PL enzymes are engineered soybean
ascorbate peroxidase (APEX) (Lam et al., 2015, Rhee et al., 2013), and Escherichia coli biotin ligase
called BirA (Bifunctional ligase/repressor A) made by a point mutation (R118G) to generate BirA"
(known as BiolD) (Li et al., 2017b, Roux et al., 2012). Arginine (R) at position 118 plays a role in
interacting with the biotin molecule, and replacing it with glycine (G), a smaller amino acid with a
non-polar side chain, reduces steric interactions and lowers the affinity for biotin and bio-AMP. This
mutation (R118G) improves the enzyme’s efficiency in catalyzing the attachment of biotin to target
proteins (Choi-Rhee et al., 2004). APEX offers rapid tagging kinetics, requiring only about one minute
or less for labelling. However, its reliance on hydrogen peroxide (H,02) as a substrate introduces
toxicity, making it unsuitable for PL in plants. In contrast, BiolD uses biotin as a substrate, which is
non-toxic, but it requires a significantly longer incubation time (18-24 h) and higher temperature
(37 °C) for efficient labelling. These conditions are suboptimal for in planta studies, limiting BiolD’s

applicability in plant systems (Conlan et al., 2018, Khan et al., 2018, Lin et al., 2017). To address these
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limitations, two improved variants of BiolD, TurbolD (35 kDa) and its truncated version miniTurbo
(28 kDa), were developed through directed evolution of BirA (Branon et al., 2018). In this study, the
authors found that R118S is approximately two-fold more active than R118G under identical
conditions, and therefore selected R118S as their starting template for evolution. TurbolD contains
15 mutations, while miniTurbo contains 13 mutations, relative to wild-type BirA. These variants
exhibit enhanced catalytic activity, enabling biotinylation within 10 minutes, as well as improved
thermal stability, allowing them to function at lower, more physiologically relevant temperatures
(e.g., room temperature, 25 °C). As a result, TurbolD and miniTurbo combine the advantages of APEX
(speed) and BiolD (non-toxicity), making them powerful tools for studying protein interactions in fast

and dynamic cellular processes without compromising cell viability.

Therefore, PL methods offer significant advantages over traditional PPl techniques by capturing
weak or transient protein interactions in their native cellular environment, which could provide
deeper insights into plant defense mechanisms and pathogen virulence. The previous studies using

TurbolD in plant immunity are described in the introduction of Chapter 3.

1.6 Study aims and objectives

This project aimed to better understand pathogen virulence and the plant defense mechanisms
involved in plant-pathogen interactions using enzyme-catalyzed proximity labelling. Proximity
labelling enables the exploration of PPls from a new perspective and achieves their detection with
greater sensitivity than traditional approaches. Specifically, we aimed to investigate whether it
would be possible to capture effectors during native infection, which would greatly facilitate effector

discovery.

Chapter 3: The application of TurbolD to better understand PPIs involved in plant-pathogen
interactions was still in its infancy at the start of this project. One of the first tasks was to explore
and identify experimental conditions that would allow us to successfully capture low-abundance
proteins, such as effectors, despite the significant background noise generated by TurbolD. This

required optimization throughout the project to establish best practices.

Chapter 4: As a proof of concept, we aimed to capture two previously reported Phytophthora

infestans effectors, AVRamrl1 and AVRamr3, recognized by the sensor CNLs Rpi-amr1 and Rpi-amr3
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from Solanum americanum, respectively. After further optimization, we successfully detected these
effectors by mass spectrometry during native infection. We then captured Albugo candida CCG
effectors recognized by the sensor TNL WRR4A from Arabidopsis thaliana, identifying two novel CCG
effectors, CCG14 and CCG41, which had not been previously reported. These experiments

demonstrated TurbolD’s ability to discover new effectors recognized by NLRs.

Chapter 5: The Albugo-Arabidopsis pathosystem offers an attractive model for studying broad-
spectrum defense suppression by a biotrophic oomycete. Albugo species are highly effective at
suppressing TNL-dependent immunity, and we hypothesized that they may have evolved effectors
targeting TNL downstream signalling elements, such as EDS1. Using TurbolD, we identified several
CCG effectors, including CCG82, which AlphaFold2 predicts could potentially interfere with the EDS1-
PAD4-ADR1 signalling complex by competing for ADR1 binding to PAD4. Additionally, the plant-
proximal interactors of EDS1 identified in this experiment suggest its involvement in the host plant

transcriptional and RNA processing machinery.

Chapter 6: Finally, the mode of communication between sensor CNLs and helper NRCs to activate
plant immunity was unclear, particularly whether it would involve a transient interaction. TurbolD
enabled us to capture the interaction between sensor CNLs and helper NRCs, and we further
attempted to characterize the dynamics of this interaction. Additionally, this exploration led us to
hypothesize that the helper NRC2 could be phosphorylated, a hypothesis confirmed by mass
spectrometry analysis. However, whether this post-translation modification plays a role in the

interaction between sensor CNLs and helper NRCs remains to be determined.
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Chapter 2

Materials and Methods
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2. Materials and Methods

2.1 Golden Gate cloning

TSL Synbio has generated Golden Gate modules, which were used to generate the DNA constructs
listed in Tables 4.1, 5.1, and 6.1. These constructs were employed for either transient expression
assays in N. benthamiana and/or transformation into stable A. thaliana transgenic lines. The
terminology of the various components used to assemble these constructs is also provided in the
above-mentioned tables. Fusion of the TurbolD enzyme (~ 35 kDa) to the C-terminal end of the
target proteins is preceded by an eleven-amino acid linker, which may facilitate conformational
rearrangements and prevent the TurbolD fusion from interfering with the function of the bait
proteins. Type IIS restriction enzymes were used to perform the DNA assembly reactions (Engler et

al., 2008). The constructs were assembled following the protocol outlined below:

30s 37°C
3min 37°C
4min 16°C x35
5min 50°C
5min 80°C
1min 16°C

The amount of acceptor plasmid used was 50-100 ng, with a 2:1 molar ratio of insert to acceptor.
The reaction mixture included 0.5 pL of 20 U/uL of Bpil (Bbsl) or Bsal (ThermoFisher), 1.5 pL of 10X
Bovine Serum Albumin (BSA), 0.5 pL of 400 U/uL of T4 DNA ligase (NEB), and 1.5 pL of T4 ligase
buffer (NEB) and water to a final volume of 10 pL. The resulting constructs were verified by
generating digestion patterns using restriction enzymes other than Bpil (Bbsl) or Bsal. For further
confirmation, the constructs were analysed by Sanger sequencing to ensure the accuracy of the
coding region of each protein of interest (POI). Finally, the constructs were transiently expressed in

N. benthamiana to verify the protein sizes in kilodaltons (kDa).
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2.2 Sanger sequencing of DNA

Sanger sequencing of the generated DNA constructs was performed by GENEWIZ. Pre-mixed
reactions were prepared in distilled water (dH20) with 350 ng of plasmid DNA and 2.5 pL of 10 uM
corresponding primer mixture, resulting in a final volume of 10 uL. The sequencing results were

analysed using CLC Main Workbench software (version 20.0.4).

2.3 Bacterial transformation

Bacterial strains of Erichia coli (DH10B) were used for molecular biology, and Agrobacterium
tumefaciens (GV3101:pMP90) for transformation in stable A. thaliana transgenic lines and/or
transient expression in N. benthamiana. The A. tumefaciens GV3101:pMP90 strain harbours natural
rifampicin antibiotic resistance and carries a nopaline-based Ti plasmid (pMP90), which contains a
gentamycin resistance cassette for selectable antibiotic resistance. The E. coli DH10 strain harbours

natural antibiotic resistance to streptomycin.

Electrocompetent E. coli cells were thawed on ice for 5-10 minutes before adding 0.5-1 uL of plasmid
DNA. The resulting mixture was transferred into an ice-cool 1 mm gap electroporation cuvette. The
cuvette was placed into a MicroPulser™ Electroporation Apparatus (Bio-Rad: 165-2100), and a single
pulse of 1.8 kV was applied. The electrocompetent cells were then placed back on ice, resuspended
in 200 pL of Lysogeny Broth (LB) liquid medium (L-media) [1% (w/v) tryptone, 0.5% (w/v) yeast
extract, and 1% (w/v) sodium chloride, pH 7.0], and transferred to a 1.5 mL Eppendorf tube. The
cells were incubated at 37 °C, shaking at 200-250 RPM for 20 minutes. Afterward, the cells were
spread onto appropriate selection media on Petri dishes. The plates were incubated overnight (12-
16 hours) at 37 °C to allow colony growth. For blue-white colony selection, when LacZ gene was
present in the acceptor vector, 10 pL of 1M isopropyl B-D-1-thiogalactopyranoside (IPTG) and 20 plL
of 50 mg/mL 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal) were added and spread onto

selection plates.
Electrocompetent A. tumefaciens cells were prepared as described for electrocompetent E. coli cells,

with the following modifications: the cells were incubated at 28 °C, shaken at 200-250 RPM for 20

minutes; and then placed in an incubator at 28 °C for 48 hours to allow colony growth.
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To make glycerol stocks, single colonies were picked from selection plates and transferred to sterile
5 mL or 10 mL liquid L-media containing the appropriate antibiotic. The working concentrations of
antibiotics used are listed below. The cultures were incubated at 37 °C for E. coli or 28 °C for A.
tumefaciens, shaking at 200-250 RPM for 16-24 hours. After incubation, 700 uL of the culture
solution was transferred to a 1.5 mL Eppendorf tube and combined with 700 uL of 60% sterile

glycerol. The mixture was then stored at — 80 °C.

Working concentration (pug/mL)
E. coli A. tumefaciens
Carbenicillin 100 100
Gentamicin - 20
Kanamycin 50 50
Rifampicin - 50
Spectinomycin 50 50

2.4 Plasmid DNA isolation from E. coli

Single colonies were retrieved from selection plates and used to inoculate 10 mL sterile L-media
containing the appropriate selection antibiotics. Cultures were grown overnight (12-16 hours) at
37 °C, shaking at 200-250 RPM. The cells were pelleted by centrifugation at 3,700 x g for 10 minutes.
DNA was then purified using the Macherey-Nagel NucleoSpin® Plasmid Mini Kit (Ref: 740588.50)
following the manufacturer's instructions. The concentration of plasmid DNA was measured using a
Nanodrop™ spectrophotometer by measuring ultraviolet absorbance at 260 nm. Purified plasmids

DNA were stored at — 20 °C.

2.5 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to swap Bpil (Bbsl) and Bsal restriction nucleotide sites in
the different genes of interest without changing the resulting protein sequence, a process known as
“gene domestication”. DNA oligonucleotide primers synthesized by Sigma-Aldrich were used for the
PCR reactions. Lyophilized oligonucleotides were resuspended in water to a final concentration of
10 uM and stored at 4 °C. The Phusion high-fidelity DNA polymerase (ThermoFisher: 00975122) was

used in 20 uL PCR reactions, which were run according to the following protocol:
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30s 98 °C

10s 98 °C
30s 56 °C
20s/kb 72°C %30
5min 72°C

For general PCR reactions, the Tag DNA polymerase (Qiagen: 163035150) was used in 20 pL PCR

reactions, which were run according to the following protocol:

3 min 95°C
30s 95 °C
30s 56 °C
1 min/kb 72 °C x26/30
5 min 72°C

2.6 Agarose gel electrophoresis

Agarose gels for DNA electrophoresis were prepared using heated molecular biology grade agarose
in TAE buffer, containing 40 mM Tris-acetate (pH 8.0) and 1 mM ethylenediaminetetraacetic acid
(EDTA), to a final concentration of 1% (w/v). After the agarose solution cooled, ethidium bromide
was added to a final concentration of 0.5 pg/mL. The molten agarose solution was poured into gel
moulds with combs and allowed to cool at room temperature to facilitate agarose polymerization.
DNA samples were mixed with 4 uL of 10X Orange G DNA Loading Buffer before being loaded into
the gel. The GeneRuler 1kb Plus DNA Ladder (ThermoFisher: SM1331) was used as molecular weight
marker, and 5 pL of the ladder was run alongside the DNA samples. Electrophoresis was carried out
in TAE buffer, with an electrical current applied across the gel at 100-150 V. Finally, DNA bands were

visualized using an ultraviolet transilluminator.
When necessary, DNA bands of interest were excised from the agarose gel using a scalpel on an

ultraviolet trans-illuminator. DNA isolation and purification from the gel were performed using the

Qiagen QIAquick® Gel Extraction Kit (Ref: 28704), following the manufacturer’s instructions.
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2.7 RT-PCR

The detection of AVRamr1 and AVRamr3 cDNAs from Phytophthora infestans was performed by first
isolating the total RNA using the Qiagen RNeasy® Plant Mini Kit (Ref: 74904) and removing any
genomic DNA (gDNA) with the ThermoFisher TURBO DNA-free™ Kit (Ref: AM1907). Complementary
DNA (cDNA) fragments were then synthesized by reverse transcriptase (RT) using the ThermoFisher
SuperScript™ IV Reverse Transcriptase (Ref: 18090050), following the manufacturer’s instructions.

Finally, the obtained cDNA fragments were amplified by PCR.

2.8 N. benthamiana transient assays

Glycerol stocks of A. tumefaciens strains carrying DNA constructs were streaked onto L-media agar
plates containing the appropriate antibiotic selection. The plates were incubated at 28 °C for 48
hours. Cells were then scraped from the plates, resuspended in 2 mL of infiltration buffer consisting
of MgCl,-MES (pH 5.6) and 200 uM acetosyringone, and briefly vortexed. The resuspended cells were
diluted 100-fold, and the optical density (OD) was measured using a spectrophotometer at a
wavelength of 600 nm. The cells were then further diluted in infiltration buffer according to the
experimental design. In some cases, a p19 RNA silencing suppressor expression construct (Kontra et
al., 2016) was added to the Agro-infiltration mixes. Leaves from 4/6-week-old plants were infiltrated

with the appropriate Agro-infiltration mixes using 1 mL plastic syringes and then blotted dry.

For cell death assays in N. benthamiana, leaves were spot-infiltrated and covered with foil envelopes
to keep them in the dark (Schultink et al., 2017). The foil was removed 48 hours after infiltration. HR

events were assessed up to 6 dpi, and photographs of the leaves were taken with a camera.

For protein purification from N. benthamiana leaves, tissues were harvested 48-72 hours after

infiltration by removing central and lateral veins, and flash-freezing the samples in liquid nitrogen.

The tissues were then stored at — 80 °C for future use.

2.9 A. thaliana transient assays

For cell death assays in A. thaliana, glycerol stocks of the non-pathogenic Pseudomonas fluorescens

Pf0-1 strain (Thomas et al., 2009), either carrying the unrecognized AvrRps4t¥* (Ma et al., 2018) or
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the recognized AvrRps4 bacterial effector, were streaked onto L-media agar plates containing the
appropriate antibiotic selection. The plates were incubated at 28 °C for 24 hours. Cells were scraped
from the plates, resuspended in autoclaved infiltration buffer consisting of MgCl,-MES (pH 5.6), and
diluted to an ODego of 0.2. The plants were watered from below for approximately 1 hour before the
leaves were entirely infiltrated with 1 mL plastic syringes and then immediately blotted dry. HR

events were assessed at 1 dpi, and photographs of the leaves were taken with a camera.

2.10 Protein extraction

Prior to tissues harvesting, two 3 mm tungsten carbide beads (Qiagen: 69997) were added to each
tube. Tissues were ground and homogenized with Geno/Grinder® for 30 seconds at 1300 RPM,
repeated twice, with cooling in liquid nitrogen between the first and second rounds of grinding. A
1:1 ratio (e.g., 100 g of tissue to 100 uL of extraction buffer) was used, with the extraction buffer
consisting of 100 mM Tris-HCI (pH 8.0), 2% (w/v) sodium dodecyl sulphate (SDS), 10 mM
dithiothreitol (DTT), and 1 tablet of EDTA-free protease inhibitor (Pi) cocktail (Roche: 11836170001)
per 10 mL buffer, and was added to the tubes. Tubes were manually shaken regularly for 5 minutes
at room temperature. The samples were then centrifuged for 2 minutes at 8,000 x g. The resulting
supernatant was transferred to a new set of 1.5 mL Eppendorf tubes, and a 1:3 ratio of loading dye
(made of 125 mM Tris-HCI (pH 6.8), 12% SDS (pH 7.2), 10% glycerol, 10 mM DTT, and 1%
bromophenol blue; modified and adapted from (Martinez-Garcia et al., 1999)) was added for
visualization. The samples were briefly vortexed and heated at 95 °C for 5 minutes. Finally, lysates

were centrifuged for 1 minute at 8,000 x g and stored at — 80 °C, if not used immediately.

2.11 TurbolD-based proximity labelling

For TurbolD-directed immunoprecipitation (TurbolD-directed IP) experiments in N. benthamiana,
leaves of four-week-old plants were infiltrated with agrobacteria carrying a TurbolD construct. After
72 hours post-infiltration (hpi), 50 uM biotin in dH20, prepared from a 200 mM biotin stock solution
made in the organic solvent dimethyl sulfoxide (DMSO) and stored at — 20 °C, was infiltrated into the
leaves pre-infiltrated with TurbolD constructs using 1 mL plastic syringes. The plants were

maintained for an additional 30 minutes before the leaf tissue was harvested.
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For TurbolD coupled with MS experiments in N. benthamiana, leaves of four-week-old plants were
infiltrated with agrobacteria carrying a TurbolD construct. After 24 hpi, the leaves were infiltrated
with 100,000 zoospores/mL of P. infestans (isolate 88069). Subsequently, 50 uM biotin in dH,0 was
infiltrated into the same leaves pre-infiltrated with TurbolD constructs and P. infestans zoospores
using 1 mL plastic syringes at 3, 4, and 5 dpi (Chapter 4, Figure 4.5). The plants were maintained for

an additional 3 hours before the leaf tissue was harvested.

For TurbolD coupled with MS experiments in A. thaliana, three-week-old transgenic lines
transformed with TurbolD constructs were spray-inoculated with A. candida®®?V (100,000
oospores/mL) and maintained under the same growing conditions used for propagating A. candida,
as described in section 2.20. Six days later, infected leaves were harvested, submerged into a beaker
containing 200 mL of 100 uM biotin in dH20, vacuume-infiltrated for 5 minutes, and maintained for
an additional 3 hours while rotating at 60-70 RPM (Chapter 4, Figure 4.18). The leaves were then
rinsed with dH,0 to wash off the biotin and blotted dry.

Plant tissues were weighed to obtain approximately 1 g of fresh weight (FW) leaf sample, which was
placed in an aluminium foil pocket before being flash-frozen in liquid nitrogen. The frozen leaf
material was ground to a fine powder in mortars with pestles and then stored in a 15 mL tube at —

80 °C for subsequent use.

Protein extraction was performed by adding three times volume (here, 3 mL) of extraction buffer
[150 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.4% NP40 (v/v), 2%
polyvinylpolypyrrolidone (PVPP), 0.1-0.5% deoxycholic acid (w/v), 10 mM DTT, 1 tablet of EDTA-free
protease inhibitor (Pi) cocktail (Roche: 11836170001)] to each sample. The 15 mL tubes were placed
on a rotator for 20 minutes at 4 °C before centrifuging at 4,000 x g for 20 minutes at 4 °C. The upper
soluble fraction was then filtered through a piece of Miracloth (EMD Millipore Corporation: 475855-
1R) placed above an equilibrated Zeba™ Spin Desalting Column (ThermoFisher: 89894). The
desalting columns were centrifuged at 1,000 x g for 2 minutes at 4 °C to remove free biotin in the
lysates. A 100 puL aliguot of the lysate was taken from the desalted extract and used to verify the

protein expression of the different constructs used in the experiment by Western blot.

To enrich biotinylated proteins from the protein extracts, 150 uL of equilibrated streptavidin beads

(ThermoFisher: 20361) were added to the desalted lysates and incubated on a rotator for 2 hours at
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4 °C to affinity-purify the biotinylated proteins. The beads were precipitated by centrifugation at
1,000 x g for 2 minutes at 4 °C and washed twice with a minimal extraction buffer [150 mM Tris-HCI
pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.4% NP40 (v/v)]. The beads were initially washed
sequentially once with buffer | [2% SDS (w/v)] for 5 minutes at room temperature, once with buffer
11 [1% Triton X-100, 0.1% deoxycholic acid (w/v), 150 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
10% glycerol] for 5 minutes at 4 °C, once with buffer 111 [10 mM Tris-HCl pH 7.4, 1 mM EDTA, 250 mM
lithium chloride (w/v), 1% NP40 (v/v), 0.1% deoxycholic acid (w/v)] for 5 minutes at 4 °C, twice with
buffer IV [50 mM Tris-HCl pH 7.5] for 5 minutes each time at 4 °C to remove the detergent, and finally
at least six times with buffer V [50 mM ammonium bicarbonate pH 8.0] for 2 minutes each time at
4 °C. However, after comparing and verifying that washing under urea conditions was equivalent to
washing under SDS conditions (Chapter 3, Figure 3.5), the beads were sequentially washed once
with 7 M urea (freshly made in buffer V) for 2 minutes at room temperature, twice with 4 M urea
(freshly made fresh in buffer V) for 2 minutes each time at room temperature, and three times with

buffer V [50 mM ammonium bicarbonate pH 8.0] for 2 minutes each time at 4 °C.

The washed beads were resuspended in 1 mL of buffer V. To confirm the successful enrichment of
the biotinylated proteins, 100 uL of the suspension was aliquoted for Western blot analysis. The

remaining beads were stored at — 80 °C for later MS analysis.

For TurbolD-directed IP, the same steps were followed with the following modifications: lysates were
not desalted, and 30 pL of equilibrated anti-Myc beads (Sigma-Aldrich: A5598) were added to each
sample; after incubation, the beads were gently washed with minimal extraction buffer [150 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.4% NP40 (v/v)] four times for 2 minutes
each at 4 °C; finally, the beads were boiled at 95 °C for 5 minutes in 200 uL of minimal extraction

buffer for Western bot analysis.

2.12 SDS-polyacrylamide gel electrophoresis (PAGE) assay and Western blot

PAGE resolution gels were prepared in the lab using two glass plates to cast 6%, 8%, 10% or 12%
acrylamide resolving gels. The 4X resolution buffer was made by combining 1.5 mM Tris base, 20%
SDS (w/v), and adjusting the pH to 8.8 with HCl before autoclaving. The 4X stacking buffer was
prepared by mixing 0.5 M Tris base, 20% SDS (w/v), and adjusting the pH to 6.8 with HCl before

autoclaving. Acrylamide was added to 1X resolution buffer along with 0.01% ammonium persulfate
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(APS) and 0.05% Tetramethylenediamine (TEMED), then poured between the two glass plates and
layered with isopropanol to remove bubbles. Gels were allowed to polymerize for about 20 minutes.
After polymerization, the isopropanol was washed away with dH,0. Next, 1X stacking buffer with
acrylamide, 0.01% APS, and 0.1% TEMED was poured on top of the resolution gel. Combs were
inserted, and the gels were left to set at room temperature for approximately 20 minutes. If the gels
were not used immediately, they were stored at 4 °C in sealed plastic bags with moist blue-roll to

maintain humidity.

Gels were assembled in tanks (Bio-Rad: Mini-PROTEAN® Tetra System) filled with 1X SDS buffer,
consisting of 25 mM Tris, 200 mM Glycine, and 2% SDS (w/v) for Western blotting. Frozen samples
were thawed at room temperature for about 5 minutes, briefly vortexed, and centrifuged at 8,000 x
g for 1 minute. Samples were loaded into the gels alongside 5 pL of PageRuler™ Prestained Protein
Ladder (10 to 180 kDa, ThermoFisher: 26616). Electrophoresis was run at 90 V for about 15-20
minutes, until the ladder had migrated through the stacking gel, then the voltage was increased to

110-120 V until the dye front reached the bottom of the gel.

Once protein migration was complete, semi-dry protein transfer to Immun-Blot® 0.2 um PVDF
(polyvinylidene difluoride) membranes (Bio-Rad: 1620177) was performed using the Bio-Rad Trans-
Blot® Turbo™ Transfer System. The pre-programmed transfer protocol for 1.5 mm gels was used,

with the transfer set for 10 minutes at 1.3 A for one gel or 2.5 A for two gels.

After transfer, the membranes were blocked for 1 hour in 20 mL of TBS-T (50 mM Tris-HCI, pH 8.0,
150 mM NaCl, 0.1 % Tween®-20) with either 5% (w/v) non-fat dry milk powder or 2% BSA (Bovine
serum albumin). The membranes were then incubated with 15 mL of conjugated antibodies in 5%
milk TBS-T, or HRP-conjugated streptavidin in 2% BSA, at a 1:10,000 dilution, either overnight at 4 °C
or for 2 hours at room temperature, both while rotating at 60-70 RPM. After incubation, membranes
were washed three times for 10 minutes each with TBS-T at room temperature, rotating at 60-70
RPM. Finally, membranes were incubated with either SuperSignal™ West Pico PLUS (Ref: 34580) or
West Femto Maximum Sensitivity Substrate (Ref: 34096). Chemiluminescence signals were detected
using the ImageQuant™ LAS 4000 from GE Healthcare or the Amersham™ ImageQuant™ 800
biomolecular imager, both of which are equipped with a chemiluminescence imaging analysis

system.
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2.13 Phos-tag SDS-PAGE

Part of the anti-Myc immunoprecipitated NRC2 proteins, as described in section 2.11, was run on
Phos-tag SDS-PAGE gels. The aliquot of anti-Myc beads used for these gels was boiled at 65 °C for 5
minutes with shaking at 400 RPM just before running the gels. Phos-tag gels were prepared fresh by
pouring resolution gel solution, which contained 6% (w/v) acrylamide, 50 uM Phos-tag™ Acrylamide
AAL-107 (AlphaLabs), 375 mM Tris-HCI pH 8.8, 100 uM MnCl, 0.1% (w/v) SDS, 0.01% TEMED, and
0.05% (w/v) APS into 1.0 mm glass plates. Isopropanol was layered on top to prevent bubbles, and
the gel was allowed to polymerize for 30 minutes at room temperature before the isopropanol was
washed away with dH,0. The stacking gel solution consisted of 4.5% (w/v) acrylamide, 125 mM Tris-
HCl pH 6.8, 0.1% (w/v) SDS, 0.01% (w/v) TEMED, and 0.04% (w/v) APS, was poured on top of the
resolving gel. Combs were inserted, and the gel was allowed to polymerize for 30 minutes at room
temperature. The gel was then run under a constant current (15 mA/gel) for approximately 1 hour.
Once electrophoresis was complete, the gel was soaked three times for 15 minutes each in 100 mL
of 10X Tris/CAPS buffer, diluted to 1X, with 10 mM EDTA for 15 minutes twice to remove the
manganese ions prior to transfer. The gel was then washed once in 100 mL of 10X Tris/CAPS buffer,

diluted to 1X, for 10 minutes to remove EDTA before blotting onto a PVDF membrane.

2.14 Blue-native PAGE

The oligomerization of the miniTurbo-tagged NbNRC2EEE construct was verified by performing blue
native PAGE using pre-cast NativePAGE™ 3-12% Bis-Tris Mini Protein Gels (ThermoFisher:
BN1001BOX). The samples were kept on ice to prevent dissociation or aggregation. To 50 pL of
sample extract, 25 pL of NativePAGE™ Sample Buffer (4X) (ThermoFisher: BN2003) and 2.5 L of
NativePAGE™ 5% G-250 Sample Additive (ThermoFisher: BN2004), and dH.0 were added to achieve
a final volume of 100 uL. Electrophoresis was conducted in a cold room at 4 °C, and all buffers were
cooled prior to use. The inner chamber of the tank was filled with cathode buffer, while the outer
chamber was filled with anode buffer, using the NativePAGE™ Running Buffer Kit (ThermoFisher:
BN2007). The samples were loaded and run alongside 5 pL NativeMark™ Unstained Protein
Standard (ThermoFisher: LCO725). Electrophoresis was run at 150 V for approximately 45 minutes
until the dye front had migrated about one-third of the way through the gel. The voltage was then
increased to 250 V for about 1 hour until the dye front reached the bottom of the gel. The gel was

subsequently transferred for 30 minutes at 20 V onto a PVDF membrane. The membrane was
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incubated in 8% acetic acid for 15 minutes to fix the proteins, rinsed with water, and left to air-dry
for a minimum of 1 hour. The membrane was then re-activated with 100% ethanol to visualize the
molecular weight marker (labelled with a pencil) and to remove any residual Coomassie dye. The

membrane was blocked and probed as described in section 2.12.

2.15 On-bead trypsin digestion

After washing and precipitating the biotinylated proteins as described in section 2.11, the frozen
streptavidin beads were thawed on ice and transferred into assembled Mobicol columns (MoBiTec®:
M1002), each inserted with a 10 um pore size filter (MoBiTec®: M2110). The columns were
centrifuged at 1,300 x g for 1 minute, followed by two washed with 600 pL of 50 mM Tris-HCI (pH
7.5) and two washes with 2 M urea in 50 mM Tris-HCI (pH 7.5). The columns were sealed with
numpsy plugs, ensuring it did not touch the filter, and 80 pL of trypsin buffer (50 mM Tris-HCI pH 7.5,
1 M urea, 1 mM DTT) containing 200 ng of trypsin was added to each column. The columns were
incubated at 25 °C with shaking at 300 RPM for 3 hours. After incubation, the numpsy plugs were
removed, and the columns were transferred to fresh 1.5 mL low protein-binding Eppendorf tubes
before being spun to collect the digest. To achieve a final volume of 200 L, 60 pL of trypsin buffer
(without trypsin) was added to each column, and the columns were spun again. The Mobicol
columns were discarded, and 0.8 L of DTT was added per sample to reach a final concentration of
4 mM. The samples were mixed, spun, and incubated at 25 °C for 30 minutes with shaking at 300
RPM. The digests were alkylated by adding iodoacetamide to a final concentration of 10 mM and
incubating at 25 °C for 45 minutes with shaking at 300 RPM. Finally, another 200 ng of trypsin was
added to each sample, mixed, spun, and incubated at 25 °C overnight (for approximately 14-16 hours)

with shaking at 300 RPM.

After the overnight trypsin digestion, the digests were acidified with 2 L of formic acid to achieve a
final concentration of 1% and desalted using OMIX C18 pipette tips (Agilent: A57003100). The C18
desalting tips were activated by aspiring and dispensing 200 pL of buffer B2 (0.1% formic acid, 50%
acetonitrile) two times and equilibrated by aspiring and dispensing 200 pL of buffer A2 (0.1% formic
acid) four times. The peptides were bound to the C18 desalting tips by aspiring and dispensing the
samples eight times. The peptides were then washed by aspiring and dispensing 200 uL of buffer A2
ten times and finally eluted by aspiring and dispensing 200 uL of buffer B2 into fresh 1.5 mL low

protein-binding Eppendorf tubes ten times. The bottom part of the tubes containing the desalted
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peptides was gently immersed in liquid nitrogen before being dried in a SpeedVac for about 2 hours

and stored at — 80 °C for subsequent mass spectrometry analysis.

2.16 Mass spectrometry analysis

For each sample, 20% of the digested peptides were analysed by nanoLC-MS/MS on an Orbitrap
Eclipse™ Tribrid™ mass spectrometer equipped with a FAIMS Pro Duo interface and coupled to an
UltiMate® 3000 RSLCnano LC system (Thermo Fisher Scientific, Hemel Hempstead, UK). The samples
were loaded onto a trap cartridge (PepMap™ Neo Trap Cartridge, C18, 5um, 0.3x5mm, Thermo) with
0.1% TFA at 15 pL min-1 for 3 min. The trap column was then switched in-line with the analytical
column (Aurora Frontier TS, 60 cm nanoflow UHPLC column, ID 75 um, reversed phase C18, 1.7 um,
120 A; lonOpticks, Fitzroy, Australia) for separation at 60°C using the following gradient of solvents
A (water, 0.1% formic acid) and B (80% acetonitrile, 0.1% formic acid) at a flow rate of 0.26 pL min-
1: 0-3 min 1% B (parallel to trapping); 3-10 min increase B (curve 4) to 8%; 10-102 min linear increase
B to 48; followed by a ramp to 99% B and re-equilibration to 0% B, for a total of 140 min runtime.
Mass spectrometry data were acquired with the FAIMS device set to three compensation voltages (-
35V, -50V, -65V) at standard resolution for 1.0 s each with the following MS settings in positive ion
mode: OT resolution 120 K, profile mode, mass range m/z 300-1600, normalized AGC target 100%,
max inject time 50 ms; MS2 in IT Turbo mode: quadrupole isolation window 1 Da, charge states 2-5,
threshold 1e4, HCD CE = 30, AGC target standard, max. injection time dynamic, dynamic exclusion 1

count for 15 s with mass tolerance of +10 ppm, one charge state per precursor only.

Peak lists in the format of Mascot generic files were generated from raw files using MSConvert
package (Matrix Science) and searched using Mascot (v2.5) against either Araportll or in-house
databases for N. benthamiana, P. infestans, A. candida, and contaminants. Searches were performed
with peptide mass tolerance and fragment ion mass tolerance of 10 ppm and 0.8 Da, respectively,
peptide charges of 2+, 3+ and 4+, and allowing for up to one missed tryptic cleavage.
Carbamidomethylation of Cys residues was specified as a fixed modification, and oxidized Met as
variable modification. The search results were assembled into Scaffold (v5.3.2; Proteome Software).
Parameter settings were adjusted as follows: Protein Threshold - 1% FDR, Peptide Threshold - 1%
FDR, Minimum # Peptides - 2, Display Options - Total Spectrum Count, and Required Modifications -
No Filter. Under these parameters the data were exported in Excel (Microsoft Office) spreadsheets

for further analysis.
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2.17 Bioinformatics analyses

Three biological repeats of biotin labelling and MS analysis were performed. Proteins were
considered proximal protein interactors if they were unique to Rpi-amr1, Rpi-amr3, WRR4A, or EDS1,
or if they were enriched in biotinylation compared to the control mCherry (2x fold change, P-value

< 0.05).

For plant-derived proximal interactors, volcano plots were used to represent the data. To generate
the volcano plots, proteins with total spectral counts below 50 across the three replicates were
excluded from the analysis. A Fisher’s Exact Test was then applied using the exactTest() function from
the edgeR (Empirical Analysis of Differential Gene Expression in R) package, version 4.2.1 (Chen et

al., 2025).

For pathogen-derived proximal interactors, MA plots (M versus A plots) were used to represent the
data. An MA plot is a scatter plot that displays the relationship between protein abundance (A),
represented by the mean spectral counts, and the logz(fold change) in biotinylation (M). To generate
the MA plots, the data were first normalized using cyclic loess-normalization via the edgeR package

(Chen et al., 2025).

2.18 Plant material and growth conditions

Multi-parent advanced generation inter-cross (MAGIC) lines are a type of population generated by
recombinant inbred lines (RILs) derived from multiple parents. These lines are created through
several rounds of mating, followed by inbreeding to produce a stable panel of inbred lines, resulting
in a mixed genome from the founder parents (Kover et al., 2009). The “Double MAGIC 10” (DM10)
line is derived from a cross between MAGIC.329 and MAGIC.23, consisting of F4 plants from
independent F; lines that are susceptible to A. candida races (Cevik et al., 2019). Due to this

susceptibility, the A. thaliana DM10 line was selected for the TurbolD experiments.

Arabidopsis plants for pathogen assays were grown in a controlled environment room (CER) at 20-

22 °C with 70% relative humidity and an 8-hour photoperiod. In contrast, plants used for seed

collection were grown under similar conditions in a CER, but with a 16-hour photoperiod.
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The N. benthamiana quadruple knock-out mutant of the EDS1-family genes (EDS1a, PAD4, SAG101a
and SAG101b), referred to as Nb_epss, was generated by crossing Nb_eds1a with Nb_pad4 sag101a
sag101b (pss) (Gantner et al., 2019, Lapin et al., 2019, Ordon et al., 2017), and was used in some of
the cell death assays. The nrc2/3/4 CRISPR knockout (KO) N. benthamiana mutant line was also

employed in some experiments (Wu et al., 2020).

N. benthamiana plants used for A. tumefaciens-mediated transient transformation of leaf tissue and

HR assays were grown in a CER at 20-22 °C, with 70% relative humidity and a 16-hour photoperiod.

2.19 A. thaliana transformation and T-DNA selection

A. thaliana stable transgenic lines were generated via flower dipping. Agrobacteria cultures were
prepared in 100 mL L-media with the appropriate antibiotics, 5% sucrose, and 0.02% (v/v, 50 pl/I)
Silwet L-77. The cultures were incubated for approximately 12-16 hours at 28 °C, with shaking at
200-250 RPM, until the ODeoo reached 0.4-0.8. Flowers were then submerged in the Agro-cultures

for about 1 minute.

To select plants that have incorporated T-DNAs into their genomes, two selecting systems were
employed: the FAST-Red (fluorescence-accumulating seed technology) selecting cassette (Shimada
etal., 2010), which allows visualization of transgenic seeds emitting red fluorescence, and the BASTA
selecting cassette (Lutz et al., 2001), which confers resistance to glufosinate (also known as
phosphinothricin), a common herbicide active ingredient. FAST-Red seeds were screened using a
Leica M165 fluorescent stereo microscope with DSR filter. Seeds with a red fluorescence were
selected. BASTA-resistant seeds were sown in soil and sprayed three times with BASTA. The seeds
from the plants that survived were then collected. T2 seeds were sterilized and evenly plated on
%MS media supplemented with 10 pg/mL of phosphinothricin (PTT) (Melford Duchefa: P0159.0250).
Transgenic lines with a single insertion were selected by confirming a 3:1 segregation ratio in the T2
generation and were then grown to collect T3 seeds. T3 transgenic lines homozygous for Fast-Red

fluorescence and BASTA resistance were selected.
For Arabidopsis seed sterilization, seeds were washed with a 1.2% hypochlorite solution for 30

seconds, followed by rinsing with sterile water. This process was repeated twice, after which the

seeds were kept at 4 °C in the dark for 48 hours before being sown on plates.
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2.20 Pathogens propagation and infection

A. candida®®?V, and Hpat™°? are obligate biotrophic pathogens and must be maintained on

susceptible A. thaliana accessions and mutants on a weekly basis.

A. candida”®?Y was propagated approximately every two weeks. Infected leaves from infected plants
were harvested, resuspended in water, and vortexed to release spores. The resulting spore mixture
was then filtered and sprayed onto a new set of 2-week-old uninfected plants. The newly infected
plants were placed in darkness at 4 °C overnight, followed by transfer to an incubator set at

approximately 20 °C during the 10-hour light cycle and 16 °C during the 14-hour night cycle.

Hpat™°v? was propagated weekly. Infected seedlings were harvested, and their roots were removed
to prevent contamination. The remaining plant material was then resuspended in a 15 mL tube
containing water, and the tube was shaken to release spores. The resulting mixture was filtered and
sprayed onto 7-day-old uninfected seedlings. The newly infected seedlings were then placed in an

incubator at 18 °C with a 12-hour photoperiod.

P. infestans (isolate 88069) was cultured and maintained on rye sucrose agar (RSA) media. All plates
were incubated at 18 °C in darkness for 10 to 14 days before inoculating a new set of RSA plates by
scraping off a small amount of oomycete from the 10-14 days-old plates. For subsequent infiltration
into N. benthamiana leaves, sporangial suspensions were prepared by adding 10 mL of cold dH;0 to
each plate and gently shaking the plates for 2 hours at 4 °C to promote the release of motile

Zzoospores.

Sporangial suspensions for all three pathogens were prepared on the day of inoculation, and their
concentrations were determined by counting the spores under an optical microscope with a
hemacytometer counting chamber. The concentration was then adjusted to the desired

concentration of 100,000 spores/mL.
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TurbolD proximity labelling optimization for detection of
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3.  TurbolD proximity labelling optimization for detection of pathogen virulence factors

3.1 Introduction

3.1.1 Limitations associated with the use of proximity labelling

Proximity labelling (PL) technologies, such as TurbolD and miniTurbolD, provide valuable tools for
studying protein interactions in plant systems. However, every method has specific limitations that
can affect experimental outcomes. One advantage of TurbolD is its sensitivity, but this also serves as
its major drawback, as it generates significant background noise, which can make it difficult to

distinguish the signal from the noise.

As the name suggests, miniTurbolD is smaller than TurbolD but exhibits only half its activity and has
been reported as unstable (May et al., 2020). In contrast, TurbolD demonstrates strong catalytic
activity; however, this comes with the drawback of higher background labelling before biotin is
introduced into the system. This issue arises because biotin is present in many plant cell
compartments and is an essential cofactor for enzymes involved in the transfer of CO, during HCO~
3-dependent carboxylation reactions (Alban et al.,, 2000). In pea leaves, biotin is distributed in
roughly equimolar ratios across mitochondria, chloroplasts, and cytosol, with a total concentration
of 1.1 ng/mg protein. However, biotin is not present in the same form across these compartments.
The majority of free biotin is found in the cytosol of mesophyll cells, while protein-bound biotin
(associated with biotin-dependent carboxylases) predominantly accumulates within organelles
(Baldet et al., 1993). These biotin-dependent carboxylases in plants include cytosolic acetyl-CoA
carboxylase, chloroplastic geranyl-CoA and acetyl-CoA carboxylases, and mitochondrial

methylcrotonoyl-CoA carboxylase (Nikolau et al., 2003).

To reduce background biotinylation generated by TurbolD and to potentially achieve greater control
over the labelling window, two PL technologies, Split-TurbolD and Pupylation-based interaction
tagging (PUP-IT), are available. Split-TurbolD involves dividing TurbolD into two inactive fragments
that reassemble into an active enzyme through protein-protein interactions (Cho et al., 2020). This
method is based on the same principle as the split-GFP system, ensuring that labelling begins only
after the enzyme is reconstituted. However, this technique requires prior knowledge of the protein

targets whose interaction you wish to study. PUP-IT relies on a distinct concept, utilizing the bacterial
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Pup protein-conjugation system. In this approach, the pafA gene, encoding a Pup ligase from
mycobacteria, is fused to the bait protein (Liu et al., 2018). In the presence of ATP, the Pup ligase
PafA catalyzes the conjugation of prokaryotic ubiquitin-like proteins (Pup) to lysine residues on target
proteins. The PUP-IT approach enables precise labelling because the pupylation reaction, mediated
by the PafA ligase, involves the enzymatic covalent attachment of Pup to lysine residues on nearby
substrate proteins. This reaction occurs rapidly and specifically in the immediate vicinity of the PafA
enzyme, which is tethered to the protein of interest. In contrast, during TurbolD labelling, reactive
bio-AMP diffuse freely away from the biotin ligase, forming a gradient of reactive bio-AMP around
the enzyme. Unlike other proximity-tagging techniques, PUP-IT does not require the delivery of
external substrates, as it relies on the inducible expression of Pup proteins. However, the relatively
large size of both Pup (7 kDa) and PafA (54 kDa) restrict their diffusion across membranes. Although
PUP-IT has not yet been widely applied in plants, a recent study successfully employed it to identify
the interactome of the Arabidopsis plasma membrane-localized receptor kinase FERONIA (Lin et al.,

2024).

TurbolD, like BiolD, has a molecular weight of 35 kDa, larger than GFP (26 kDa). This size may
sometimes interfere with the proper localization or functionality of the fused proteins. To address
this limitation, BiolD2 was developed. Derived from Aquifex aeolicus, BiolD2 at 26.4 kDa is smaller
than TurbolD, making it the smallest PL enzyme available at the time (Kim et al., 2016). Recently, two
novel enzymes have surpassed BiolD2 in size efficiency: microlD, a truncated version of BiolD2, and
ultralD, a variant derived through directed evolution (Kubitz et al., 2022). These newly engineered
enzymes have molecular weights below 20 kDa, making them the smallest PL enzymes available to
date. Despite their reduced size, both microlD and ultralD exhibit enzyme kinetics comparable to
TurbolD and maintain low background activity. However, their application in plant systems might
present challenges due to their temperature dependence. Both enzymes show optimal activity at
55 °C, reduced activity at 37 °C, and even lower activity at 30 °C. These temperature requirements

may limit their effectiveness in plant studies, where such high temperatures are typically unsuitable.

Overall, the most widely used PL techniques in plant systems so far are those based on biotin ligases.

Despite their limitations, these methods remain the best suited for these organisms. However, the

PUP-IT technology has the potential to be more widely adopted in the coming years.
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3.1.2 TurbolD and miniTurbo reveal plant protein-protein interactions

TurbolD-based PL analysis has been successfully applied in mammalian cells, as well as in model
organisms such as flies and worms. However, its implementation in plants has encountered several
challenges due to unique plant characteristics, including the presence of a cuticle and a rigid cell
wall, lower optimal growth temperatures, and their capacity to synthesize and store biotin, which
can reduce biotinylation efficiency and/or specificity. While free biotin is low or even undetectable
in bacterial and animal cells, plant cells contain a large pool of free biotin, which can interfere with
the labelling process. Despite these challenges, the technique has since been optimized and
extended to various plant systems, including N. benthamiana, A. thaliana, Marchantia polymorpha,
and tomato hairy roots (Arora et al., 2020, Mair et al., 2019, Melkonian et al., 2022, Zhang et al.,
2020).

Even though BiolD was developed in 2012 (Roux et al., 2012), the first attempt to establish PL
methods in plants was published in 2017, using BiolD to identify interactors of the OsFD2
transcription factor in rice protoplasts (Lin et al., 2017). This was followed in 2018 by the mapping
of the interactome of two membrane-localized effectors of Pseudomonas syringae, AvrPto and
HopF2, in Nicotiana benthamiana and Arabidopsis thaliana, respectively (Conlan et al., 2018, Khan
etal., 2018). Simultaneously, TurbolD and miniTurbo were developed (Branon et al., 2018). Although
the preceding studies used BiolD, which is not the most optimal PL enzyme for plant systems, they

laid the groundwork for subsequent efforts to establish TurbolD-based PL methods.

TurbolD has proven effective in N. benthamiana plants by identifying novel interactors with a
nucleotide-binding leucine-rich repeat (NLR) immune receptor (Zhang et al., 2019). Research on the
mechanisms of NLR protein interactions remains limited, as these receptors often present challenges
for conventional methods due to their low abundance (which helps prevent autoimmunity and
minimize negative effects on plant fitness (Tian et al., 2003)) and the transient or weak nature of
their interactions. Additionally, the dynamic nature of the NLR regulatory network makes it
challenging to identify proteins directly involved in the NLR signalling pathway (Sun et al., 2020).
TurbolD was used to identify the protein interactome of a Tobacco mosaic virus (TMV)-resistant NLR,
referred to as N (Whitham et al., 1994). The researchers discovered that a putative E3 ubiquitin ligase,
UBR?7, directly interacts with the TIR domain of N, and that downregulation of UBR7 leads to

increased accumulation of the N protein and enhanced TMV resistance. Furthermore, the TMV-p50
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effector disrupts the N-UBR7 interaction and alleviates the negative regulation of N by UBR7 (Zhang
et al., 2019). This study provided valuable insights into the complex regulation of N NLR protein

homeostasis.

Following this success, other studies have also utilized the sensitivity of TurbolD to further
investigate PPIs involved in plant immunity. For example, TurbolD was used to demonstrate that TIR
signalling promotes the association of EDS1 and PAD4 with the “helper” NLR ADR1-L1, as well as the
self-association of ADR1-L1s, suggesting probable oligomerization of ADR1-L1 for subsequent
immune activation (Wu et al., 2021). TurbolD also facilitated the discovery of a new interacting
partner for the repressor proteins TOPLESS (TPL) and JAZ (NINJA) in tomato hairy roots (Gryffroy et
al., 2023). This partner is the root oncogenic locus B (RolB) protein, which can directly interact with
and mitigate the function of TPL, leading to specific changes in plant hormone signalling, immunity,
growth, and developmental processes during infection by rhizogenic Agrobacterium strains. This
study provided valuable insights into the pathogenesis of hairy root disease. Recently, TurbolD and
Split-TurbolD were used in N. benthamiana to explore the interactome of SUPPRESSOR OF G2 ALLELE
OF skp1 (SGT1), which plays a crucial role in growth, development, and immunity, during pre- and
post-immune activation (Zhang et al., 2024). The researchers observed a dynamic shift from proteins
associated with plant development to those linked with plant defense upon immune activation. One
of the interactors, NECROTIC SPOTTED LESION 1 (NSL1), was further investigated, and their findings
demonstrated that NSL1 negatively regulates NLR-mediated immunity by interfering with the
salicylic acid (SA) signalling pathway. Moreover, they showed that SGT1 promotes the proteasomal
degradation of NSL1 to facilitate immune activation. This study expanded our understanding of the
regulatory landscape of SGT1 and revealed a new SGT1-NSL1 signalling module that regulates plant
immunity. Finally, TurbolD was used to unveil the interactome of the NONEXPRESSOR OF PR GENES
1 (NPR1) in Arabidopsis (Powers et al., 2024). The NPR1 signalling cascade has remained elusive due
to difficulties in studying this transcriptional cofactor, whose chromatin association is indirect and
likely transient. In this study, the researchers identified almost all known NPR1 interactors, as well
as new components of transcription-related complexes, showing that chromatin remodelling and

histone demethylation contribute to SA-induced resistance.

At the start of my project, PL methods had already been widely demonstrated as valuable tools for

studying PPIs in animal systems, but their application in plants was still in its early stages. Even now,
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there are relatively few well-executed and successful studies utilizing TurbolD-based approaches in

plant immunity.

We set out to test whether TurbolD could be used as a tool to identify unknown effectors under
native infection conditions. At the time, we did not realize that this would become one of the most
challenging objectives to achieve with TurbolD, requiring further optimization of the protocol to
make it a reliable approach. While TurbolD has fast labelling kinetics and does not require high-
temperature catalysis, it is also the most promiscuous biotin ligase, which can lead to increased noise.
In this chapter, | will focus on the various aspects of the protocol that can be adjusted and refined to

reach this goal, with additional optimization details provided in the other chapters.

3.2 Results

While TurbolD is highly efficient at attaching biotin to proteins, it biotinylates any target within a 20-
35 nmrange, leading to a high background of non-specific biotinylation. Additionally, plants naturally
produce and store endogenous biotin in their cells, which contributes to a low biotinylation
background even without exogenous biotin (i.e., before starting the experiment). This results in a
lower signal-to-noise ratio, as the “noise” from non-specific labelling makes it difficult to detect and
distinguish the proteins of interest (POI) from random proteins labelled due to the enzyme’s broad
reactivity. In most cases, this background labelling can be ignored or eliminated with proper controls,
but it has been a major challenge when attempting to capture effectors that are delivered by the
pathogen under native infection conditions, especially due to their often extremely low abundance.
Therefore, careful optimization was essential to increase the chances of successfully detecting low-

abundance effectors (see Chapters 4 and 5).
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Figure 3.1 Workflow for TurbolD-based proximity labelling coupled with mass
spectrometry in plants.

4/5-week-old A. thaliana or N. benthamiana leaves are syringe-infiltrated with 50 uM biotin
solution or submerged in 100 uM biotin solution for short (30 min) or long (3-5 h) labelling
time. Leaf tissues are harvested, rinsed with cold water, dried and ground in liquid nitrogen.
Total protein is extracted and excess free biotin is removed from crude extract by using
desalting columns. Biotinylated proteins are pulled down using streptavidin-agarose beads.
The beads are washed before being boiled for immunoblot analysis and/or subjected to on-
bead digestion with trypsin. The resulting peptides are then sent for LC-MS/MS analysis. The
figure was created with elements from BioRender (biorender.com).

At the start of this project, TurbolD was a relatively new technology in plant research, and my first
goal was to identify the best practices for its use. | thoroughly verified and optimized each key step
of the protocol (Figure 3.1) for TurbolD-based identification of plant interactomes, including 1) the
removal of free biotin from crude extracts prior to streptavidin pull-down, 2) the capture of
biotinylated proteins, 3) the washing of non-biotinylated proteins during the enrichment step, and
4) the effective release of biotinylated proteins from the beads. | conducted these optimization steps
with different samples tested at the time; therefore, the TurbolD-tagged baits across the different
figures in this chapter are not necessarily consistent. The aim here is to compare different protocol

parameters.
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Figure 3.2 Desalting columns effectively remove excess free biotin — part 1.

Streptavidin pull-down and biotinylation of Rpi-amrl:TurbolD-FLAG in WT N.
benthamiana. Agro-infiltrations at ODsgo = 0.5 in 4-week-old N. benthamiana leaves in
the presence of p19. Biotin-infiltration (50 uM) at 3 dpi and for 30 min to 3 h before
tissue harvesting. Pull-down was carried out with streptavidin beads followed by 7 M
urea washing conditions. A small fraction of the beads was boiled and analysed by SDS-
PAGE, while the remaining beads were used for LC-MS/MS analysis. Biotinylated
proteins were detected by using HRP-conjugated streptavidin labelling. Bands labelled
with a black asterisk (*) correspond to endogenously biotinylated proteins. Each of the
two samples (labelled 30 min and 3 h) was split in half, and each half was subjected to
two different methods to remove excess free biotin prior to streptavidin pull-down:
“DC” for desalting columns and “MtOH:CHCI3” for methanol:chloroform precipitation.
The “N. benthamiana” lane corresponds to non-infiltrated samples, meaning no
TurbolD-tagged baits were expressed and no biotin was added. It serves as control to
show endogenous biotinylation.
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Figure 3.3 Desalting columns effectively remove excess free
biotin — part 2.

Streptavidin  pull-down and biotinylation of Rpi-
amrl:TurbolD-FLAG in WT N. benthamiana. Agro-infiltrations
at ODeoo = 0.5 in 4-week-old N. benthamiana leaves in the
presence of p19. Biotin-infiltration (50 uM) at 3 dpi and for 30
min before tissue harvesting. Pull-down was carried out with
streptavidin beads followed by 7 M urea washing conditions.
A small fraction of the beads was boiled and analysed by SDS-
PAGE, while the remaining beads were used for LC-MS/MS
analysis. Biotinylated proteins were detected by using HRP-
conjugated streptavidin labelling. Bands labelled with a black
asterisk (*) correspond to endogenously biotinylated
proteins. The sample was run through a first desalting column
(1%t DC), split in half, and beads were added to one half while
the other half was run through a second desalting column (2"
DC) before adding the beads. The flowthrough (FT), collected
after streptavidin pull-down, was loaded side by side with the
boiled beads (beads) to estimate the amount of biotinylated
proteins remaining in the crude extract. The “N.
benthamiana” lane corresponds to non-infiltrated samples,
meaning no TurbolD-tagged baits were expressed and no
biotin was added. It serves as control to show endogenous
biotinylation.
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Free biotin competes with binding to streptavidin beads, leading to a significantly reduced capture
of biotinylated proteins. Conventional washes to remove free biotin, commonly used for human cell
lines, are often insufficient for plant tissues (Chua et al., 2021). As a result, an additional desalting
step using size-exclusion columns is typically employed in plant studies to remove free biotin (Zhang
et al., 2019). Depletion of free biotin can also be achieved through protein precipitation, which
provides cleaner results but carries the drawback of potential incomplete or inconsistent
solubilization of precipitated proteins. Therefore, | aimed to test the efficiency of desalting columns

for removing free biotin from the samples before adding the beads (Figure 3.2 and 3.3).

Firstly, the successful biotinylation of proteins by the TurbolD enzyme was confirmed by blotting
with HRP-conjugated streptavidin. In N. benthamiana, two characteristic bands, marked with an
asterisk (*), correspond to endogenously biotinylated proteins: one around 70-100 kDa and another
around 35-40 kDa. Two different labelling periods were tested, 30 minutes and 3 hours, and, as
expected, the longer labelling time resulted in a greater number of biotinylated proteins. Two
methods were compared for removing free biotin: desalting columns and methanol:chloroform
precipitation. The methanol:chloroform precipitation method resulted in a slightly lower enrichment
compared to the desalting column method (Figure 3.2). This could be due to two reasons: first, not
all the precipitated proteins may have been resolubilized, and second, the precipitation conditions
may have been more denaturing than those used with desalting columns, as SDS is added to
solubilize the precipitated proteins. In any case, desalting columns proved to be more efficient at
removing excess free biotin, achieving strong enrichment, and this method was also faster than

methanol:chloroform precipitation, thereby reducing the workload.

Furthermore, it was assessed whether running the same sample through desalting columns twice
would improve their efficiency and remove any remaining free biotin (if still present after a single
run), potentially resulting in even better enrichment (Figure 3.3). However, no significant
improvement was observed when using two desalting columns instead of one. On the contrary, small
molecular weight proteins were no longer eluted from the columns after the second run. Therefore,
as long as the desalting columns are not overloaded with crude extract and a reasonable amount of
biotin (50-100 uM) has been provided to the system, one desalting column is sufficient to effectively

remove excess free biotin.
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Figure 3.4 At least 100 uL of beads are required to capture biotinylated proteins.

Steptavidin pull-down and biotinylation of Rpi-amrl:TurbolD-FLAG in WT N.
benthamiana. Agro-infiltrations at ODego = 0.5 in 4-week-old N. benthamiana
leaves in the presence of p19. Biotin-infiltration (50 uM) at 3 dpi and for 30 min
before tissue harvesting. Pull-down was carried out with streptavidin beads
followed by 7 M urea washing conditions. Lysates were resolved by SDS-PAGE.
Biotinylated proteins were detected by using HRP-conjugated streptavidin
labelling. Bands labelled with a black asterisk (*) correspond to endogenously
biotinylated proteins. Two samples (labelled 1 and 2) were run through a
desalting column (DC); the second sample was split into three aliquots and
different amount of beads were added (30, 50 and 100 uL). The flowthrough (FT),
collected after streptavidin pull-down, was loaded side by side with the boiled
beads (beads) to estimate the amount of biotinylated proteins remaining in the
crude extract based on the amount of beads used. The “N. benthamiana” lane
corresponds to non-infiltrated samples, meaning no TurbolD-tagged baits were
expressed and no biotin was added. It serves as control to show endogenous
biotinylation.

To maximize the yield of enriching for biotinylated proteins, it is essential to identify the appropriate
amount of streptavidin beads required for the experiment. This depends on the duration of the
labelling period, the amount of plant tissues harvested, and the abundance of the bait protein.
Hence, the amount of beads needed to capture most of the biotinylated proteins present in the

samples was estimated (Figure 3.4). To achieve this, the flowthrough (FT), which is usually discarded
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after performing streptavidin pull-down, was retained and run side by side with the boiled beads

(beads) to determine how much biotinylated protein remained unbound.

Different bead volumes (30, 50 and 100 uL) were assessed, and it was found that at least 100 pL of
beads per 1 mL of crude extract were required to capture most of the biotinylated proteins under
these particular experimental conditions. When the membrane was overexposed, it was observed
that when 30 uL of beads were added to 3 mL of crude extract, a significant amount of the TurbolD-
tagged bait (Rpi-amrl) was still detected in the flowthrough. Similarly, TurbolD-tagged baits were
present in the flowthrough when 30 uL of beads were added to 1 mL of crude extract, though in a
lower proportion compared to the 3 mL condition. Only when 50 pL and then 100 pL of beads were
added to 1 mL of crude extract did the flowthrough appear cleaner, although some endogenous
biotinylated proteins were still detectable. In conclusion, the greater the number of biotinylated
proteins in the samples, the more beads are required to ensure complete capture. This is particularly
critical if target proteins are low-abundant, as there is a higher probability of abundant biotinylated
proteins binding to the beads first, potentially leaving insufficient beads available to capture low-

abundant proteins.
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Figure 3.5 7 M urea buffer is sufficient to effectively wash the beads.

Streptavidin pull-down and biotinylation of WRR4A°0:TurbolD-V5 in eds1 N.
benthamiana. Agro-infiltrations at ODeoso = 0.5 in 4-week-old edsl N.
benthamiana leaves in the presence of p19. Biotin-infiltration (50 uM) at 3
dpi and for 5 h before tissue harvesting. Pull-down was carried out with
streptavidin beads. A small fraction of the beads was boiled and analysed by
SDS-PAGE, while the remaining beads were used for LC-MS/MS analysis.
Biotinylated proteins were detected by using HRP-conjugated streptavidin
labelling. Bands labelled with a black asterisk (*) correspond to
endogenously biotinylated proteins. Each of the four samples (labelled 1, 2,
3 and 4) was split in half (labelled a and b) and each half was subjected to
different washing conditions (2% SDS or 7 M urea). The “N. benthamiana”
lane corresponds to non-infiltrated samples, meaning no TurbolD-tagged
baits were expressed and no biotin was added. It serves as control to show
endogenous biotinylation.

The high-affinity interaction between biotin and streptavidin enables stringent washing conditions
to remove any unbound proteins while retaining the captured biotinylated proteins. lonic
surfactants, such as SDS, are commonly used as they are among the strongest detergents. However,
SDS is incompatible with MS analyses because it can inhibit enzymatic digestion and severely
suppress the ionization of proteins and peptides. Consequently, additional downstream washing

steps are necessary to ensure that all detergent is thoroughly removed from the sample before

proceeding with MS analyses.

Therefore, different washing conditions were evaluated to shorten the workflow, comparing the use
of 7 M urea to 2% SDS (Figure 3.5). The results showed that 7 M urea washing conditions were

slightly less stringent than those with 2% SDS. However, while 2% SDS required at least eleven
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washing steps, only six washes were needed with 7 M urea. As a result, 7 M urea was selected for

all TurbolD-directed IP and TurbolD-MS experiments.
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Figure 3.6 Boiling the beads effectively releases
biotinylated proteins.

Streptavidin  pull-down and biotinylation of Rpi-
amr3:TurbolD-FLAG with AVRamr3:V5 and NbNRC2EEE:Myc
in nrc2/3/4 N. benthamiana. Agro-infiltrations at ODggo =
0.5 in 4-week-old N. benthamiana leaves in the presence of
p19. Biotin-infiltration (50 uM) at 3 dpi and for 30 min
before tissue harvesting. Pull-down was carried out with
streptavidin beads followed by 7 M urea washing
conditions. Lysates were resolved by SDS-PAGE. Biotinylated
proteins were detected by using HRP-conjugated
streptavidin labelling. Bands labelled with a black asterisk
(*) correspond to endogenously biotinylated proteins. The
beads of the four samples (labelled 1, 2, 3 and 4) were split
in half (labelled a and b) and each were subjected to
different bead-boiling conditions: without adding biotin to
the beads, or with 20 mM biotin added to the beads before
boiling to verify that no biotinylated proteins re-attach to
the beads. The “N. benthamiana” lane corresponds to non-
infiltrated samples, meaning no TurbolD-tagged baits were
expressed and no biotin was added. It serves as control to
show endogenous biotinylation.
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Finally, it was confirmed that boiling the beads was sufficient to fully release all the captured
biotinylated proteins when performing immunoblots. While the strong biotin-streptavidin
interaction enables stringent washing conditions, it can also impede the efficient elution of
biotinylated proteins from the beads. This is particularly true for highly biotinylated proteins, which

can interact with multiple streptavidin molecules, making them especially difficult to elute.

To address this, two approaches were tested: boiling the beads without adding biotin and boiling
them with 20 mM biotin added to the samples (Figure 3.6). The rationale behind adding biotin was
that, once the proteins were eluted from the streptavidin molecules, the free biotin would
competitively bind to streptavidin and prevent the proteins from reattaching. However, no
significant improvement was observed with the addition of 20 mM biotin, indicating that boiling the

beads alone is sufficient for efficient elution.

3.3 Discussion

In contrast to its widespread use in animal systems, the application of PL in plant immunity remains
underexplored. PL methods are powerful and versatile tools, but the experimental design should be
carefully tailored to align with your specific goals and identify the most relevant candidates for
subsequent validation. While biotinylating proteins is relatively straightforward, the real challenge
lies in performing the experiment under optimal conditions that distinguish genuine interactions
from false positives while minimizing background noise. Below are some suggestions to consider
when implementing TurbolD, based on the experiments presented in this chapter as well as those

in Chapter 4.

There are various methods to introduce biotin into a system, including syringe infiltration, vacuum
infiltration, submerging plant tissues, or incorporating it into the growth media of the organism
being studied. According to Mair et al. (2019), these methods show no significant differences in
biotinylation efficiency. However, it is important to consider the amount of biotin provided to the
system. While endogenous biotin concentrations in plants are sufficient to induce low-level protein
labelling, most applications require strong enhancement and time-regulated labelling through the
addition of exogenous biotin. Although excessive biotin does not affectimmunoblots, it can interfere
with protein purification using streptavidin beads. Specifically, free biotin (unbound to protein

residues) must be removed from plant extracts before adding streptavidin beads, to ensure that the
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beads capture only biotinylated proteins for successful enrichment (Figures 3.2 and 3.3). If excessive
biotin is used, it may not be completely depleted from the samples, leading to inefficient enrichment.
In our case, desalting columns were effective at depleting free biotin from the samples (Figures 3.2

and 3.3).

While increasing the amount of plant material may seem like an effective way to improve protein
coverage, it also requires a corresponding increase in the amount of beads needed to ensure the
effective retrieval of all biotinylated proteins (Figure 3.4). TurbolD is highly effective at biotinylating
a large pool of proteins, and to capture them all without loss, an increased amount of beads is
necessary. The required amount of beads should be determined empirically (e.g., Figure 3.4). This is
especially important if a target protein is low in abundance (such as native effectors in our case), as

the beads will first become saturated with the most abundant biotinylated proteins.

Washing away non-biotinylated proteins during the enrichment step, which takes advantage of the
high-affinity interaction between biotin and streptavidin, is crucial to limit false positives. This can
be effectively achieved under 7 M urea conditions, which are safer for the mass spectrometry

equipment and less labour-intensive (Figure 3.5).

The fusion of the PL enzyme to the bait protein is not expected to interfere with its localization or
function. To confirm this, confocal microscopy and/or complementation tests should be performed
to verify the correct targeting and functional maintenance of the tagged bait protein. We
incorporated an 11-amino acid linker between the bait and TurbolD, which may provide additional
flexibility. However, we did not explicitly verify whether the absence of this short linker would affect
the function of the baits. Nonetheless, all baits were tested and found to be functional, as
demonstrated in the complementation experiments presented in the following chapters. If
necessary, a short linker can be added between the bait protein and the PL enzyme to provide
further flexibility. However, it is important that the linker remains relatively short to ensure that the

enzyme stays in close proximity to the bait protein.

It is crucial to consider the abundance of the bait protein when using TurbolD. If the bait protein is
too low in abundance, it will be challenging to detect biotinylated candidates. Conversely, if the bait
is too abundant, there is a risk of non-specific biotinylation as the cell may become saturated with

TurbolD-tagged baits. This can lead to random protein interactions without meaningful biological
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output. This issue is illustrated in Chapter 4, where the specific biotinylation of the Albugo candida
effector CCG28 by its corresponding TurbolD-tagged sensor TNL WRR4A was observed only after
switching from a high-expression 35S promoter-driven to a medium-expression pAt2 promoter-
driven system (Chapter 4; Figures 4.15, 4.16, 4.17). Therefore, the choice of promoter for the tagged
bait protein is critical to achieve optimal protein accumulation, neither too low nor too abundant.
Ideally, the native promoter of the bait should be used to better reflect physiological conditions.
Several stable Arabidopsis TurbolD transgenic lines were generated, some of which are used in
Chapters 4 and 5, with most baits expressed under their native promoters (Chapter 5, Table 5.1).
Additionally, the abundance of the target proteins should also be considered, if predictable. Less
abundant target proteins, like native effectors, are harder to detect by mass spectrometry, as

detailed in Chapter 4.

PL techniques generate large datasets, so including appropriate controls and performing biological
replicates is essential to reduce false positives and false negatives. The control protein should have
a similar, or at least overlapping, localization pattern and an equivalent expression level to that of
the bait protein. In our TurbolD-MS experiments, we used commonly applied control proteins, such
as fluorescent proteins tagged with a PL enzyme. Specifically, we used mCherry, which localized to
the cytoplasm and nucleus, as the precise localization of our various baits was not determined (see
Chapters 4 and 5). If available, a functional mutant of the corresponding bait protein can also serve
as a control. It is important to match the expression levels between the bait and control proteins; a
control with higher expression may lead to false negatives, while one with lower expression may
lead to false positives. For this reason, all experiments presented in the following chapters were
conducted with a control protein exhibiting protein accumulation as close as possible to that of the
baits (see Chapter 5, Supplementary Figures 5.1 and 5.2 for the protein expression levels of the

different Arabidopsis thaliana TurbolD transgenic lines generated).

Lysines are the primary residues biotinylated by PL enzymes. However, if target proteins contain only
a small number of lysines (e.g., small proteins like effectors), if these lysines are buried within the
protein structure and inaccessible to the enzyme, or if they are modified by post-translational
modifications such as ubiquitination or acetylation, biotinylation may not occur. This could

potentially lead to false negatives.
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In this study, trypsin, an enzyme that cleaves peptide bonds specifically at the carboxy! (C-terminal)
side of lysine and arginine residues, was used to digest biotinylated proteins, even though TurbolD
predominantly biotinylates lysine residues, which could potentially interfere with trypsin’s cleavage
efficiency. Despite this modification, trypsin digestion did not appear to be significantly affected in
our experiments. This may be because biotinylation occurs on the g-amino group of lysines, while
trypsin recognizes and cleaves at the peptide bond at the carboxyl end of the lysine residue, which
may remain accessible. Alternatively, the steric hindrance caused by biotin may not be sufficient to
block enzymatic access. In our TurbolD method, we did not identify biotinylated peptides directly,
but rather other peptides that enabled protein identification. Furthermore, while not all lysines are
necessarily accessible for biotinylation, most become accessible to trypsin following denaturation.
Other proteases, such as chymotrypsin, Asp-N, or Glu-C, can also be considered for protein digestion,

depending on the experimental needs and the extent of lysine modification.

While TurbolD has demonstrated robust performance in various cellular compartments, including
those with slightly acidic to neutral pH such as the endoplasmic reticulum, nucleus, and
mitochondria, highly acidic environments like the vacuole or apoplast in plant cells may not provide
optimal conditions for its activity. Furthermore, fluctuations in pH during stress responses, for

example during ROS bursts, could also impact the labelling efficiency of TurbolD.

In previous studies using TurbolD, labelling times ranged from 3 to 24 hours (Arora et al., 2020),
despite the catalytic reaction itself takes only about 10 minutes. In general, it is not recommended
to exceed 3 hours of labelling. Additionally, multiple short labelling periods (i.e., several time points)
can be used instead of a single prolonged labelling period. Excessively long labelling times increase
background biotinylation noise, making it more difficult to identify relevant candidates. In Chapter
4, specific biotinylation of the Albugo candida effector CCG28 by its corresponding TurbolD-tagged
sensor TNL WRR4A was observed not only by switching from a high-expression promoter-driven
system to a medium-expression promoter-driven system, but also by shortening the labelling time
from 5 hours to just 30 minutes (Chapter 4; Figures 4.15, 4.16, 4.17). For TurbolD-MS experiments
carried out in stable Arabidopsis transgenic lines under native promoter expression, a 3-hour
labelling time was used (see Chapters 4 and 5). In contrast, for TurbolD-directed IP experiments
conducted transiently in N. benthamiana, often under 35S promoter-driven systems, a 30-minute
labelling time was sufficient to observe the biotinylation of the expected candidate proteins (see

Chapters 4 and 6). Therefore, to enhance the likelihood of capturing meaningful targets, shorter
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labelling times, which can be combined with multiple time points, are more effective, especially
since the precise timing of these potentially significant interactions is often unknown. Initially, 2 days
post P. infestans zoospore infiltration was used to identify biotinylated native AVRamr effectors.
However, we later found that this time point was too early, and it was only at 3 and 4 days post P.
infestans zoospore infiltration that these effectors were detectable by mass spectrometry (see

details in Chapter 4).

Optimizing experimental conditions for specific purpose can be achieved by adjusting the various
aspects of the protocol mentioned above. Immunoblots are useful for testing different combinations
and fine-tuning parameters to design experimental layout. However, this requires the effective
release of biotinylated proteins from the beads, which can be accomplished by simply boiling the
beads without adding biotin (Figure 3.6). It is important to note that the signal intensity observed
on a Western blot does not necessarily reflect the overall amount of biotinylated protein, as proteins
with multiple binding sites for streptavidin can amplify the signal. Additionally, the signal intensity
will depend on the number of accessible biotinylation sites within a protein. As a result, the signal

intensity does not directly correspond to the number of biotinylated proteins and is not a 1:1 ratio.

A study comparing PL-MS and IP-MS (Moreira et al., 2023), found surprisingly little concordance
between the PPIs identified by these two approaches, even though both methods successfully
identified meaningful PPIs. While affinity capture provides a snapshot of stable PPIs at the time of
lysis, PL captures a history of protein interactions occurring during the labelling period, which may
bias detection away from stable “core” complexes and toward more dynamic associations.
Furthermore, the population of candidate proteins was observed to decrease as bait protein
localization became more confined during pull-down experiments; however, this candidate
population is less variable compared to PL approaches. Despite the variability in the precision and
efficiency of PL techniques, which often leads to limited reproducibility in proteomic detection, PL
generally generates larger interactomes. Overall, these findings highlight that the utility of each
method is context-dependent, emphasizing that PL and affinity capture should be regarded as

complementary approaches rather than interchangeable alternatives.

While the identification of known interactors helps validate the quality of the data, PL techniques

primarily generate promising leads. Therefore, novel candidates identified through these methods

require further validation using additional experiments, such as yeast two-hybrid (Y2H), co-
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immunoprecipitation (Co-IP), bimolecular fluorescence complementation assays (BiFC), split
luciferase assays, reciprocal PL-MS, or FRET-FLIM. However, conventional approaches may not
consistently confirm candidates, particularly when analysing transient, weak, or hydrophobic PPls
due to their inherent limitations. Consequently, genetic assays may be necessary to demonstrate

their biological relevance.

There is no single “perfect” method for all situations, and PL techniques have their own strengths
and weaknesses. However, by focusing on leveraging these strengths and addressing their
drawbacks, future advancements in PL methods hold significant promise. Further development and
optimization could enable PL techniques to play an increasingly important role in tackling diverse
biological questions in plant science. Moreover, integrating PL approaches with existing techniques

will undoubtedly drive progress in the near future.

For instance, the combination of clustered regularly interspaced short palindromic repeats (CRISPR)
with PL has already facilitated the study of protein-DNA interactomes at specific loci and enabled
the mapping of RNA-binding protein complexes (Myers et al., 2018, Yi et al., 2020). PL techniques
can also be combined with post-translational modification (PTM) studies to help dissect the
regulatory mechanisms underlying dynamic changes. For example, this approach has been applied
to track dynamic changes in protein complexes associated with O-GlcNac-modified targets, where a
“GlycolD” system was developed by coupling miniTurbolD with an O-GlcNac reader, GafD (Liu et al.,
2022). Finally, PL methods can be integrated with cross-linking MS and single-cell proteomics to
construct a plant cell atlas, which would be a valuable resource for the plant research community

(Perkel, 2021, Petelski et al., 2021, Rhee et al., 2019).
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Chapter 4

Capturing cognate effectors to NLRs during native infection

by TurbolD proximity labelling
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4. Capturing cognate effectors to NLRs during native infection by TurbolD proximity

labelling

4.1 Introduction

4.1.1 Prediction and discovery of effectors

Plant-pathogen interactions are dynamic, with the behaviour of both plants and pathogens
influencing each other in complex ways. Pathogens evolve to evade the plant’s immune responses,
while the plant’s immune system works to counteract pathogen infections, creating a continuous
back-and-forth interaction (Raffaele et al., 2010). Pathogens can secrete small virulence proteins,
called effectors, which play a central role in determining the outcome of plant-pathogen interactions
(Sanchez-Vallet et al., 2018). These effectors can manipulate the host and promote infection.
However, they can be double-edged sword, as some effectors can be recognized by specificimmune
receptors that evolved to detect pathogen presence, triggering defense responses in disease-
resistant plants (Hogenhout et al., 2009). Therefore, characterizing effector recognition by their
cognate immune receptors and understanding the downstream immune signalling cascades are
essential for gaining a deeper understanding of the mechanisms underlying pathogenicity and host
resistance. This knowledge also contributes to the development of novel plant disease control

strategies (Vleeshouwers and Oliver, 2014).

Effectors are classified into apoplastic or cytoplasmic effectors, depending on whether they perform
their function in the apoplast or within the plant cell, respectively, after being translocated from the
pathogen. Pathogens use various mechanisms to deliver effectors into host cells, with the type-lll
secretion system (T3SS) of Gram-negative bacterial pathogens being the best characterized. The
T3SS encodes a syringe-like structure that directly injects effectors into plant cells (Green and Mecsas,
2016). However, this mechanism is not conserved across all bacteria; Gram-positive pathogens and
certain phloem and xylem-colonizing bacteria lack the T3SS. In these bacteria, the secretion of
effectors relies on the presence of an N-terminal signal peptide (SP) (Natale et al., 2008, Nielsen and
Krogh, 1998). The identification of candidate secreted proteins was greatly enhanced through
computational tools designed to predict SPs. The first publicly available program for SP prediction,
SignalP, was released in 1998 (Nielsen and Krogh, 1998). The most recent version is SignalP 6.0

(Teufel et al., 2022). The identification of an N-terminal SP is also a key criterion for predicting
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effectors in filamentous eukaryotic pathogens, including fungi and oomycetes (Petre and Kamoun,
2014). In fungi, most effectors are small and rich in cysteine residues. Although these features have
not been directly linked to entry into host cells, they have been widely used as predictive markers
for fungal effectors (Sperschneider et al., 2015). In contrast, the prediction of effectors in oomycete
pathogens is more reliable, thanks to the discovery of host-targeting motifs in the N-terminal region
of cytoplasmic effectors, downstream of the SP. Most of these effectors in downy mildews contain
the RXLR-dEER motif, which is involved in translocation into plant cells (Birch et al., 2008, Whisson
et al., 2007). Additional motifs, such as LFLAK and CHXC (unique to Albuginales), have also been
identified and, when combined with the secretion SP, have contributed to defining effectors
repertoires in oomycetes, particularly in Phytophthora species (Jiang et al., 2008), where these
motifs have been most extensively characterized. No eukaryote-specific functional domain for the
uptake of fungal effectors has been defined yet, which limits the effectiveness of motif-based

database searches for identifying fungal effectors.

The rapid accumulation of pathogen genome data (Amselem et al., 2011, Cuomo et al., 2007, Dean
et al., 2005, Haas et al., 2009), coupled with specialized bioinformatic pipelines and prediction
software, has significantly improved the identification of secreted proteins involved in plant-
pathogen interactions. Many of these secreted proteins, particularly those expressed during plant
infection, are likely to function as effectors. However, predictions of effector proteins still require
validation through experimental approaches. A notable example highlighting this is the
Magnaporthe oryzae effector MC69, which is crucial for appressorium formation and was the only
candidate among 1,306 putative secreted proteins found to be involved in pathogenicity following

large-scale gene disruption (Saitoh et al., 2012).

Many effectors are recognized by host resistance proteins and can be identified in bioassays as
molecules that trigger localized immune receptor-dependent cell death (hypersensitive response or
HR), a defense mechanism that can limit pathogen spread. Such recognized effectors were called
avirulence (Avr) proteins because they make the pathogen avirulent, preventing it from causing
disease in resistant plants. Avirulence function can be assayed through transient Agrobacterium-
mediated transformation (Vleeshouwers et al., 2008). This method allows testing the function of a
candidate effector by heterologously expressing it in planta. These assays are often conducted in the
model plant N. benthamiana, which is infiltrated with transformed Agrobacterium that delivers the

effector gene into the plant cell for transient protein production (Ma et al., 2012). However, in the
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absence of the corresponding resistance protein, many effectors cannot be identified based solely
on their avirulence function. Therefore, demonstrating their virulence function remains the gold
standard for validation. Genome-wide association studies (GWAS) and quantitative trait locus (QTL)
mapping of the pathogen can identify loci associated with heritable phenotypic variations, such as
virulence (Plissonneau et al., 2017). Nevertheless, functional screening of effectors that activate
defense in resistant cultivars or wild relatives of crops has proven useful in identifying immune
receptors, which can be incorporated into elite cultivars to enhance disease resistance (Lin et al.,

2022).

4.1.2 Proximity labelling used for unbiased effector discovery in planta

While the translocation of many effectors has been demonstrated using overexpression reporter
systems, these artificial conditions do not fully capture the dynamics of natural infection. A major
challenge in confirming effectors during natural infection lies in the difficulty of detecting native
effectors, which are often present in very low abundance within host cells. To address this, the
sensitivity of proximity labelling (PL) techniques could be leveraged as a novel approach for

identifying effectors under native conditions.

To date, relatively few studies have used PL to characterize effector-host interactions. Low effector
protein levels in planta pose a significant challenge for identifying host target proteins, and
conventional techniques often fail to capture the complexity, dynamics, and transient nature of
effector-target interactions. One reported translocation assay used biotinylation of effectors in the
host cytoplasm as a marker for their uptake (Lo Presti et al., 2017). This assay takes advantage of the
bacterial biotin ligase BirA, which can biotinylate any protein carrying a short peptide tag (Avitag). It
relies on the stable expression of BirA in the cytoplasm of maize plants and the engineering of
Ustilago maydis strains in which two effectors are tagged with the Avitag. Ustilago maydis is a plant
fungal pathogen responsible for corn smut in many important crops and grasses, including maize
(Zea mays) (Doehlemann et al., 2008, Kahmann and Kamper, 2004). A biotinylated effector would
confirm that the tagged effector had come into proximity with the biotin ligase in the host cytoplasm.
Using this assay, the translocation of several effectors has been demonstrated (Lo Presti et al., 2017),
although translocation to the host cell alone does not confirm effector function. U. maydis encodes
approximately 460 effectors, though only a few have been functionally characterized (Lanver et al.,

2017). Later, using the same U. maydis-maize system, researchers generated transgenic U. maydis
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strains that secrete TurbolD-tagged Seel effector directly into maize cells (Shi et al., 2023). In the
absence of Seel, U. maydis is unable to trigger tumour formation. Previous studies had already
shown, through a yeast two-hybrid (Y2H) screen, that Seel interacts with maize SUPPRESSOR OF G2
ALLELE OF skpl (SGT1), a protein involved in cell cycle transitions, and blocks its phosphorylation
(Redkar et al., 2015). The researchers performed TurbolD-based PL in combination with Co-IP and
mass spectrometry analyses, identifying additional Seel interactors, including three proteins related
to the ubiquitin-proteasome pathway (Shi et al., 2023). These findings offer deeper insight into the
role of Seel in tumour formation during U. maydis-maize interaction. Recently, miniTurbo was
shown to be valuable for identifying host targets of nematode effectors (Margets et al., 2024).
CYSTEINE PROTEASE 1 (CPR1) from soybean cyst nematodes was predicted to be a secreted effector
based on transcriptomic data, the presence of a signal peptide, and the absence of transmembrane
domains. Moreover, CPR1 is conserved across all sequenced soybean cyst nematode isolates and
suppresses RPS5-mediated cell death in N. benthamiana, suggesting its role in virulence. MiniTurbo-
tagged CPR1, expressed in transgenic soybean roots, facilitated the identification of soybean
BRANCHED-CHAIN AMINO ACID AMINOTRANSFERASE 1 (GmBCAT1) as a substrate for CPR1, which

was confirmed by Co-IP and proteolytic cleavage assays (Margets et al., 2024).

One advantage of TurbolD-tagging the effector is that by placing the PL enzyme on the effector, it
enables the capture of interactions with multiple host proteins, which can disrupt single or various
biological pathways to promote virulence. For example, the HopM1 effector from Pseudomonas
syringae ensures full virulence by targeting five different Arabidopsis proteins related to the
ubiquitin-proteasome system: MIN7, MIN10, UPL1, UPL3 and ECM29 (Ustiin et al., 2016). Similarly,
the M. oryzae effector AvrPiZ-t targets the Nup98 homolog APIP12 and the E3 ligases APIP6 and
APIP10 in rice thus promoting disease (Park et al., 2012, Park et al., 2016, Tang et al., 2017).
Additionally, placing the TurbolD tag on the effector may help overcome the challenge of low effector
abundance under native conditions by selectively enriching for host proteins. However, limitations
of this approach include the need for prior knowledge of the effector being studied to explore its

interactome, as well as the requirement that the pathogen be amenable to genetic recombination.

TurbolD-tagging of R proteins or presumed host target proteins, rather than the effector itself, has
not been attempted before. This novel approach could enable the identification of both known and
unknown effectors. However, it comes with its own challenges, as it indiscriminately captures both

pathogen-related and plant proteins. Since plant proteins are much more abundant than pathogen-
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related ones, detecting potential effectors becomes more difficult. On the other hand, this approach
not only captures the effector but also provides valuable insights into the plant’s downstream

signalling pathways.

First, we needed to establish the protocol and demonstrate its feasibility. To do so, we chose to work
with nucleotide-binding leucine-rich repeat receptors (NLRs), which are typically responsible for the
intracellular detection of effectors, while receptor-like proteins (RLPs) and receptor-like kinases
(RLKs) play a role in pathogen recognition at the plant surface. As a proof of concept, we tested two
different systems: 1) the transient Agro-mediated expression of two TurbolD-tagged CNLs, Rpi-amr1l
and Rpi-amr3, followed by infection by zoospore infiltration with P. infestans in N. benthamiana, and
2) the stable expression of a TurbolD-tagged TNL, WRR4A, in a transgenic Arabidopsis thaliana line
infected with Albugo candida.

4.2 Results

A major challenge in effector discovery during natural infection is their very low abundance within
host cells. While TurbolD is widely used to identify plant-related interactors, no one has yet
attempted to exploit its sensitivity to capture effectors under native infection conditions. This is what
we aimed to achieve by TurbolD-tagging NLRs and utilizing either a transient system in N.

benthamiana or a stable transgenic line in A. thaliana.

4.2.1 ldentification of native AVRamr effectors through TurbolD proximity labelling following

Phytophthora infestans infection

P. infestans is an oomycete that causes late blight and is responsible for one of the most well-known
plant disease outbreaks in human history, the Irish potato famine of the late 1840s. P. infestans
continues to cause significant losses in global potato production today (Kamoun et al., 2015). In
efforts to reduce these losses, breeders have sought resistance genes from wild potato relatives
(Vleeshouwers et al., 2011). Unlike wild potatoes, many Solanum species are nonhost to P. infestans,
meaning they are naturally resistant. Two Resistance to P. infestans (Rpi) genes, Rpi-amrl and Rpi-
amr3, encoding CNL proteins, were cloned from Solanum americanum and confer resistance to P.
infestans in cultivated potatoes (Witek et al., 2016, Witek et al., 2021). The effector AVRamrl,

recognized by Rpi-amr1, was identified through cDNA pathogen enrichment sequencing (Lin et al.,
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2020), while AVRamr3, recognized by Rpi-amr3, was identified by screening an RXLR effector library
(Lin et al., 2022). Co-IP experiments showed that AVRamr3 directly interacts with Rpi-amr3 (Lin et
al., 2022). By transiently expressing TurbolD-tagged Rpi-amrl and Rpi-amr3 in N. benthamiana, we
aimed to determine whether we could detect biotinylated AVRamrl and AVRamr3, respectively, by
mass spectrometry following P. infestans infection. If the pathosystem is reproducible in N.
benthamiana through Agro-mediated transient expressing of TurbolD-tagged baits, its fast turnover

enables rapid testing before committing to the generation of transgenic lines, which can take time.

TurbolD and miniTurbo (minilD) tagged Rpi-amrl and Rpi-amr3 constructs were generated by
Golden Gate cloning (Table 4.1). Their functionality was tested, and Rpi-amr1:TurbolD supported HR
in N. benthamiana without auto-activity (Figures 4.1). Rpi-amr3:TurbolD also supported HR but was
slightly auto-active (Figure 4.2); however, this low level of auto-activity was NRC-dependent and
therefore not observed in the nrc2/3/4 mutant background (Figure 4.3), making the construct
suitable for use in that context. In addition, a miniTurbo-tagged version of Rpi-amr3 was generated,

which supported HR without auto-activity (Figure 4.4).

Table 4-1 List of the TurbolD- or miniTurbo-tagged proteins generated by Golden Gate cloning and
used in N. benthamiana.

The promoters and terminators that were used to perform these DNA assemblies are as follow: p35S
= cauliflower mosaic virus 35S promoter, t35S = cauliflower mosaic virus 35S terminator, tOCS =
Agrobacterium tumefaciens octopine synthase gene terminator.

Protein Construct
SaRpi-amrl p35S:Rpi-amrl:TurbolD-FLAG:tOCS
SaRpi-amr3 p35S:Rpi-amr3:TurbolD-FLAG:tOCS
SaRpi-amr3 p35S:Rpi-amr3:V5-minilD:t35S
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WT N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

A: Rpi-amrl:Th-FLAG
C: AVRamrl

E: Rpi-amrl:Tbh-FLAG
+ AVRamrl

Figure 4.1 Rpi-amr1:TurbolD-FLAG supports HR in N. benthamiana.

HR assays by Agro-infiltration at ODeoo = 0.5 in 4/5-week-old N. benthamiana leaves and at 3
dpi. The P. infestans effector AVRamrl is recognized by the S. americanum NLR protein Rpi-
amrl (Lin et al., 2020). Co-delivery of 35S promoter-driven Rpi-amrl:TurbolD-FLAG (Rpi-
amrl:Tb-FLAG) with AVRamr1:V5 triggers HR in WT N. benthamiana leaves.

WT N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2

B: Rpi-amr3:Th-FLAG
D: AVRamr3

F: Rpi-amr3:Th-FLAG
+ AVRamr3

Figure 4.2 Rpi-amr3:TurbolD-FLAG supports HR in N. benthamiana.

HR assays by Agro-infiltration at ODeoo = 0.5 in 4/5-week-old N. benthamiana leaves and at 3

dpi. The P. infestans effector AVRamr3 is recognized by the S. americanum NLR protein Rpi-
amr3 (Lin et al.,, 2022). Co-delivery of 35S promoter-driven Rpi-amr3:TurbolD-FLAG (Rpi-

amr3:Tb-FLAG) with AVRamr3:V5 triggers HR in WT N. benthamiana leaves.
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nrc234 N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

A: Rpi-amr3:Th-FLAG
B: AVRamr3

C: Rpi-amr3:Th-FLAG
+ AVRamr3

Figure 4.3 Rpi-amr3:TurbolD-FLAG alone does not trigger HR in nrc2/3/4 N. benthamiana.

HR assays by Agro-infiltration at ODggo = 0.5 in 4/5-week-old nrc2/3/4 N. benthamiana leaves
and at 3 dpi. The P. infestans effector AVRamr3 is recognized by the S. americanum NLR
protein Rpi-amr3 (Lin et al., 2022). Co-delivery of 35S promoter-driven Rpi-amr3:TurbolD-
FLAG (Rpi-amr3:Tb-FLAG) with AVRamr3:V5 does not trigger HR in nrc2/3/4 N. benthamiana
leaves. As expected, Rpi-amr3:Tb-FLAG alone is insufficient to mediate immune recognition
in the absence of NRCs.

WT N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

1: Rpi-amr3:V5-minilD
2: AVRamr3:V5
3: Rpi-amr3:FLAG
+ AVRamr3:V5
4: Rpi-amr3:V5-minilD
+ AVRamr3:V5

Figure 4.4 Rpi-amr3:V5-miniTurbo supports HR in N. benthamiana.

HR assays by Agro-infiltration at ODeoo = 0.5 in 4/5-week-old N. benthamiana leaves and at 3
dpi. The P. infestans effector AVRamr3 is recognized by the S. americanum NLR protein Rpi-
amr3 (Lin et al., 2022). Co-delivery of 35S promoter-driven Rpi-amr3:FLAG or Rpi-amr3:V5-
miniTurbo (Rpi-amr3:V5-minilD) with AVRamr3:V5 triggers HR in WT N. benthamiana leaves.

Once the functionality of the TurbolD-tagged constructs was verified, we aimed to confirm that the
small sizes of AVRamrl (33 kDa) and AVRamr3 (28 kDa), which contain 28 and 31 lysine residues
respectively (the protein residue primarily biotinylated by TurbolD), were sufficient for biotinylation

and detection via immunoblot. To test this, AVRamr1 with Rpi-amr1:TurbolD and AVRamr3 with Rpi-
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amr3:miniTurbo, all under 35S promoters, were transiently expressed in nrc2/3/4 N. benthamiana
(Figure 4.5). Rpi-amrl and Rpi-amr3 depend on the NRC class helper NLRs to trigger cell death (Lin
et al., 2022, Witek et al., 2021). Therefore, N. benthamiana nrc2/3/4 mutants were used to prevent
HR from being triggered. AVRamrl and AVRamr3 can be used as negative controls for each other.
Since these effectors are specifically recognized by their cognizant NLRs, each effector was used as
control for the other in a reciprocal manner to ensure recognition-specific biotinylation. After 30-
minute labelling, the biotinylation of AVRamrl and AVRamr3 by Rpi-amrl:TurbolD and Rpi-
amr3:miniTurbo, respectively, was detectable by immunoblot, indicating that these effectors can be
biotinylated in a specific manner (Figure 4.5). However, this was achieved with an overexpression
reporter system, which does not fully reflect natural infection. Therefore, we next aimed to detect

these biotinylated effectors by mass spectrometry and under native infection conditions (Figure 4.6).

35S:Rpi-amrl:TurbolD-FLAG + + 35S:Rpi-amr3:V5-minilD + +
355:AVRamr3:V5 + - 355:AVRamrl:V5 + -
35S:AVRamrl:V5 - + 35S:AVRamr3:V5 - +

kDa kDa
180 - 180 -
130’-- R i-amrl 130 -« -- R i'amr3
o | 100- 4m=Rp s | 100 P
g FLAG 2| a0
£ & = | 5 ™ 4mm AVRamIrl &
40 -
35 W, 4mm AVRamr3 & a-V/5 AVRamr3
AVRamrl

40 -

a-V5
— *h AVRamr3

40-
35- & 4mm AVRamrl

a-V5

Figure 4.5 TurbolD and miniTurbo-tagged Rpi-amrl and Rpi-amr3 specifically
biotinylate AVRamrl and AVRamr3 respectively.

pull-down
Strep

a-V5

pull-down
Strep

Streptavidin pull-down and biotinylation of AVRamr1:V5 and AVRamr3:V5 by Rpi-
amrl:TurbolD-FLAG and Rpi-amr3:V5-miniTurbo respectively in nrc2/3/4 N.
benthamiana after 7 M urea washing conditions. Agro-infiltrations at ODggo = 0.5
in 4-week-old nrc2/3/4 N. benthamiana leaves in the presence of p19. Biotin-
infiltration (50 uM) at 3 dpi and for 30 min before tissue harvesting. Pull-down
was carried out with streptavidin beads. Lysates were resolved by SDS-PAGE.
Unspecific bands are indicated with a red asterisk (*).
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Day38&48&5

nrc2/3/4 nrc2/3/4 nrc2/3/4
N. benthamiana N. benthamiana N. benthamiana

Agro-infiltration P. infestans infiltration Biotin infiltration
Rpi-amr1/3:TurbolD 100.000 zoospores/mL 3 h labelling
or
mCherry:TurbolD

Figure 4.6 Schematic representation of the experimental design used to identify
pathogen and plant interactors of Rpi-amrl and Rpi-amr3.

Agro-infiltrations of 35S:Rpi-amrl:TurbolD-FLAG, 35S:Rpi-amr3:TurbolD-FLAG or
pAt2:mCherry:TurbolD-V5 at ODsgo = 0.5 in 4-week-old nrc234 N. benthamiana and
in the presence of p19, followed by P. infestans (isolate 88069) infiltration (100,000
zoospores/mL) one day later. Biotin-infiltration (50 uM) was performed at 3, 4 and 5
days post Agro-infiltration (so 2, 3 and 4 days post P. infestans infiltration) and for 3
h before tissue harvesting.

TurbolD-tagged Rpi-amrl and Rpi-amr3 were again transiently expressed in N. benthamiana
nrc2/3/4, but this time the Agro-infiltrated leaves were subsequently infiltrated with P. infestans
zoospores, followed by mass spectrometry (Figure 4.6). In this experimental setup, the P. infestans
effectors are delivered into the plant cells by the pathogen itself. Prior to my start in Jonathan Jones’
Lab, Dr Xiao Lin, now a former team member, captured native AVRamr3 with Rpi-amr3:TurbolD after
P. infestans infection on one occasion, which was an encouraging result suggesting that capturing
native effectors with TurbolD could be feasible. One of the first things that needed to be done was
to repeat this result. However, in my first two attempts, neither AVRamrl nor AVRamr3 were
detected in the MS data collected by the proteomic team. Biotin was initially infiltrated two days
after P. infestans infiltration, and we suspected that the absence of the target effectors in the MS
data could be due to the biotin being infiltrated at the wrong experimental time point (either too
early or too late). It is known that the peak of Avr gene expression occurs at 2 dpi during P. infestans
infection of a potato plant (Vleeshouwers et al., 2011), and the original experimental time point was
based on that knowledge. However, after Agro-infiltrations, prior to P. infestans infection, it is not

known exactly when AVRamrl and AVRamr3 start to be expressed, and this 2 dpi time point might
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no longer apply to N. benthamiana plants after their immune system has been primed by the Agro-

infiltrations.

To test this hypothesis, an RT-PCR analysis of the AVRamrl and AVRamr3 genes was conducted
following Agro-infiltration of TurbolD-tagged Rpi-amrl and Rpi-amr3 (Supplementary Figure 4.1).
The AVRamrl1 and AVRamr3 cDNAs were undetectable at 2 days post P. infestans infection but were
observed 3 days post P. infestans infection onwards. Genes used as positive controls were
undetectable at 2 dpi, possibly due to the lower number of zoospores infiltrated into the leaves
(8,700 zoospores/mL) compared to the usual amount (50,000 or 100,000 zoospores/mL), which may
have affected pathogen growth. However, significant amounts of AVRamrl and AVRamr3 were
detected at 3 dpi. Based on these results, later time points (3 and 4 days post P. infestans infection)
were incorporated into the experiment (Figure 4.6). In contrast to the previous experiment (Figure
4.5), where all proteins were overexpressed under 35S promoters and a 30-minute labelling time
was used, a 3-hour labelling time was employed in this experiment to allow more time for capturing

the native P. infestans effectors (Figure 4.6).

Before sending the samples for mass spectrometry (MS) analysis, a small fraction of the streptavidin
beads used to pull down biotinylated proteins was boiled and analysed by Western blotting with
HRP-conjugated streptavidin to detect biotinylated proteins and assess sample quality (Figure 4.7).
TurbolD-tagged mCherry, driven by the medium-expression A. thaliana small subunit ribosomal
protein 16 (SSR16) gene promoter (pAt2), was used as a negative control. The baits themselves are
biotinylated and are often easily identified on Western blots in the input samples. Both
mCherry:TurbolD and Rpi-amrl:TurbolD showed similar protein accumulation, while Rpi-

amr3:TurbolD was less abundant and exhibited a lower overall level of biotinylation.

The samples were analysed using two different mass spectrometry systems. First, the Orbitrap
Fusion LC-MS/MS system was employed to detect the effectors secreted by native infection, but this
approach was unsuccessful. Subsequently, the Orbitrap Eclipse LC-MS/MS system with Field
Asymmetric lon Mobility Spectrometry (FAIMS) was used, which enabled the identification of eight
spectral counts corresponding to AVRamrl at 4 days post P. infestans infection (Table 4.2) with a
protein sequence coverage of 32% and eight different peptides identified. However, AVRamr3 was
not detected in this experiment. The Orbitrap Eclipse LC-MS/MS system comes with integrated

FAIMS, which enhances ion mobility separation before ions enter the mass spectrometer. This
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reduces background noise, improves ion separation in complex mixtures, reduces spectral overlap,
and provides higher sensitivity and resolution compared to the Orbitrap Fusion system. Encouraged
by this promising result, the experiment was repeated at both 3 and 4 days post P. infestans infection

to assess the reproducibility of the technique.

In the subsequent repeats, several spectral counts corresponding to AVRamr1 were detected at both
3 and 4 dpi, with a higher number of spectral counts observed at 4 dpi compared to 3 dpi (Table 4.2).
The increased number of spectral counts at 4 dpi can likely be explained by an increased pathogen
biomass within the infected leaves, as well as the pathogen having colonized more plant cells.
AVRamrl was detected by mass spectrometry in four independent replicates at 3 and 4 dpi, whereas
AVRamr3 was detected in only two replicates at 4 dpi (Table 4.2). AVRamr3 was detected with a
protein sequence coverage of 22%, and five different peptides were identified. Neither AVRamr1 nor
AVRamr3 were detected in samples containing mCherry:TurbolD. The RT-PCR experiment
(Supplementary Figure 4.1) confirmed that AVRamr3 was expressed by P infestans in N.
benthamiana leaves at 3 dpi following Agro-infiltration, indicating that the absence of AVRamr3
detection at 3 dpi by mass spectrometry (Table 4.2) cannot be attributed to a lack of expression.
However, the accumulation of Rpi-amr3:TurbolD protein was lower compared to Rpi-amrl:TurbolD
(Figure 4.7), which may result in a lower overall level of biotinylation in these samples. This could
explain why AVRamr3 was only detectable by mass spectrometry at 4 dpi, while AVRamrl was
detectable at both experimental time points. Therefore, it can be concluded that to maximize the
chances of capturing native effectors, the bait must be sufficiently abundant, and shifting
experimental time points to later stages of infection will increase the likelihood of pathogen growth
within host cells and enhance the abundance of native effectors. Unfortunately, the repeats
highlighted in red within Table 4.2 were affected by contamination issues and could not be included
in the final analysis. However, | chose to include them here as they demonstrate that cognate
effectors of Rpi-amrl and Rpi-amr3 were captured by mass spectrometry multiple times in

independent experiments.
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Figure 4.7 Proximity biotinylation by Rpi-amrl:TurbolD and Rpi-
amr3:TurbolD in nrc2/3/4 N. benthamiana.

Streptavidin pull-down and biotinylation of 35S:Rpi-amrl:TurbolD-
FLAG, 35S:Rpi-amr3:TurbolD-FLAG and pAt2:mCherry:TurbolD-V5 in
nrc2/3/4 N. benthamiana. Agro-infiltrations at ODggo = 0.5 in 4-week-old
nrc234 N. benthamiana and in the presence of p19, followed by P.
infestans (isolate 88069) infiltration (100,000 zoospores/mL) at 1 day
post Agro-infiltration. Biotin-infiltration (50 uM) at 3 and 4 days post P.
infestans infiltration (dpi) (so at 4 and 5 days post Agro-infiltration) and
for 3 h before tissue harvesting. Pull-down was carried out with
streptavidin beads. A small fraction of the beads was boiled and resolved
by SDS-PAGE to assess sample quality prior to LC-MS/MS analysis.
Biotinylated proteins were detected by using HRP-conjugated
streptavidin labelling. Bands labelled with a black asterisk (*) correspond
to endogenously biotinylated proteins. The “N. benthamiana” lane
corresponds to non-infiltrated samples, meaning no TurbolD-tagged
baits were expressed and no biotin was added. It serves as control to
show endogenous biotinylation.
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Table 4-2 Number of times P. infestans effectors AVRamrl and AVRamr3 were detected by mass
spectrometry with TurbolD-tagged Rpi-amrl and Rpi-amr3 in nrc2/3/4 N. benthamiana.

In total, AVRamr1 was detected by mass spectrometry four times at 3 and 4 days post P. infestans
infiltration (dpi), while AVRamr3 was detected twice at 4 dpi only. Detections highlighted in red are
excluded from the final analysis due to a contamination issue. Detections highlighted in green
represent repeats where the contamination issue was resolved and are therefore included in the
final analysis. NA indicates that no spectral counts were detected.

AVRamr1 (PITG_07569) AVRamr3 (PITG_21190)
spectral counts spectral counts
MS detection: 3 dpi 4 dpi MS detection: 3 dpi 4 dpi
1 NA 8 1 NA NA
2nd 3 6 2 NA NA
31 2 5 3 NA 2
4th 5 13 4t NA 6

After the contamination issue was identified and resolved, three additional repeats were performed.
In total, 8,123 proteins were identified across the three final repeats, including all proteins detected
in samples from both bait constructs (Rpi-amrl:TurbolD and Rpi-amr3:TurbolD) as well as the
mCherry:TurbolD control. Of these, 7,578 proteins correspond to N. benthamiana and 545 to P.
infestans. The P. infestans proteins account for approximately 7% of the total proteins detected. The
P. infestans transcribed gene (PITG)-proteins that were uniquely detected in the Rpi-amr containing
samples and absent from the mCherry control samples are summarized in Supplementary Figures
4.2, 4.3,4.4 and 4.5. In two of these repeats (repl and rep2), P. infestans did not grow or colonize
the plant tissues effectively, as indicated by the absence or low number of spectral counts
corresponding to pathogen proteins. In contrast, the third repeat showed more pathogen infection,
with a higher number of spectral counts corresponding to pathogen proteins. It was in this third
repeat (highlighted in green in Table 4.2) that both AVRamr1 and AVRamr3 effectors were detected
as biotinylated by the corresponding NLRs, but not in the mCherry:TurbolD samples (Supplementary
Figures 4.2, 4.3, 4.4 and 4.5).

Volcano plots are commonly used in mass spectrometry to visualize the relationship between fold
changes and statistical significance, offering a way to identify key proteins that show significant
differences between experimental conditions. A volcano plot displays logz (fold change) versus —logio
(p-value) but does not account for the average expression level. Given that the total number of

spectral counts for each effector is relatively low (with a maximum of 13 and 6 spectral counts for
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AVRamrl and AVRamr3, respectively, at 4 dpi), p-values calculated from this data would not be
reliable due to the low signal-to-noise ratio and the potential lack of reproducibility at low counts.
In other words, while statistical tests can provide p-values, these are prone to inaccuracies when

applied to data with low or not reliably reproducible counts.

Therefore, we opted to use an MA plot, which is a scatter plot that displays the mean of the counts
(typically the average counts per sample) against the log(fold change). Originally, MA plots were
developed in the context of microarray analysis in transcriptomics to visualize gene expression data.
They were designed to examine the relationship between fold changes in gene expression and the
mean expression level across experimental conditions. In this context, fold change refers to the
difference in spectral counts between experimental conditions. The MA plot offers a clearer view of
the data by focusing on the absolute change in expression (fold change) while accounting for the
average expression level (here spectral counts) across conditions. This makes it particularly useful
for visualizing data that may be noisy or close to the detection threshold. Unlike the volcano plot,
the MA plot does not rely on statistical significance measures such as p-values, which can be
unreliable for low-abundance or noisy data. This approach helps highlight patterns and trends in the
data, making it easier to identify proteins or effectors with meaningful changes in abundance,

regardless of statistical significance.

In the plot, each dot represents a protein. The top half displays proteins that are highly biotinylated
in the Rpi-amr1:TurbolD and Rpi-amr3:TurbolD samples, while the bottom half shows those highly
biotinylated in the control mCherry:TurbolD samples. Dots further away from the Y-axis (both
negative and positive) correspond to the most differentially biotinylated proteins between the two
groups. Proteins with low abundance are positioned closer to 0 on the X-axis, while those with higher
average counts are positioned further along the X-axis. For these more abundant proteins, extreme

values on the Y-axis are not necessary to confirm differential biotinylation between the two groups.

As expected, the dots corresponding to AVRamrl and AVRamr3 appear on the positive extreme of
the Y-axis and closer to 0 on the X-axis (Figures 4.8 and 4.9). The PITG IDs for proteins that are highly
biotinylated in experimental samples but with low A value (or low spectral counts) have been
extracted and are presented in Tables 4.3, 4.4, 4.5, and 4.6. As anticipated, the p-values for these

pathogen-related proteins are not significant due to their low abundance.
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Figure 4.8 TurbolD-based identification of Rpi-amrl proximal pathogen interactors.

Rpi-amrl proximal pathogen interactors identified by mass spectrometry at 3 (A) and 4 (B) days
post P. infestans infiltration in nrc2/3/4 N. benthamiana. The MA plot (M versus A plot) displays the
relationship between average protein abundance (A) and the logy(FC) in biotinylation (M). Proteins
with no significant differences in biotinylation are shown in grey. No proteins showed differential
biotinylation compared to mCherry (log2(FC) > 0 and P-value < 0.05). The data were normalized
using cyclic loess normalization via the edgeR package (Chen et al., 2025). Proteins with values near
0 on the X-axis correspond to low-abundance proteins, while highly abundant proteins are located
further from 0. Extreme values along the Y-axis represent promising interactors, and only small
changes in biotinylation are sufficient for highly abundant proteins.

mCherry vs Rpi-amr1 at 3 dpi

ranked by p-value & log(FC) > 0

Protein
PITG_15278T0
PITG_04276T0
AVRamr1

PITG_04269T0

p-value log(FC)
0.155 1518
0.158 1.553
0.174 1.535
0.174 1.484

Table 4-3 List of the Rpi-amrl proximal pathogen
interactors identified at 3 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value < 0.2 and log(FC) > 0.
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mCherry vs Rpi-amr1 at 4 dpi
ranked by p-value & log(FC) > 0

Protein p-value log(FC)
PITG_04276T0O 0.056 1.520
PITG_04658T0 0.094 0.324
AVRamr1 0.135 1.575
PITG_04269T0 0.149 1.505
PITG_08809T0 0.182 0.861
PITG_11215T0 0.187 1.105
PITG_15278T0 0.197 1.285

Table 4-4 List of the Rpi-amrl proximal pathogen
interactors identified at 4 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value < 0.2 and log(FC) > 0.
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Figure 4.9 TurbolD-based identification of Rpi-amr3 proximal pathogen interactors.

Rpi-amr3 proximal pathogen interactors identified by mass spectrometry at 3 (A) and 4 (B) days post
P. infestans infiltration in nrc2/3/4 N. benthamiana. The MA plot (M versus A plot) displays the
relationship between average protein abundance (A) and the logx(FC) in biotinylation (M). Proteins
with no significant differences in biotinylation are shown in grey. No proteins showed differential
biotinylation compared to mCherry (log2(FC) > 0 and P-value < 0.05). The data were normalized using
cyclic loess normalization via the edgeR package (Chen et al., 2025). Proteins with values near 0 on
the X-axis correspond to low-abundance proteins, while highly abundant proteins are located further
from 0. Extreme values along the Y-axis represent promising interactors, and only small changes in
biotinylation are sufficient for highly abundant proteins.

mCherry vs Rpi-amr3 at 3 dpi
ranked by p-value & log(FC) > 0

Protein p-value log(FC)
PITG_04269T0 0.142 1.640
PITG_11215T0 0.160 1.616
PITG_01940T0 0.190 0.806

Table 4-5 List of the Rpi-amr3 proximal pathogen
interactors identified at 3 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value < 0.2 and log(FC) > 0.
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mCherry vs Rpi-amr3 at 4 dpi
ranked by p-value & log(FC) > 0

Protein p-value log(FC)
PITG_04276T0 0.085 1.376
PITG_06449T0 0.132 0.464
PITG_04269T0 0.147 1.312
PITG_00693T0 0.162 1.171
PITG_11215T0 0.177 1.170
PITG_15786T0 0.181 0.892
PITG_17993T0 0.192 0.983
PITG_06619T0 0.195 1.243
AVRamr3 0.195 1.243
PITG_01036T0 0.200 0.906

Table 4-6 List of the Rpi-amr3 proximal pathogen
interactors identified at 4 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value < 0.2 and log(FC) > 0.

In addition to the cognate AVRamrl and AVRamr3 effectors, other P. infestans proteins were
captured. To assess whether these proteins also function as effectors, we analysed all pathogen
proteins uniquely detected in samples containing Rpi-amr1 and Rpi-amr3 (Supplementary Figures
4.2, 4.3, 4.4 and 4.5), along with the highly-biotinylated PITG proteins identified from the MA plots
(Tables 4.3, 4.4, 4.5 and 4.6), using SignalP 6.0 to predict the presence of a signal peptide (Table 4.7).
Three additional pathogen proteins were identified as having a predicted signal peptide with Rpi-
amrl:TurbolD, and six with Rpi-amr3:TurbolD. PITG_15278 was the only protein common to both
CNLs, detected at both 3 and 4 dpi with Rpi-amr1:TurbolD. All other pathogen proteins containing a
predicted signal peptide were detected at only one time point, either 3 dpi or 4 dpi. Interestingly,
PITG_15278 has been previously reported to suppress Rpiblb2-mediated cell death (Derevnina et al.,
2021). Rpi-blb2 is a CNL from Solanum bulbocastanum that confers resistance to P. infestans (Oh et
al., 2009). Conceivably, PITG_15278 has evolved to interact with many NLRs and to attenuate their

activity. Additionally, PITG_09216 has been identified as a mitochondria-associated effector (Breeze
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et al., 2023, Zuluaga et al., 2016). However, no information is available in the literature regarding the
other PITG_proteins with a predicted signal peptide, which were identified through TurbolD (Table
4.7). These may represent newly identified effectors, though further testing is required to confirm
this. Moreover, it is also important to note that the physical proximity of two proteins does not

necessarily imply a functional relationship.

Table 4-7 P. infestans proteins identified using TurbolD-tagged Rpi-amrl and Rpi-amr3 that contain
a predicted signal peptide.

Amount all the PITG_proteins detected by mass spectrometry, three additional PITG_proteins with
a predicted signal peptide were identified with Rpi-amrl, and six additional PITG_proteins with a
predicted signal peptide were identified with Rpi-amr3. YES indicates that a signal peptide was
predicted by the SignalP 6.0 software (Teufel et al., 2022), whereas NA indicates that no spectral
counts were detected.

Rpi-amrl Rpi-amr3
signal peptide (SP) signal peptide (SP)
Protein: 3 dpi 4 dpi Protein: 3 dpi 4 dpi
PITG_15278 YES YES PITG_15278 YES NA
PITG_09216 YES NA PITG_02231 YES NA
PITG_16959 NA YES PITG_02909 NA YES
PITG_09817 NA YES
PITG_03335 NA YES
PITG_03694 NA YES

In these PL experiments, TurbolD was used to capture pathogen proteins during infection; however,
plant proteins were also identified. These plant proteins may be involved in regulating NLRs and

downstream signalling pathways that activate defense responses.

The 7,578 N. benthamiana biotinylated proteins identified with TurbolD-tagged Rpi-amrl and Rpi-
amr3 were bioinformatically analysed using the edgeR (Empirical analysis of Differential Gene
Expression in R) package, version 4.2.1. This package compares expression counts across different
experimental datasets and uses the Fisher’s Exact Test via the exactTest() function to identify
differentially expressed genes (in this case, differentially biotinylated proteins) (Chen et al., 2025).
Fisher’s Exact Test is particularly suited for genomic datasets with small, discrete counts, such as

spectral counts in our analysis, as it is specifically designed to handle such count-based data.
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Proteins with total spectral counts below 50 across the three replicates were excluded from the
analysis to ensure more reliable estimates and reduce the influence of low counts. Higher spectral
counts provide more confidence in the results, especially when calculating fold changes. This
threshold helps avoid unreliable conclusions that can arise from small counts, where a 3-fold change
might be based on minimal differences (e.g., 1 vs. 3 counts), whereas larger counts offer a more
robust basis for interpreting significant changes. Volcano plots of the resulting p-values were
generated (Figures 4.10, 4.11, 4.12 and 4.13) and the top significant proximal interactors are listed
in Tables 4.8, 4.9, 4.10 and 4.11.

Majority of the identified proximal interactors of Rpi-amrl and Rpi-amr3 were shared between 3
and 4 days post P. infestans infection (Figure 4.14), demonstrating a substantial overlap between the
two time points. However, the proximal plant interactors identified for Rpi-amr1 and Rpi-amr3 were
distinct to each CNL, with only 12 proteins common to both, most of which corresponded to
chaperones and co-chaperones (Tables 4.8, 4.9, 4.10 and 4.11). This observation underscores the
specificity of TurbolD in identifying potential interactors for these two CNLs. A greater number of
proteins were identified as proximal interactors with Rpi-amr3, with a total of 122 proteins,
compared to 21 proteins for Rpi-amr1 (Figure 4.14). A GO-term analysis could not be performed on
the proteins identified in N. benthamiana; therefore, the closest homologs in Arabidopsis were
manually searched using the BLAST function in the Arabidopsis database, TAIR (Tables 4.8, 4.9, 4.10
and 4.11).

Among the top proximal interactors identified as significant candidates (Tables 4.8, 4.9, 4.10 and
4.11), several chaperones and co-chaperones, including HSP70, HSP90, and HOP3, are shared by
both Rpi-amrl and Rpi-amr3. These proteins are known to play a critical role in regulating NLR
stability and preventing autoimmunity, which, if not tightly regulated, can be detrimental to growth

and development (Berka et al., 2022, Courbier, 2021, Mayor et al., 2007, Shirasu, 2009).

In addition to these chaperones, an ARGONAUTE (AGO) protein, AGO2, was identified in proximity
to Rpi-amr1 (Tables 4.8 and 4.9). AGO proteins bind to small-interfering (si)RNAs and micro (mi)RNAs
to mediate target cleavage and translation inhibition, and can also be involved in RNA silencing
mechanisms against viruses (Harvey et al., 2011). This is particularly intriguing given the effector

from P. infestans, AVRamrl, recognized by Rpi-amrl, has been reported to have an alternative
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splicing function (Huang et al., 2020). It is therefore assumed that AVRamrl must be localized in the
nucleus to carry out its function. This raises the possibility that Rpi-amrl may also localize to the
nucleus, where it could potentially function as a guardee for AGO2, which might be modified by

AVRamrl. However, this hypothesis requires further investigation.

Unexpectedly, a CINNAMYL ALCOHOL DEHYDROGENASE (CAD) was also found in the proximity to
Rpi-amr1 (Tables 4.8 and 4.9). CADs are contributing to structural lignification during development,
and several are strongly induced during infection, playing a role in localized lignification that serves
as a barrier against infection. A phylogenetic analysis revealed that the CAD7 subfamily of
cinnamaldehyde dehydrogenases, which includes AtCAD6, AtCAD7, and AtCADS, is expanded across
several plant genomes (Li et al., 2019). Using RT-PCR, they demonstrated that transcript levels of
AtCAD6, AtCAD7, and AtCAD8 were increased during P. capsici infection of Arabidopsis leaves.
Additionally, yeast-two-hybrid (Y2H), bimolecular fluorescence complementation (BiFC), and co-
immunoprecipitation (Co-IP) assays identified members of the CAD7 subfamily, including AtCADS6, as
targets of multiple Avr3a-like effectors from Phytophthora pathogens. Finally, AtCAD7 was stabilized
by Avr3a-like effectors and involved in the suppression of PTI, including callose deposition, ROS burst,
and WRKY33 expression. These findings suggest that CAD7 subfamily proteins act as negative
regulators of plant immunity, which are exploited by multiple Avr3a-like effectors to promote
infection (Li et al., 2019). Given these findings, it is possible that Rpi-amrl may monitor CAD proteins

and act as a guardee, though this hypothesis would need to be tested.
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mCherry vs Rpi-amr1 at 3 dpi
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Figure 4.10 TurbolD-based identification of Rpi-amrl proximal plant interactors at 3 days post P.
infestans infiltration in nrc2/3/4 N. benthamiana.

Proteins highlighted in orange were considered as Rpi-amrl proximal plant interactors if they
exhibited a 2-fold change increase in biotinylation compared to mCherry and had a statistically
significant difference (P-value < 0.05). Proteins with no significant difference in biotinylation are
shown in grey. The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log»(fold
change) of —1 and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their
identification numbers. Proteins with a total spectral count below 50 were excluded from the
analysis. Statistical significance was determined using Fisher’s Exact Test, implemented in the edgeR
package (Chen et al., 2025).
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Table 4-8 List of the Rpi-amrl proximal plant interactors identified at 3 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value and log(FC) > 1. The closest homologous proteins in Arabidopsis were
identified through a BLAST search of the corresponding N. benthamiana amino acid sequences in

the database TAIR.

Closest homologous in

Protein P-value | log(FC . . Description
g(FC) Arabidopsis P
Nbv6.1trP17679 9.73E-16|  4.067 AT5G02500 HSP70, encodes a member of heat shock
protein 70 family
HOP3, encodes one of the 36 TPR proteins
Nbv6.1trP4146 6.89E-12| 8.694 AT4G12400 with potential to interact with Hsp90/Hsp70
as co-chaperones
HSP90, encodes a cytosolic heat shock
protein which interacts with disease
Nbv6.1trA26499 1.55E-08 5.01 AT5G52640 resistance signalling components SGT1b and
RAR1 and is required for RPS2-mediated
resistance
NbS00017038g0009.1 | 8.26E-08] 2.977 AT1G48850 EVMB1144,  flavoenzyme-encoding  gene
essential for embryo development
Rpi-amrl 2.81E-06] 6.431 Rpi-amrl
Nbv6.1trP53333 7.82E-06) 1551 AT5G02500 HSP70, encodes a member of heat shock
protein 70 family
Nbv6.1trP41215 4.38E-05 16 AT3G12580 HSP70, cytoplasmically localized member of
the heat shock protein 70 family
NbS00030069g0015.1 | 1.52E-04 1.62 AT4G37970 CADSG, cinnamyl alcohol dehydrogenase 6
TRAPPC13, part of multi-protein complex,
acting as guanine nucleotide exchange
NbS00057983g0008.1 | 3.39E-04| 1.737 AT2G47960 factors (GEFs) and possibly as tethers,
regulating intracellular trafficking
ATJ3, homologous to the co-chaperone DNAJ
Nbv6.1trA239115 5.56E-04 1.209 AT3G44110 protein from E. coli and member of the
HSP40 family
BOB1, encodes a non-canonical small heat
Nbv6.1trA61448 1.09E-03 1.033 AT5G53400 shock protein required for both development
and thermotolerance
Nbv6.1trP58215 3.22E-03 1.138 AT1G30070 possibly involved in response to heat stress
NbS00000946g0007.1 | 6.15E-03| 1.191 AT3G51680 SDR2, ~ NAD(P)-binding  Rossmann-fold
superfamily protein
AGO2, encodes Argonaute gene that binds
Nbv6.1trP9009 6.43E-03 1.051 AT1G31280 viral siRNAs, is involved in antiviral defense
response and regulates innate immunity
Nbv6.1trA27087 8.06E-03 1.133 AT4G13010 CEQORH,  oxidoreductase,  zinc-binding
dehydrogenase family protein
P23-1, encodes one of two isoforms of a co-
Nbv6.1trP26183 8.57E-03 1.073 AT4G02450 chaperone of HSP90 that is required for root
growth
Nbv6.1trA104511 (+1)| 3.66E-02| 1.015 AT1G59900 El-alpha, encodes the El-alpha subunit of
the pyruvate dehydrogenase complex (PDC)
NbS00032243g0025.1 | 4.44E-02 1.073 AT3G26300 CYP71B34, putative cytochrome P450
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mCherry vs Rpi-amr1 at 4 dpi
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Figure 4.11 TurbolD-based identification of Rpi-amrl proximal plant interactors at 4 days post P.
infestans infiltration in nrc2/3/4 N. benthamiana.

Proteins highlighted in orange were considered as Rpi-amrl proximal plant interactors if they
exhibited a 2-fold change increase in biotinylation compared to mCherry and had a statistically
significant difference (P-value < 0.05). Proteins with no significant difference in biotinylation are
shown in grey. The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log»(fold
change) of —1 and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their
identification numbers. Proteins with a total spectral count below 50 were excluded from the
analysis. Statistical significance was determined using Fisher’s Exact Test, implemented in the edgeR
package (Chen et al., 2025).
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Table 4-9 List of the Rpi-amrl proximal plant interactors identified at 4 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value and log(FC) > 1. The closest homologous proteins in Arabidopsis were
identified through a BLAST search of the corresponding N. benthamiana amino acid sequences in
the database TAIR.

Closest homologous in

Protein P-value | log(FC . . Description
g(FC) Arabidopsis P

Rpi-amrl 1.81E-33| 8.894 Rpi-amrl
HOP3, encodes one of the 36 TPR proteins

Nbv6.1trP4146 2.57E-16| 8.715 AT4G12400 with potential to interact with Hsp90/Hsp70
as co-chaperones

Nbv6.1trP17679 6.95E-11  2.443 AT5G02500 HSP70, encodes a member of heat shock
protein 70 family
HSP90, encodes a cytosolic heat shock
protein  which interacts with disease

Nbv6.1trA26499 2.06E-08| 3.293 AT5G52640 resistance signalling components SGT1b and
RAR1 and is required for RPS2-mediated
resistance

Nbv6.1trA58791 1.08E-06 1.322 AT3G51680 SDR2,  NAD(P)-binding  Rossmann-fold
superfamily protein

NbS00017038g0009.1 | 1.57E-06| 2.964 AT1G48850 EMB1144,  flavoenzyme-encoding  gene
essential for embryo development

Nbv6.1trP41215 4.49E-04| 1.849 AT3G12580 HSP70, cytoplasmically localized member of

the heat shock protein 70 family

AGO2, encodes Argonaute gene that binds
Nbv6.1trP9009 4.86E-04 1.027 AT1G31280 viral siRNAs, is involved in antiviral defense
response and regulates innate immunity

HSP70, encodes a member of heat shock

Nbv6.1trP53333 9.71E-04| 1.228 AT5G02500 . .
protein 70 family

NbS00000946g0007.1  3E-03| 1.464 AT3G51680 SDR2, ~ NAD(P)-binding  Rossmann-fold
superfamily protein

Nbv6.1trP58215 8.45E-03 1.244 AT1G30070 possibly involved in response to heat stress

NbS00030069g0015.1 | 1.83E-02| 1.313 AT4G37970 CADS6, cinnamyl alcohol dehydrogenase 6
ADNT1, adenine nucleotide transporter,

NbS00036003g0011.1 | 2.68E-02| 1.072 AT4G01100 located in mitochondrion, loss of function
mutants exhibit reduced root growth and
respiration

Nbv6.1trP73156 327E-02 1.443 AT1G53350 disease resistance protein (CC-NBS-LRR class)

family

A distinct set of proximal interactors was identified with Rpi-amr3 compared to Rpi-amrl. Among
them, SUPPRESSOR OF rps4-RLD1 (SRFR1), a known negative regulator of NLRs, was detected in
proximity to Rpi-amr3 (Tables 4.10 and 4.11). SRFR1 has been previously identified as a negative
regulator of ETl and has been shown to interact with the TNL resistance proteins SNC1, RPS4, and
RPS6 (Bhattacharjee et al., 2011, Kim et al., 2010, Li et al., 2010). In srfr1 mutant plants, the

accumulation of several NLR proteins including SNC1, RPS2, and RPS4, is increased. It has also been

77



demonstrated that SRFR1 interacts with SGT1 (Li et al., 2010), a co-chaperone of HSP90 (Kadota et
al., 2008, Liu et al., 2004, Takahashi et al., 2003), suggesting that SRFR1 regulates NLR stability
through SGT1. SRFR1 is localized in both the cytoplasm and the nucleus (Kim et al., 2010). Excluding
SRFR1 from the nucleus prevents complementation of the srfr1 phenotype, emphasizing the
importance of its nuclear localization for regulation of plant immunity (Kim et al., 2014b).
Additionally, SRFR1 contains a conserved TPR domain, which shares high sequence similarity with
TPR domains found in transcriptional repressors in other organisms. This suggests that SRFR1 might
also negatively regulate ETI through transcriptional control (Kim et al., 2014b). Indeed, SRFR1 has
been shown to interact with multiple TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) transcription
factors that positively regulate ETI mediated by several NLRs (Kim et al., 2014b). Therefore, SRFR1
might functions as an important negative regulator in NLR-mediated immunity by interacting with
various NLR-interacting proteins, including molecular co-chaperones and transcription factors, thus
preventing the auto-activation of plant immunity. SRFR1 may also be modulating Rpi-amr3 activity,

although no CNLs have been reported to be regulated by SRFR1 so far.

Syntaxins are also found to be proximal interactors of Rpi-amr3. Syntaxins are soluble N-
ethylmaleimide-sensitive-factor-attachment protein receptors (SNAREs) involved in the fusion of
transport vesicles to target membranes (Sanderfoot et al., 2001, Ungar and Hughson, 2003).
Intriguingly, two syntaxins have been implicated in mediating defense-related secretion in plants:
SYP132 for resistance to bacteria (Kalde et al., 2007), and SYP121/ROR2 for resistance against
powdery mildew fungus (Assaad et al., 2004, Bhat et al., 2005). Notably, Kalde et al. (2007) found
that, in N. benthamiana, silencing NbSYP132 inhibited the accumulation of antimicrobial
PATHOGENESIS-RELATED 1 (PR1) protein in the apoplast. This suggests that syntaxins could mediate

defense-related secretion against P. infestans through Rpi-amr3.

Proteins associated with the phosphate (Pi) starvation response (PSR) were also detected in the
vicinity of Rpi-amr3. Notably, PHOSPHATE STARVATION RESPONSE 1 (PHR1), a master transcription
factor involved in Pi starvation in Arabidopsis, regulates the coordination between nutrition and
defense (Bustos et al., 2010, Castrillo et al., 2017). In the absence of pathogens, plants prioritize
nutritional stress over defense. It has been reported that PHR1 directly binds to the promoters of
RAPID ALKALINIZATION FACTOR (RALF) genes and activates their expression under Pi-starvation
conditions (Tang et al., 2022). RALFs, in turn, suppress the assembly of receptor kinase complexes

during PTI through the malectin-like receptor kinase FERONIA (FER), which normally acts as a
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scaffold (Stegmann et al., 2017). This facilitates the suppression of immunity via the PHR1-RALF-
FERONIA axis (Tang et al., 2022). Therefore, Rpi-amr3 might help alleviate the repression of defense

responses by PHR1.

Moreover, a PHOSPHATE TRANSPORTER 5 (PHT5) was found in the neighbourhood of Rpi-amr3 at 4
days post P. infestans infection. PHT5 functions as a vacuolar Pi transporter, and plant vacuoles are
known to serve as the primary intracellular compartments for inorganic Pi storage (Liu et al., 2016).
It has been reported that the plasma membrane Pi transporter PHT1-mediated phosphate uptake is
repressed upon activation of PTI, and that this inhibition depends on the receptor-like cytoplasmic
BOTRYTIS-INDUCED KINASE 1 (BIK1) and PBS1-like KINASE 1 (PBL1), both of which phosphorylate
PHT1 (Dindas et al., 2022). This further suggests that Rpi-amr3 could be another plant immune-

related protein linking plant defense responses and cytoplasmic Pi homeostasis.

Interestingly, another kind of vacuole-localized transporter, the ALUMINUM-ACTIVATED MALATE
TRANSPORTER 4 (ALMT4), was detected with Rpi-amr3. In Arabidopsis, these transporters are ion
channels that can mediate malate-release from the vacuole and are required for stomatal closure in
response to abscisic acid (ABA) (Eisenach et al., 2017, Kovermann et al., 2007). Rpi-amr3 could thus

also be involved in regulating the cytosolic malate homeostasis.

Finally, several of the Rpi-amr3 proximal proteins are associated with vacuolar functions or transport
or are localized to the vacuole. This suggests that Rpi-amr3-mediated defense responses may involve
vacuolar-based defense mechanisms, or it could simply indicate that Rpi-amr3 is localized within this
endomembrane compartment, as proximity does not necessarily imply functionality. Recently, a cell-
death function at the vacuole was identified in an atypical but conserved Arabidopsis potentially
membrane localized NLR (PML), named PML5 (Sunil et al., 2024). Active PML5 oligomers localize to
the Golgi membranes and the tonoplast, where they alter vacuole morphology and induce cell death,
potentially by releasing calcium from the vacuole. This suggests that NLR-triggered cell death and

calcium influx may also occur at the vacuole.
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Figure 4.12 TurbolD-based identification of Rpi-amr3 proximal plant interactors at 3 days post P.
infestans infiltration in nrc2/3/4 N. benthamiana.

Proteins highlighted in orange were considered as Rpi-amrl proximal plant interactors if they
exhibited a 2-fold change increase in biotinylation compared to mCherry and had a statistically
significant difference (P-value < 0.05). Proteins with no significant difference in biotinylation are
shown in grey. The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log»(fold
change) of —1 and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their
identification numbers. Proteins with a total spectral count below 50 were excluded from the
analysis. Statistical significance was determined using Fisher’s Exact Test, implemented in the edgeR
package (Chen et al., 2025).
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Table 4-10 List of the Rpi-amr3 proximal plant interactors identified at 3 days post P. infestans

infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value and log(FC) > 2. The closest homologous proteins in Arabidopsis were
identified through a BLAST search of the corresponding N. benthamiana amino acid sequences in

the database TAIR.

Protein P-value

log(FC)

Closest homologous in

Arabidopsis

Description

Rpi-amr3 2.06E-85

12.176

Rpi-amr3

Nbv6.1trP2355 1.6E-21

2.863

AT1G16240

SYP51, encodes one of 24 Arabidopsis
syntaxins

NbS00006152g0012.1 | 1.34E-19

4.173

AT5G36250

PP2C74, encodes a myristoylated 2C-type
protein phosphatase that interacts with the
catalytic subunit of SnRK1

Nbv6.1trP1387 1.34E-19

2.711

AT4G28610

PHR1, weakly responsive to phosphate
starvation, acts upstream of PHO2 in
phosphate signalling

Nbv6.1trA271262 2.71E-18

2.697

AT4G31750

WIN2, encodes HopW1-1-Interacting protein
2, interacts with the P. syringae effector
HopW1-1, it has protein phosphatase
activity and modulates plant defenses
against bacteria

Nbv6.1trP67644 1.96E-16

2.264

AT1G16240

SYP51, encodes one of 24 Arabidopsis
syntaxins

Nbv6.1trP17679 9.43E-16

3.9

AT5G02500

HSP70, encodes a member of heat shock
protein 70 family

Nbv6.1trA1712 1.02E-15

3.648

AT1G31480

SGR2, encodes a novel protein that may be
part of a gene family represented by bovine
phosphatidic acid-preferring phospholipase
Al (PA-PLAl1) containing a putative
transmembrane domain, it is involved in the
formation and function of the vacuole

Nbv6.1trA26499 2.04E-14

4.958

AT5G52640

HSP90, encodes a cytosolic heat shock
protein  which interacts with disease
resistance signalling components SGT1b and
RAR1 and is required for RPS2-mediated
resistance

Nbv6.1trP17844 2.28E-14

7.240

AT5G48570

ROF2, encodes one of the 36 TPR proteins
with potential to interact with Hsp90/Hsp70
as co-chaperones

Nbv6.1trA35551 7.26E-14

2.788

AT5G40740

AUG6, encodes a conserved AUGMIN
subunit 6 which is known to be involved in
microtubule nucleation

Nbv6.1trP4146 9.38E-13

8.782

AT4G12400

HOP3, encodes one of the 36 TPR proteins
with potential to interact with Hsp90/Hsp70
as co-chaperones

Nbv6.1trP58215 2.62E-09

2.695

AT1G30070

possibly involved in response to heat stress

Nbv6.1trA239115 3.17E-09

2.057

AT3G44110

ATJ3, homologous to the co-chaperon DNAJ
protein from E. coli and member of the
HSP40 family

Nbv6.1trA43927 9.05E-09

2.147

AT1G08190

VPS41, might be involved in protein sorting
to the vacuole

Nbv6.1trA60305 1.61E-08

2.138

AT2G38020

VCL1, MVB-to-vacuole trafficking protein
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NbS00013010g0005.1

2.84E-08

2.282

AT1G25480

ALMT4, encodes a phosphorylation-
dependent anion channel that can mediate
malate release from the vacuole and is
required for stomatal closure in response to
abscisic acid

Nbv6.1trP26183

4.33E-08

2.367

AT4G02450

P23-1, encodes one of two isoforms of a co-
chaperone of HSP90 that is required for root
growth

Nbv6.1trP48754

6.34E-08

3.398

AT4G31750

WIN2, encodes HopW1-1-Interacting protein
2, interacts with the P. syringae effector
HopW1-1, it has protein phosphatase
activity and modulates plant defenses
against bacteria

NbS00033525g0004.1

7.69E-08

2.218

AT2G39570

ACR9, encodes a ACT domain-containing
protein which is a regulatory domain that
serves as an amino acid-binding site in
feedback-regulated amino acid metabolic
enzymes

Nbv6.1trP2672

1.19E-07

2.718

AT4G37460

SRFR1, encodes a tetratricopeptide repeat
domain containing protein that shows
sequence  similarity to  those  of
transcriptional repressors in other
organisms, it is involved in mediating
effector-triggered immunity

Nbv6.1trP41215

8.48E-07

2.083

AT3G12580

HSP70, cytoplasmically localized member of
the heat shock protein 70 family

NbS00007736g0001.1

1.02E-06

2.056

AT4G32150

VAMP711, member of Synaptobrevin-like
AtVAMP7C, v-SNARE protein family, VAMP7C
is vacuolar-localized

Nbv6.1trP2196

3.4E-06

2.789

AT1G60160

KT12, member of the KT/KUP/HAK family of
proton-coupled potassium transporters
which have potential effect on cellular
expansion

Nbv6.1trP71383

6.08E-05

2.154

AT5G56000

HSP81, member of heat shock protein 90

Nbv6.1trA254080

8.38E-05

2.07

AT3G46530

RPP11, RPP13, encodes an NBS-LRR type R
protein with a putative amino-terminal
leucine zipper, confers resistance to the
biotrophic oomycete, Peronospora
parasitica, fungal protein ATR13 induces
RPP13 gene expression and disease
resistance
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Figure 4.13 TurbolD-based identification of Rpi-amr3 proximal plant interactors at 4 days post P.
infestans infiltration in nrc2/3/4 N. benthamiana.

Proteins highlighted in orange were considered as Rpi-amrl proximal plant interactors if they
exhibited a 2-fold change increase in biotinylation compared to mCherry and had a statistically
significant difference (P-value < 0.05). Proteins with no significant difference in biotinylation are
shown in grey. The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log(fold
change) of —1 and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their
identification numbers. Proteins with a total spectral count below 50 were excluded from the
analysis. Statistical significance was determined using Fisher’s Exact Test, implemented in the edgeR
package (Chen et al., 2025).
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Table 4-11 List of the Rpi-amr3 proximal plant interactors identified at 4 days post P. infestans
infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by P-value and log(FC) > 2. The closest homologous proteins in Arabidopsis were
identified through a BLAST search of the corresponding N. benthamiana amino acid sequences in

the database TAIR.

Protein

P-value

log(FC)

Closest homologous in
Arabidopsis

Description

Rpi-amr3

5.78E-77

12.119

Rpi-amr3

NbS00006152g0012.1

1.49E-21

4.033

AT5G36250

PP2C74, encodes a myristoylated 2C-type
protein phosphatase that interacts with the
catalytic subunit of SnRK1

Nbv6.1trP2355

2.18E-19

2.914

AT1G16240

SYP51, encodes one of 24 Arabidopsis
syntaxins

Nbv6.1trP1387

1.55E-18

2.534

AT4G28610

PHR1, similar to phosphate starvation
response gene from Chlamydomonas,
weakly responsive to phosphate starvation,
acts upstream of PHO2 in phosphate
signalling

Nbv6.1trP4146

3.51E-17

8.868

AT4G12400

HOP3, encodes one of the 36 TPR proteins
with potential to interact with Hsp90/Hsp70
as co-chaperones

Nbv6.1trA271262

3.89E-17

2.559

AT5G19280

RAG1, kinase associated protein
phosphatase

Nbv6.1trP67644

5.2E-17

2.401

AT1G16240

SYP51, encodes one of 24 Arabidopsis
syntaxins

Nbv6.1trA4603

1.39E-12

2.258

AT4G22990

PHTS5, encodes a member of the PHOSPHATE
TRANSPORTER 5 family (PHTS;3),
overexpression of PHT5:3 leads to Pi
sequestration into vacuoles and altered
regulation of Pi starvation-responsive genes

Nbv6.1trA35551

1.31E-11

2.504

AT5G40740

AUG6, encodes a conserved AUGMIN
subunit 6 which is known to be involved in
microtubule nucleation

Nbv6.1trP56207

4.44E-11

2.411

AT4G39420

spatacsin carboxy-terminus protein

Nbv6.1trA26499

5.46E-10

3.55

AT5G52640

HSP90, encodes a cytosolic heat shock
protein  which interacts with disease
resistance signalling components SGT1b and
RAR1 and is required for RPS2-mediated
resistance

Nbv6.1trA59943

5.43E-09

2.011

AT2G25730

zinc finger FYVE domain protein

Nbv6.1trA1712

2.52E-08

2.688

AT1G31480

SGR2, encodes a novel protein that may be
part of a gene family represented by bovine
phosphatidic acid-preferring phospholipase
Al (PA-PLA1) containing a putative
transmembrane domain, it is involved in the
formation and function of the vacuole

Nbv6.1trA60305

2.63E-08

2.061

AT2G38020

VCL1, MVB-to-vacuole trafficking protein

Nbv6.1trP17679

3.22E-08

2.131

AT5G02500

HSP70, encodes a member of heat shock
protein 70 family

Nbv6.1trP58215

1.08E-07

2.164

AT1G30070

possibly involved in response to heat stress

Nbv6.1trP26183

2.49E-07

2.006

AT4G02450

P23-1, encodes one of two isoforms of a co-
chaperone of HSP90 that is required for root
growth
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Nbv6.1trP48754

4.97E-07

3.07

AT5G19280

RAG1, kinase associated protein
phosphatase

Nbv6.1trA1558

8.64E-07

2.368

AT3G12520

SULTR4, encodes a sulfate transporter that in
induced under sulfate limitation

NbS00013010g0005.1

1.42E-06

2.217

AT1G25480

ALMT4, encodes a phosphorylation-
dependent anion channel that can mediate
malate release from the vacuole and is
required for stomatal closure in response to
abscisic acid

Nbv6.1trP2672

SRFR1, encodes a tetratricopeptide repeat

2.19E-06| 2.969 AT4G37460 o
transcriptional

organisms, it is

repressors
involved

effector-triggered immunity

domain containing protein that shows
sequence similarity to

those of
in other
in mediating

Nbv6.1trA14713

7.94E-06| 2.023 AT2G13560 enzyme (NAD-ME)

NAD-ME1, encodes an NAD-dependent malic

Nbv6.1trP41215

3.42E-05| 2.198 AT3G12580

HSP70, cytoplasmically localized member of
the heat shock protein 70 family

NbS00024585g0001.1

ERDL6, encodes a vacuolar glucose exporter

9.74E-05| 2.115 AT1G75220 that is induced in response to factors that

activate vacuolar glucose pools

Rpi-amr1 Rpi-amr3
4 dpi 3 dpi

Rpi-amr1 Rpi-amr3
3 dpi 4 dpi

Figure 4.14 Most proximal plant interactors are
unique to Rpi-amrl or Rpi-amr3.

Proteins were considered as proximal plant interactors
for each treatment if they showed at least a 1-fold
change increase in biotinylation compared to mCherry
and a statistically significant difference (P-value <
0.05). Proximal plant interactors for each treatment
were compared to generate a Venn diagram. The pink
gradient corresponds to counts ranging from a lower
to higher number of proteins.
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4.2.2 ldentification of native CCG effectors through TurbolD proximity labelling following Albugo

candida infection

In the previous results section, | described how we successfully detected P. infestans AVRamr1 and
AVRamr3 effectors under native infection conditions using the transient expression of TurbolD-
tagged Rpi-amrl and Rpi-amr3 in N. benthamiana, respectively. In this section, we aimed to capture
native effectors using a TurbolD-tagged NLR, but this time in a stable TurbolD transgenic line of A.

thaliana.

A. candida is an oomycete pathogen that causes white blister rust disease in plants, particularly in
members of the Brassicaceae family (Choi et al., 2009). It is an obligate biotroph, meaning it requires
living host cells to complete its life cycle. Albugo species mainly encode CCG (Cx2CxsG) effectors,
instead of RXLR effectors (Furzer et al., 2022). The white rust resistance gene 4 (WRR4) provides
resistance to multiple A. candida races (Borhan et al., 2008), and the WRR4A"? TNL protein can
recognize eight different CCG effectors: CCG28, CCG30, CCG33, CCG40, CCG67, CCG71, CCG79, and
CCG104 (Redkar et al., 2023). These effectors were identified by screening a CCG effector library. Co-
IP experiments demonstrated that WRR4AC directly interacts with the N-terminal region of the
recognized CCG28, CCG30 and CCG71 effectors (Redkar et al., 2023). By generating a TurbolD-tagged
WRR4ACH0 stable Arabidopsis transgenic line, we aimed to test whether we could detect

biotinylated CCGs by mass spectrometry following A. candida infection.

A complementation test was performed in N. benthamiana plants with the p35S:AtWRR4A"
0:TurbolD-V5 construct generated by Golden Gate cloning to assess its functionality via HR (Figure
4.15). TurbolD-tagged WRR4A"C, co-delivered with the recognized CCG28 effector, triggered HR,
confirming the functionality of the TurbolD-tagged protein (Figure 4.15). The p35S:AtWRR4AC°"
%:TurbolD-V5 construct was then transformed into the confirmed eds1"s2 mutant background (see
Chapter 5, Supplementary Figure 5.4) and was intended to be used for detecting the eight CCG
effectors recognized by WRR4A®0 following infection with A. candida isolate Ac2V. The Ac2V isolate
was chosen because its genome was re-sequenced using PacBio long reads, and an assembly was
constructed with the addition of Illumina reads (Furzer et al., 2022). As a negative control, the
pAt2:mCherry:TurbolD-V5 construct was transformed into the same eds1"s? mutant background

(see Chapter 5, Table 5.1). A. thaliana TurbolD transgenic lines with similar protein expression were
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selected for TurbolD-tagged WRR4A0 and mCherry (See Chapter 5, Supplementary Figures 5.1 and
5.2).

WT N. benthamiana (7 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

A: WRR4A:Tb-V5
B: CCG28:HF
C: WRR4AFLAG

D: WRR4A:FLAG
+ CCG28:HF

E: WRR4A:Tbh-V5
+ CCG28:HF

Figure 4.15 WRR4A"%:TurbolD-V5 supports HR in N. benthamiana.

HR assays by Agro-infiltration at ODeoo = 0.5 in 4/5-week-old N. benthamiana leaves
in the presence of p19 and at 7 dpi. The A. candida effector CCG28 is recognized by
the Arabidopsis NLR protein WRR4A®0 (Redkar et al., 2023). Co-delivery of 35S
promoter-driven WRR4A®0:FLAG or WRR4A®:TurbolD-V5 (WRR4A:Tb-V5) with
CCG28 triggers HR in WT N. benthamiana leaves.

While the A. thaliana TurbolD transgenic lines were being selected, | also attempted to capture
CCG28 with TurbolD-tagged WRR4A® in the N. benthamiana edsl mutant background by
transiently expressing these proteins via Agrobacterium infiltration under 35S promoters (Figures
4.16, 4.17 and 4.18). WRR4A'C relies on the expression of the EDSI gene to activate defense
responses, and working in an eds1 mutant background prevents HR from being triggered. We aimed
to confirm that biotinylated CCG28, which is 61 kDa in size and contains 28 lysines (6 of which are in
its N-terminal region within the secreted protein sequence), could be detectable by immunoblot.

CCG34 was used as a negative control, as it is not recognized by WRR4A®" (Redkar et al., 2023).

In the first attempt, a 5-hour labelling time was used, and the TurbolD-tagged WRR4A®°C protein
biotinylated itself, as expected, along with the recognized CCG28 and the unrecognized CCG34
(Figure 4.16). Since CCG34 is neither recognized by nor directly interacts with WRR4AC°? (Redkar et
al., 2023), it was not expected to be biotinylated, suggesting that the experiment might not have

revealed recognition-dependent biotinylation.
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The experiment was repeated with additional negative controls, including the effector AVRamr3
from P. infestans and the non-functional WRR4A Niederzenz-1 allele (WRR4ANY1), which differs from
WRR4A®0 by 22 amino acid residues and does not recognize these CCGs (Pucker et al., 2019) (Figure
4.17). Additionally, the full-length CCG28 and CCG34 effectors were replaced with their N-terminal
regions only (CCG28N-*r and CCG34Nter), as these were used in the Co-IP experiments in Redkar et
al. (2023). Finally, a 30-minute labelling time was employed to increase specificity. However, despite
these experimental changes, CCG28Ne", CCG34Nt" and AVRamr3 were all biotinylated by the
TurbolD-tagged WRR4A0 and WRR4N41, suggesting that the experimental parameters were still
not optimal (Figure 4.17). Despite the N-terminal regions of CCG28 and CCG34 containing only six
lysines, their biotinylation was detectable, likely due to the Myc-E9 tag, which consists of an

additional sequence containing 24 lysine residues.

| realized that WRR4A"? was highly expressed in N. benthamiana, which might have increased the
chances of the TurbolD enzyme being randomly near proteins that would subsequently be
biotinylated, even if their proximity with the bait had no biological significance. To test this, the 35S
promoter was switched to a pAt2 promoter with lower expression, which significantly reduced the
protein accumulation of WRR4AC°0, and the experiment was repeated. In this third attempt, specific
biotinylation of CCG28Ntr by TurbolD-tagged WRR4A? was detected, and as expected, no
biotinylation of CCG34Nt" occurred (Figure 4.18). This demonstrated that TurbolD is sensitive to bait
protein abundance: too little bait protein can make it hard to detect biotinylated residues, while too
much can lead to non-specific biotinylation. The biotinylation pattern observed for the N-terminal
regions of these CCGs aligns with the previously reported Co-IP experiments (Redkar et al., 2023).
However, both full-length CCG28 and CCG34 were still biotinylated, even though CCG34Nt*" was no
longer biotinylated under these new experimental conditions (shorter labelling time and reduced
bait protein accumulation) (Figure 4.18). The fact that full-length CCG34 remains biotinylated by
WRR4AC-0 ynder these experimental conditions suggests a weak or transient interaction between
these two proteins, even though CCG34 does not trigger HR with WRR4A"0, Such interactions can
be detected by PL techniques, which are more sensitive than traditional Co-IPs. This could indicate
that not all protein-protein interactions necessarily lead to a biological outcome (see Chapter 6 for
more discussion on this). However, this may also be an artifact of transient overexpression in N.

benthamiana.
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After confirming that specific biotinylation of CCG28N*" by WRR4A? was achievable in an
overexpression reporter system, we aimed to detect biotinylated CCG effectors by mass

spectrometry under native infection conditions in Arabidopsis (Figure 4.19).
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Figure 4.16 Proximity biotinylation of AtWRR4A®? by TurbolD in edsl N.
benthamiana.

Steptavidin pull-down and biotinylation of full length CCG28AN2:HF and
CCG34ABot:HE by WRR4AC®:TurbolD-V5 in eds1 N. benthamiana after 7 M urea
washing conditions. Agro-infiltrations at ODeoo = 0.5 in 4-week-old edsl N.
benthamiana leaves in the presence of p19. Biotin-infiltration (50 uM) at 3 dpi and
for 5 h before tissue harvesting. Pull-down was carried out with streptavidin beads.
Lysates were resolved by SDS-PAGE. HF-tagged proteins contain both a His-tag and
a FLAG-tag, enabling versatile options for protein purification and detection. Bands
labelled with a red asterisk (*) correspond to unspecific bands. Each repeat
corresponds to two different plants infiltrated with the same Agro-infiltration
mixture.
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Figure 4.17 Proximity biotinylation of AtWRR4A"° and AtWRR4ANY! by TurbolD in eds1
N. benthamiana.

Streptavidin pull-down and biotinylation of AVRamr3:V5, CCG28N*":Myc-E9 and CCG34N
ter:Myc-E9 by WRR4A-C:TurbolD-V5 and WRR4AN1:TurbolD-V5 in eds1 N. benthamiana
after 7 M urea washing conditions. Agro-infiltrations at ODego = 0.5 in 4-week-old eds1 N.
benthamiana leaves in the presence of p19. Biotin-infiltration (50 uM) at 3 dpi and for 30
min before tissue harvesting. Pull-down was carried out with streptavidin beads. Lysates
were resolved by SDS-PAGE. Each repeat corresponds to two different plants infiltrated with

the same Agro-infiltration mixture.
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Figure 4.18 The pAt2 promoter-driven TurbolD-tagged AtWRR4A specifically
biotinylates CCG28N-*" but not the full-length CCG28 in eds1 N. benthamiana.

Streptavidin pull-down and biotinylation of AVRamr3:V5, full-lenght CCG28:HF, full-
lenght CCG34:HF, CCG28N-te:Myc-E9 and CCG34Nte:Myc-E9 by pAt2:WRR4AC
%:TurbolD-V5 in edsl N. benthamiana after 7 M urea washing conditions. Agro-
infiltrations at ODeoo = 0.5 in 4-week-old eds1 N. benthamiana leaves in the presence
of p19. Biotin-infiltration (50 uM) at 3 dpi and for 30 min before tissue harvesting.
Pull-down was carried out with streptavidin beads. Lysates were resolved by SDS-
PAGE. HF-tagged proteins contain both a His-tag and a FLAG-tag, enabling versatile
options for protein purification and detection. Bands labelled with a red asterisk (*)
correspond to unspecific bands.

Both transgenic Arabidopsis lines, transformed with WRR4A? and mCherry fused with TurbolD,
were spray-inoculated with A. candida”“?V. Six days later, leaves were harvested, vacuum-infiltrated
with biotin, and left submerged for 3 hours (Figure 4.19). The quality of the samples was assessed
by Western blotting with HRP-conjugated streptavidin to detect biotinylated proteins within the
samples (Figure 4.20). The baits themselves are biotinylated and can be identified in the input
samples on the Western blot. Both mCherry:TurbolD and WRR4A®0: TurbolD showed similar protein
accumulation and biotinylation levels (Figure 4.20). These samples were sent for analysis using the

Orbitrap Eclipse LC-MS/MS system with FAIMS, as this system was the only one capable of detecting

native P. infestans AVRamr effectors.
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Day 0 Day 6

Spray-inoculation Vacuum-infiltration
Albugo candida”c?" 100 uM biotin
&
3 h labelling

Figure 4.19 Schematic representation of the experimental
design used to identify pathogen and plant interactors of
WRR4AH0,

2/3-week-old transgenic A. thaliana lines, 35S:WRR4A"
O:TurbolD-V5 in the eds1Vs? mutant background, were
sprayed with A. candida”?V (100,000 oospores/mL). Six days
post-inoculation, infected leaves were harvested, vacuum-
infiltrated with biotin (100 uM) and subsequently submerged
in biotin (100 uM) for 3 h.
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Figure 4.20 Proximity biotinylation by
AtWRR4A%:TurbolD in eds1Vs2 A. thaliana.

Streptavidin pull-down and biotinylation of
35S:WRR4AC0:TurbolD-V5 (584) and
pAt2:mCherry:TurbolD-V5 (543) in eds1Vs? A,
Thaliana. 2/3-week-old edsiWs2 A. thaliana
TurbolD transgenic lines were sprayed with A.
candida”?V (100,000 oospores/mL). Leaves were
harvested at 6 days post-inoculation, vacuum-
infiltrated with biotin (100 uM), and submerged in
biotin (100 uM) for 3 h. Pull-down was carried out
with streptavidin beads. A small fraction of the
beads was boiled and resolved by SDS-PAGE to
assess sample quality prior to LC-MS/MS analysis.
Biotinylated proteins were detected by using HRP-
conjugated streptavidin labelling. Bands labelled
with a black asterisk (*) correspond to
endogenously biotinylated proteins. The “A.
thaliana” lane corresponds to non-infiltrated
samples, meaning no TurbolD-tagged baits were
expressed and no biotin was added. It serves as
control to show endogenous biotinylation.

In total, 5,809 proteins were identified across the three repeats, including all proteins detected in

samples from the bait construct WRR4A®:TurbolD and the mCherry:TurbolD control. Of these,
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4,948 proteins correspond to A. thaliana and 861 to A. candida®“?’. The A. candida”“®V proteins
account for approximately 15% of the total proteins detected. The pathogen-related proteins
(referred to as Ac2V_proteins) that were uniquely detected in the WRR4A®"0 containing samples
and absent from the mCherry control samples are summarized in Supplementary Figure 4.6. A.
candida grew and colonized the plant tissues effectively in all three repeats, as indicated by the
presence of spectral counts corresponding to pathogen proteins, which were homogeneously

distributed across the repeats.

In addition to extracting all the pathogen-related proteins uniquely found with WRR4A0
(Supplementary Figure 4.6), an MA plot was created to represent the data (Figure 4.21). Overall,
more pathogen-related proteins were detected in this experiment compared to the TurbolD
experiment carried out in N. benthamiana with Rpi-amr1 and Rpi-amr3. Therefore, in this case, dots
on the positive end of the Y-axis, highlighted in orange, represent Ac2V_proteins that were
significantly differentially biotinylated in the WRR4A® samples compared to the mCherry samples
(Figure 4.21). The identification numbers of the proteins highlighted in orange on the MA plot and
their corresponding p-values are presented in Table 4.12. None of the eight CCGs previously reported
to be recognized by WRR4A!? were detected in this experiment (Redkar et al., 2023). However, two
new CCGs appeared as potential candidates. CCG41 emerged as a potential candidate in the MA plot
analysis (Figure 4.21), and CCG14 was found in the list of Ac2V_proteins uniquely identified with
WRR4AC0 (Supplementary Figure 4.6). CCG41 and CCG14 were detected with protein sequence

coverages of 27% and 8%, respectively, and with eleven and three peptides identified.

CCG41 does not appear in the list of Ac2V_proteins uniquely identified with WRR4AC-0
(Supplementary Figure 4.6) because it is more abundant (with five, six, and ten spectral counts
detected in repl, rep2, and rep3, respectively) than CCG14 and was also detected in the mCherry-
containing samples (with two and four spectral counts detected in repl and rep3, respectively).
Although CCG41 was detected in mCherry samples, it was significantly more biotinylated by
WRR4A® making it a significant candidate. On the other hand, CCG14 does not appear in the MA
plot analysis (Figure 4.21) because it is less abundant (with two and three spectral counts detected
in rep2 and rep3, respectively, Supplementary Figure 4.6) than CCG41. As a result, CCG14 does not
emerge as a significantly differentially biotinylated candidate, even though it is completely absent

from mCherry-containing samples. Since some of these Ac2V_proteins are not abundant enough to
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emerge as significant candidates, it is also important to examine the raw data (Supplementary Figure

4.6).

Along with these two CCGs, several other pathogen proteins were also captured, some of which
might play a role as effectors. To explore this further, we analysed all pathogen proteins uniquely
detected in samples containing WRR4A®°? (Supplementary Figure 4.6), and the top Ac2V_proteins
identified in the MA plots (Table 4.12), using SignalP 6.0 to predict the presence of a signal peptide
(Table 4.13). Three additional pathogen proteins were identified as having a predicted signal peptide.
However, no information is available regarding these three Ac2V_proteins identified through
TurbolD (Table 4.13). These may represent newly identified effectors, although further testing is

required to confirm this.
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Figure 4.21 TurbolD-based identification of WRR4A"0 proximal pathogen interactors.
WRR4A0 proximal pathogen interactors identified by mass spectrometry at 6 days post A.

candida®®?V infection in eds1Ws2 A. thaliana. The MA plot (M versus A plot) displays the relationship

between average protein abundance (A) and the logx(FC) in biotinylation (M). Proteins highlighted

in orange represent the most differentially biotinylated proteins compared to mCherry (logz(FC) > 0
and P-value < 0.05), while proteins with no significant differences in biotinylation are shown in grey.

The data were normalized using cyclic loess normalization via the edgeR package (Chen et al., 2025).

Proteins with values near 0 on the X-axis correspond to low-abundance proteins, while highly
abundant proteins are located further from 0. Extreme values along the Y-axis represent promising
interactors, and only small changes in biotinylation are sufficient for highly abundant proteins.
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mCherry vs WRR4A (Ac2V infection)
ranked by p-value & log(FC) > 0

Protein p-value log(FC)
Ac2vTS21G71 0.0002 2.5539
Ac2vTS2G104 0.0018 2.3329
Ac2vTS34G90 0.0090 2.2695
Ac2vTS43G71 0.0175 2.3028
Ac2vTS155G6 0.0228 1.0170
Ac2vTS56G31 0.0229 2.0363
CCG4A1 0.0255 1.2211
Ac2vTS41G98 0.0278 1.3947
Ac2vTS27G46 0.0329 2.0297
Ac2vTS14G73 0.0351 0.5107
Ac2vTS4G185 0.0447 1.4930

Table 4-12 List of the WRR4A"0 proximal pathogen
interactors identified at 6 days post A. candida®“®V
infection in eds1Vs2 A. thaliana.

Proteins are ranked by P-value < 0.05 and log(FC) > 0.

Table 4-13 A. candida proteins identified using TurbolD-tagged WRR4A°° that contain a predicted
signal peptide.

Amount all the Ac2V_proteins detected by mass spectrometry, three additional Ac2V_proteins with
a predicted signal peptide were identified with WRR4A"C, YES indicates that a signal peptide was
predicted by the SignalP 6.0 software (Teufel et al., 2022).

WRR4ACH
Protein: signal peptide (SP)
Ac2vTS2G104 YES
Ac2vTS41G98 YES
Ac2vTS31G30 YES

Protein proximity provides weak evidence of a functional relationship, which is why we further

tested CCG14 and CCG41 to verify that they were recognized by WRR4AC, First, we performed an
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in silico prediction of the potential interaction between CCG41 and CCG14 with WRR4A®0 using
AlphaFold2 (Figures 4.22 and 4.23) (Jumper et al., 2021). For the structural model, only the N-
terminal regions of these two CCGs, along with the leucine-rich repeat (LRR) domain and C-terminal
jellyroll immunoglobulin domain (C-JID) of WRR4AC, were used. The software predicted that
CCG41 and CCG14 are highly likely to interact with WRR4A®°C with ipTM scores of 0.79 and 0.816
respectively (Figures 4.22 and 4.23). Furthermore, we performed HR assays in N. tabacum (Figure
4.24), and both CCG41 and CCG14 triggered cell death in the presence of WRR4A®"0, similar to the
cell death triggered by CCG40, which is already reported to be recognized by WRR4A®!? (Redkar et
al., 2023). Therefore, these two promising CCG candidates identified by TurbolD have been validated,
bringing the total number of CCGs recognized by WRR4A0 from eight to ten. This further
demonstrates that effector discovery under native conditions can be facilitated and achieved with

TurbolD.
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ipTM = 0.79
pTM = 0.845

Figure 4.22 TurbolD-identified CCG41 is
predicted to interact with WRR4A0,

AlphaFold2 prediction of the interaction
between CCG41Nter ( ) and WRR4A®°-0
(green). For the structural model of WRR4A°"
0 only the leucine-rich repeat (LRR) domain
and C-terminal jellyroll immunoglobulin
domain (C-JID) were used. Predicted
interaction sites between the two proteins
are represented as straight lines, with blue
indicating high-confidence predictions and
red indicating low-confidence predictions.
The model shown represents the highest-
scoring prediction among the five models
generated.
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ipTM = 0.816
pTM = 0.852

Figure 4.23 TurbolD-identified CCG14 is
predicted to interact with WRR4A°°,

AlphaFold2 prediction of the interaction
between CCG14Ner ( ) and WRR4A®-0
(green). For the structural model of WRR4A°"
0 only the leucine-rich repeat (LRR) domain
and C-terminal jellyroll immunoglobulin
domain (C-JID) were wused. Predicted
interaction sites between the two proteins are
represented as straight lines, with blue
indicating high-confidence predictions and red
indicating low-confidence predictions. The
model shown represents the highest-scoring
prediction among the five models generated.
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WT N. tabacum (2 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

A: WRR4A:FLAG
+ CCG40Me:Myc-E9

B: WRR4A:FLAG
+ CCG14Ne:Myc-E9

C: WRR4A:FLAG
+ CCG41Ne:Myc-E9

Figure 4.24 CCG14M*r and CCG41M* are recognized by WRR4A0 in N. tabacum.

HR assays by Agro-infiltration at ODgoo = 0.5 in 4/5-week-old N. tabacum leaves and
at 2 dpi. The A. candida effector CCG40 is recognized by the Arabidopsis NLR protein
WRR4A®0 (Redkar et al., 2023). Co-delivery of 35S promoter-driven WRR4AC"
O:FLAG with CCG14N*":Myc-E9 and CCG41N*":Myc-E9 triggers HR in WT N. tabacum
leaves. Colleague Dr He Zhao performed this experiment.

The experiment not only captured pathogen-related proteins but also identified WRR4AC plant
interactors, offering valuable insights into NLR regulation and signalling. A total of 4,948 A. thaliana
biotinylated proteins were identified with TurbolD-tagged WRR4A®"? and were bioinformatically
analysed using the same pipeline applied to N. benthamiana proteins associated with Rpi-amrl and
Rpi-amr3. Volcano plots of the resulting p-values were generated (Figures 4.25 and 4.26) and the

top significant proximal interactors are summarized in Tables 4.14 and 4.15.

Most of the identified proximal interactors of WRR4A0 were shared between A. candida-infected
and uninfected conditions, with a total of 54 proteins, while 37 were unique to the infected samples
(Figure 4.27). The GO-term analysis highlighted the prominence of chaperones and co-chaperones
in the proximity of WRR4A"?, which are typically involved in regulating NLR stability (Figure 4.28).
Chaperones and co-chaperones were also observed in the proximity of Rpi-amrl and Rpi-amr3,

suggesting that they are a common feature of NLRs, as seen in the previous results section.
In addition to chaperones, another important regulator of NLRs, SRFR1, was detected in the

proximity of WRR4A"0 (Tables 4.14 and 4.15). SRFR1 was also observed in the presence of TurbolD-

tagged Rpi-amr3, as described in the previous results section. As negative regulator of NLR-mediated
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immunity, SRFR1 interacts with various NLR-associated proteins, including molecular co-chaperones
and transcription factors, thereby preventing the auto-activation of plant immunity. SRFR1 may also

regulate the activity of both WRR4A®° and Rpi-amr3.

Furthermore, the experiment identified a less conventional protein in the proximity of WRR4A®!0:
a PHOSPHOENOLPYRUVATE CARBOXYKINASE (PCK1) involved in gluconeogenesis (Leegood and
Walker, 2003). A study reported that the pepper (Capsicum annuum) PEPCK gene, CaPEPCK1, was
rapidly and strongly induced in pepper plants infected with Xanthomonas campestris pv. vesicatoria
(Xcv) (Choi et al., 2015). Silencing of CaPEPCK1 in pepper increased susceptibility to both virulent
and avirulent Xcv infections, impaired the induction of basal defense-marker genes, including CaPR1
(pathogenesis-related 1 protein), CaPR10 (pathogenesis-related 10 protein), and CaDEF1 (defensin),
and reduced salicylic acid (SA) accumulation. In contrast, overexpression of CaPEPCK1 in Arabidopsis
enhanced resistance to Pseudomonas syringae pv. tomato (Pst) and Hyaloperonospora arabidopsidis
(Hpa) infections. Additionally, the T-DNA insertion mutant of the Arabidopsis ortholog, pck1,
exhibited greater susceptible to Pst and Hpa infection compared to wild-type plants. These findings
suggest that PEPCK1 plays a positive role in plant immunity against bacterial and oomycete

pathogens in both pepper and Arabidopsis (Choi et al., 2015).

Lastly, a few spectral counts corresponding to the transcription factor WRKY2 were detected in the
A. candida-infected WRR4A'0 samples (with 3, 2, and 4 spectral counts in repl, rep2, and rep3,
respectively), but not in the non-infected WRR4A'? samples or the mCherry samples. Due to the
low number of spectral counts, this candidate was excluded from the bioinformatic analysis;
however, it was uniquely found in the proximity of WRR4A®"C in infected tissues. WRKY genes
encode transcription factors (TFs) that belong to a large family involved in various developmental
and physiological processes, including plant responses to pathogen infections (Javed and Gao, 2023).
A subset of plant NLRs has been shown to directly interact with TFs or cofactors to regulate defense
gene expression. The rice CNL Pb1, upon activation, confers blast resistance through its interaction
with OsWRKY45 in the nucleus (Inoue et al., 2013). Similarly, the rice CNL BPH14 modulates gene
expression with OsWRKY46/0sWRKY72 (Hu et al., 2017), while the chickpea CNL CaRGA interacts
with CaWRKY64 (Chakraborty et al., 2018). An example of WRKY2 involvement into plant immunity
is the constitutive expression of grapevine (Vitis vinifera) VWRKY2 in N. tabacum, which resulted in

enhanced resistance to three types of necrotrophic fungi: B. cinerea, Alternaria tenuis, and Pythium

102



(Mzid et al., 2007). These findings suggest that WRKY2 may be involved in the downstream signalling
pathway of WRR4A"C,

mCherry vs WRR4A (no Ac2V infection)
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Figure 4.25 TurbolD-based identification of WRR4A"? proximal plant interactors in eds1Vs2 A,
thaliana without A. candida®“?V infection.

Proteins highlighted in orange were considered as WRR4A®"® proximal plant interactors if they
exhibited a 2-fold change increase in biotinylation compared to mCherry and had a statistically
significant difference (P-value < 0.05). Proteins with no significant difference in biotinylation are
shown in grey. The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log2(fold
change) of —1 and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their
identification numbers. Proteins with a total spectral count below 50 were excluded from the
analysis. Statistical significance was determined using Fisher’s Exact Test, implemented in the edgeR
package (Chen et al., 2025).
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Table 4-14 . List of the WRR4A"° proximal plant interactors identified in eds1"s2 Arabidopsis
thaliana without A. candida”<?V infection.

Proteins are ranked by P-value and log(FC) > 2.

Protein P-value | log(FC) Description
AT1G56510 1.32E-50 | 6.108 |WRR4A

HOP2, encodes one of the 36 TPR proteins with potential to interact with
Hsp90/Hsp70 as co-chaperones

AT1G62740 2.42E-32 | 3.709

FRA1, encodes a kinesin-like protein with an N-terminal microtubule binding
motor domain

AT5G42220 5.27E-22 | 7.745 |Ubiquitin-like superfamily protein

PCK1, encodes a phosphoenolpyruvate carboxykinase that localizes to the
cytosol

AT5G47820 1.1E-26 3.273

AT4G37870 3.86E-20 | 3.248

ATJ3, homologous to the co-chaperon DNAJ protein from E. coli, member of the

AT3G44110 2.838-13 | 2.418 HSP40 family, interacts with HSP70 to mediate heat shock response

SRFR1, encodes a tetratricopeptide repeat domain containing protein that
ATA4G37460 1.5E-17 7.363 |shows sequence similarity to those of transcriptional repressors in other
organismes, it is involved in mediating effector-triggered immunity
AT1G12200 6.56E-17 | 7.422 |FMO, putative flavin monooxygenase

AT2G20550 1.13E-16 | 7.273 |HSP40/Dnal peptide-binding protein

P23-1, encodes one of two isoforms of a co-chaperone of HSP90 that is required
for root growth

AT4G02450 2.35E-15| 2.086

TPR5, encodes one of the 36 TPR proteins with potential to interact with

ATIGS6440 | 9.85E-15| 2534 | 0 o0 o cochaperones

TPR16, encodes one of the 36 TPR proteins with potential to interact with
Hsp90/Hsp70 as co-chaperones
AT4G09420 2.47E-13 | 3.202 |TN15, disease resistance protein (TIR-NBS class)

HOP3, encodes one of the 36 TPR proteins with potential to interact with
Hsp90/Hsp70 as co-chaperones

AT5G12430 1.37E-13 | 3.353

AT4G12400 2.94E-13 | 7.247

ATG2, encodes autophagy-related 2, autophagy controls guard cell ROS
AT3G19190 7.04E-13 | 2.353 |homeostasis by eliminating oxidized peroxisomes, thereby allowing stomatal
opening

KCS6, member of the 3-ketoacyl-CoA synthase family involved in the

AT1G68530 1.948-12 2494 biosynthesis of VLCFA (very long chain fatty acids)

BOB1, encodes a non-canonical small heat shock protein required for both

AT5G53400 >.938-121 2.099 development and thermotolerance

AUGS6, encodes a conserved AUGMIN subunit 6 which is known to be involved
in microtubule nucleation

AT1G30070 2.93E-11| 2.448 |possibly involved in response to heat stress
AT4G39800 3.39E-09 | 2.221 |MIPS1, myo-inositol-1-phosphate synthase isoform 1
AT5G17270 4.47E-09| 2.333 |protein prenylyltransferase superfamily protein

STIC2 was identified in a screen for suppressors of chloroplast protein import
defect in tic40

AT5G40740 9.54E-12| 3.303

AT2G24020 8.44E-09| 2.419

TPR11, encodes one of the 36 TPR proteins with potential to interact with
Hsp90/Hsp70 as co-chaperones

AT2G44230 8.38E-05| 2.216 |hypothetical protein (DUF946)

AT4G22670 2.01E-07 | 2.208
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mCherry vs WRR4A (Ac2V infection)
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Figure 4.26 TurbolD-based identification of WRR4A!? proximal plant interactors at 6 days post A.
candida”?V infection in eds1Vs2 A. thaliana.

Proteins highlighted in orange were considered as WRR4A®"0 proximal plant interactors if they
exhibited a 2-fold change increase in biotinylation compared to mCherry and had a statistically
significant difference (P-value < 0.05). Proteins with no significant difference in biotinylation are
shown in grey. The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log2(fold
change) of —1 and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their
identification numbers. Proteins with a total spectral count below 50 were excluded from the
analysis. Statistical significance was determined using Fisher’s Exact Test, implemented in the edgeR
package (Chen et al., 2025).
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Table 4-15 List of the WRR4AC°? proximal plant interactors identified at 6 days post A. candida®?V
infection in eds1"s2 Arabidopsis thaliana.

Proteins are ranked by P-value and log(FC) > 2.

Protein P-value | log(FC) Description
AT1G56510 3.94E-117 8.053 |WRR4A
AT5G42220 4.36E-27 8.193 |Ubiquitin-like superfamily protein

HOP2, encodes one of the 36 TPR proteins with potential to interact with
Hsp90/Hsp70 as co-chaperones

AT1G62740 4.84E-27 3.419

FRA1, encodes a kinesin-like protein with an N-terminal microtubule binding

AT5G47820 7.08E-20 2.737 .
motor domain

SRFR1, encodes a tetratricopeptide repeat domain containing protein that
AT4G37460 1.55E-17 7.355 |shows sequence similarity to those of transcriptional repressors in other
organismes, it is involved in mediating effector-triggered immunity

BAG6, member of Arabidopsis BAG (Bcl-2-associated athanogene) proteins,

AT2G46240 2.49E-17 7.497 . .
plant homologs of mammalian regulators of apoptosis

ATJ3, homologous to the co-chaperon DNAJ protein from E. coli, member

AT3G44110 1.38E-16 2.367 of the HSP40 family, interacts with HSP70 to mediate heat shock response

P23-1, encodes one of two isoforms of a co-chaperone of HSP90 that is

AT4G02450 9.4E-13 2.29 .
required for root growth

TPR5, encodes one of the 36 TPR proteins with potential to interact with

AT1G56440 2.41E-12 2.541 Hsp90/Hsp70 as co-chaperones

HOP3, encodes one of the 36 TPR proteins with potential to interact with

AT4G12400 8.78E12 | 3066 |00 i as cochaperones

BOB1, encodes a non-canonical small heat shock protein required for both

AT5G53400 1.078-11 2.198 development and thermotolerance

AUGS6, encodes a conserved AUGMIN subunit 6 which is known to be involved
in microtubule nucleation

AT2G20550 3.92E-11 4,175 |HSP40/Dnal peptide-binding protein
ATG2, encodes autophagy-related 2, autophagy controls guard cell ROS

AT3G19190 4.76E-11 2.279 |homeostasis by eliminating oxidized peroxisomes, thereby allowing stomatal
opening

AT5G40740 1.1E-11 3.04

MOR1, member of the MAP215 family of microtubule-associated proteins
required to establish interphase arrays of cortical microtubules

AT5G17270 3.18E-10 2.932 |protein prenylyltransferase superfamily protein

AT2G35630 1.22E-10 2.073

TPR11, encodes one of the 36 TPR proteins with potential to interact with

AT4G22670 3.788-10 2581 Hsp90/Hsp70 as co-chaperones

KCS6, member of the 3-ketoacyl-CoA synthase family involved in the

AT1G68530 6.038-09 2278 biosynthesis of VLCFA (very long chain fatty acids)

STIC2 was identified in a screen for suppressors of chloroplast protein import
defect in tic40

AT4G39800 1.62E-08 2.206 |MIPS1, myo-inositol-1-phosphate synthase isoform 1

TPR16, encodes one of the 36 TPR proteins with potential to interact with
Hsp90/Hsp70 as co-chaperones

AT1G30070 2.14E-08 2.391 |possibly involved in response to heat stress
AT5G02490 4.93E-08 2.282 |HSP70, member of the cytosolic heat shock 70 protein family

GMI1, a structural-maintenance-of-chromosomes-hinge domain-containing
protein involved in homologous recombination

AT1G24020 4.48E-06 2.225 |MLP423, MLP-like protein 423

AT2G24020 1.23E-08 2.792

AT5G12430 1.94E-08 2.571

AT5G24280 1.55E-07 4.3
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WRR4A
no infection

WRR4A
infection

Figure 4.27 Most WRR4AC-? proximal
plant interactors are shared between
uninfected and infected tissues.

Proteins were considered as proximal plant
interactors for each treatment if they
showed at least a 1-fold change increase in
biotinylation compared to mCherry and a
statistically significant difference (P-value <
0.05). Proximal plant interactors for each
treatment were compared to generate a
Venn diagram. The pink gradient
corresponds to counts ranging from a lower
to higher number of proteins.
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GO Term Enrichment Analysis - WRR4A (Ac2V infection)
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Figure 4.28 GO-term enrichment analysis of
WRR4AC°-? proximal plant interactors.

Gene ontology (GO) categories analysed
included biological process (A), cellular
component (B) and molecular function (C).
GO terms within each category were ranked
in descending order of significance (P-value <
0.05) and visualized by count (represented by
circle size). The analysis compared proteins
in the proximity to WRR4A®"" during
infection with all Arabidopsis proteins
detected by mass spectrometry.
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4.3 Discussion

To successfully use TurbolD-mediated proximity labelling to detect effectors under native infection
conditions, several additional optimizations to the experimental parameters, beyond those
discussed in Chapter 3, were required. These included: 1) incorporating extended experimental time
points to allow the pathogen to proliferate more within the plant, 2) using a more sensitive mass
spectrometry machine, and 3) ensuring that the TurbolD-tagged bait had optimal protein
accumulation (neither too high nor too low). All these adjustments were made to maximize the

chances of capturing low-abundance native effectors.

Thanks to these adjustments, AVRamrl and AVRamr3, which were previously reported to be
recognized by the CNLs Rpi-amrl and Rpi-amr3, respectively, were successfully detected by mass
spectrometry in a transient assay conducted in N. benthamiana leaves infected with P. infestans
(Table 4.2; Figures 4.8 and 4.9). AVRamrl was detected at both experimental time points, 3 and 4
days post P. infestans infection, while AVRamr3 was only detected at 4 dpi. This was most likely due
to the lower abundance of the Rpi-amr3 TurbolD bait protein compared to the Rpi-amrl TurbolD
bait (Figure 4.7). Nonetheless, this result demonstrated the feasibility of capturing native effectors

with TurbolD.

Subsequently, two CCG effectors, CCG14 and CCG41, which had not previously been reported to be
recognized by the TNL WRR4A®"0 were identified as promising effector candidates in A. thaliana
stable transgenic line following infection with A. candida (Figure 4.21 and Supplementary Figure 4.6).
Both newly identified WRR4AC°0-recognized CCG effectors were predicted to interact with
WRR4AC0 ysing AlphaFold2 (Figures 4.22 and 4.23) and validated by HR assay (Figure 4.24). Of the
two promising CCG candidates identified with TurbolD, both were validated as NLR-recognized
effectors, resulting in @ 100% success rate in this particular experiment. However, none of the
previously reported CCG effectors recognized by WRR4A0 were detected. This may be due to the
fact that only a single time point, 6 days post A. candida infection, was examined, and these effectors

might have been secreted during different stages of infection.
In Furzer et al. (2022), the expression levels of CCG effectors were measured across all colonization

time points, ranging from 2 to 8 dpi, in mustard plants and grouped into distinct expression clusters.

The CCG effectors exhibited a broad spectrum of expression patterns, varying from exclusive early
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expression to constitutive or late expression during infection. Notably, these expression patterns
appeared to be independent of the genomic clusters. Interestingly, both CCG14 and CCG41 are part
of expression cluster number 7, indicating they belong to the early-expressed CCGs, with peak
expression occurring at 2 and 4 dpi, and decreasing by 6 dpi. Although infected tissues were
harvested at 6 dpi in our experimental setup, we were still able to capture early expressed CCGs. In
the Furzer et al. (2022) study, trypan blue staining of the Ac2V infection of B. juncea at 2, 4, 6, and 8
dpi, corresponding to the RNA extraction time points, showed that the peak of colonization begins
at 6 dpi, with 40.4% of the plant tissues colonized by the pathogen, and continues at 8 dpi with 47%
of the plant tissues colonized. This could reflect the fact that, at the leaf scale, not all cells are at the
same stage of infection, and that at 6 dpi, the plant-pathogen interface is larger as the overall
pathogen biomass reaches its peak, potentially making it easier to detect native effectors. In
comparison, the previously reported WRR4AC-recognized CCG effectors belong to different
expression clusters: CCG28 and CCG79 are part of expression cluster number 7 (expressed at 2 and
4 dpi), CCG67 and CCG104 belong to expression cluster number 5 (expressed at 4 and 6 dpi), CCG30
and CCG71 are part of expression cluster number 1 (expressed at 4, 6 and 8 dpi). It is possible that,
to detect the previously reported CCG effectors, we are either not examining the right time point or
that their expression levels are simply too low. Nevertheless, these findings further demonstrate
that TurbolD can be a valuable tool for effector discovery, enabling relatively rapid identification of

new effectors under native conditions.

In addition to the previously identified pathogen-related proteins as effectors, additional pathogen-
related proteins containing predicted signal peptides were detected in both the transient N.
benthamiana and stable Arabidopsis TurbolD transgenic line systems (Tables 4.7 and 4.13). These

proteins may represent novel pathogen virulence factors that warrant further investigation.

Overall, more pathogen-related proteins were identified in the stable A. thaliana TurbolD transgenic
line compared to the transient system in N. benthamiana. The higher number of pathogen-related
proteins identified in Arabidopsis allowed for the estimation of significant p-values (Figures 4.8 and

4.9 vs. Figure 4.21).
This new TurbolD-based approach for capturing native effectors could be applied to a wide range of

plant pathogens, including oomycetes, fungi, bacteria, aphids, and even beneficial microorganisms.

However, its implementation may be more challenging with necrotrophic pathogens, which kill host
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cells rapidly, potentially limiting pathogen biomass accumulation in plant tissues and hindering
effector detection. Here, we have only tested this approach with the hemi-biotrophic oomycete P.

infestans and the biotrophic oomycete A. candida.

These experiments not only provided valuable information about effector-host interactions but also
offered insights into the NLR-interacting proteins. All three NLRs, Rpi-amr1, Rpi-amr3, and WRR4A"
0, shared a common feature: their association with chaperones and co-chaperones, particularly HEAT
SHOCK PROTEIN 90 (HSP90), HEAT SHOCK PROTEIN 70 (HSP70), and HSP70-HSP90 ORGANIZING
PROTEIN 3 (HOP3). Chaperones, well known for regulating protein folding, stability, and degradation,

play essential rolesin NLRs as well and some have been shown to modulate plantimmune responses.

Specifically, the chaperone complex consisting of the proteins HSP90 and the two co-chaperones,
SUPPRESSOR OF THE G2 ALLELE OF skpl1 (SGT1) and REQUIRED FOR MLA12 RESISTANCE 1 (RAR1),
facilitates NLR folding and accumulation, and is crucial for the proper activation of several NLRs in
different plant species (Shirasu, 2009). In Arabidopsis, different HSP90 family members play specific
roles in various NLR-mediated defense responses: HSP90.3 negatively regulates SNC1 accumulation
(Huang et al., 2014a), while HSP90.2 enhances RPM1 stability (Hubert et al., 2003). Other NLRs,
including barley MLA1, potato Rx, and tobacco N, also interact with HSP90 (Bieri et al., 2004, Botér
et al., 2007, Liu et al., 2004). HSP90 and its co-chaperones thus regulate NLR protein accumulation,
either by promoting folding or facilitating degradation. However, the mechanisms by which these
proteins recognize different NLRs and regulate their fates in response to environmental signals
remain unclear. Interestingly, it has been found that the bacterial effector HopBF1 mimics an HSP90
client to phosphorylate and inactivate HSP90, preventing NLR activation and undermining the plant

defense response (Lopez et al., 2019).

Moreover, HOP proteins are a family of co-chaperones containing three tetratricopeptide repeat
(TPR) domains, which mediate interactions with the molecular chaperones HSP70 and HSP9O. It has
been reported that inhibition of HSP70 and HSP90 results in decreased jasmonic acid (JA) sensitivity
and down-regulation of JA-responsive genes, raising questions about the role of their interactor,
HOP3, in the regulation of JA signalling (Zhang et al., 2015). Indeed, the HOP3 gene has been shown
to be induced in response to the necrotrophic pathogen Botrytis cinerea and the two-spotted spider
mite Tetranychus urticae attack, and to play a role in the induction of JA-mediated defense in

Arabidopsis (Mufioz et al., 2021).
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The TurbolD NLR datasets highlight that chaperones and co-chaperones are likely a common feature
in the regulation of NLRs, either stabilizing immune receptors for defense or limiting their number
to prevent autoimmunity. Notably, these HSP proteins were absent from the mCherry:TurbolD
control samples or were significantly differentially biotinylated compared to the mCherry:TurbolD
control. This suggests that their presence in the NLR datasets is not due to non-specific binding or
the general "stickiness" of HSPs, but rather indicates that HSPs may have a targeted and functional
role in the regulation of NLRs, rather than simply acting as passive contaminants. Additionally, no

HSPs were detected in the EDS1:TurbolD experiment described in Chapter 5.

Beyond chaperones, other proteins such as ubiquitin-like proteins (UBLs) also regulate NLR stability.
UBLs are best known for their role in regulating protein degradation, and a few E3 ubiquitin ligases
(E3 ligases) have been found to associate with NLRs to regulate their stability (Duplan and Rivas,
2014). For example, the TurbolD-identified E3 ligase UBR7 acts as a negative regulator of the tobacco
TNL N-mediated immunity by mediating the degradation of N proteins, and downregulation of UBR7
enhances resistance to tobacco mosaic virus (TMV) (Zhang et al., 2019). Notably, one UBL protein
was found in the proximity of WRR4A®"%, which could function as a negative regulator of this TNL
(Tables 4.14 & 4.15). Indeed, the over accumulation of NLRs can lead to inappropriate activation,
thus their stability must be tightly regulated, such as through the ubiquitin-mediated protein

degradation pathway, to maintain relatively low levels and ensure NLR homeostasis.

Another NLR-regulating protein, SUPPRESSOR OF rps4-RLD1 (SRFR1), was found in the vicinity of
Rpi-amr3 and WRR4AC°0, but not of Rpi-amr1. SRFR1 has been shown to interact with multiple NLRs,
including SNC1, RPS4, and RPS6 (Bhattacharjee et al., 2011, Kim et al., 2010, Li et al., 2010). It has
also been demonstrated that SRFR1 interacts with SGT1 (Li et al., 2010), a co-chaperone of HSP90
(Kadota et al., 2008, Liu et al., 2004, Takahashi et al., 2003), suggesting that SRFR1 regulates NLR
stability through  SGT1. Additionally, SRFR1 interacts with multiple = TEOSINTE
BRANCHED1/CYCLOIDEA/PCF (TCP) transcription factors, which positively regulate ETI mediated by
several NLRs (Kim et al., 2014b). Thus, SRFR1 serves as a negative regulator of NLRs by interacting
with various NLR-interacting proteins, including molecular co-chaperones and transcription factors,

thereby preventing the auto-activation of plant immunity.

Additionally, other types of proteins, apart from those regulating NLR stability, were also detected.

A transcriptional regulator, WRKY2, was uniquely found in the Ac2V-infected WRR4A®"0 samples
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and could potentially be involved in WRR4A downstream signalling pathways. AGO2 is a promising
candidate for Rpi-amrl and could act as a guardee, potentially targeted by AVRamr1 in the nucleus.
On the other hand, Rpi-amr3 could be involved, directly or indirectly, in one or more biological
processes, including defense-related secretion via syntaxins, linking the phosphate starvation
response with defense activation through the transcription factor PHR1, and possibly some yet-
unknown vacuole-related defense mechanisms, potentially involving the release of malate. However,
regarding the vacuole-related proteins, it is also possible that they merely reflect the fact that Rpi-

amr3 localizes to the vacuole.

In conclusion, the identified plant proteins in the proximity of these three NLRs participate in various
aspects of NLR-mediated defense responses, such as regulating NLR stability, acting as potential
guardees, contributing to downstream signalling, and potentially through other, yet unknown
mechanisms. These findings emphasize that a single NLR can associate with multiple NLR regulators.
A prime example of this is the SNC1 TNL protein, for which at least seven different NLR regulators
have been implicated: bHLH84, a transcription factor (Xu et al., 2014); CPR1, a E3 ligase (F-box)
(Cheng et al., 2011); TPR1, a transcriptional corepressor (Zhu et al., 2010); SRFR1, a TPR domain-
containing protein (Kim et al., 2010); MUSE13, a TRAF domain-containing protein (Huang et al.,
2016); MUSE3, a E4 ligase (Huang et al., 2014b); and HSP90.3, a molecular chaperone (Huang et al.,
2014a).

These TurbolD-based NLR datasets highlight the sophisticated regulatory networks that control NLR
activity, which must be carefully balanced to optimize disease resistance without incurring fitness
costs. Overaccumulation of NLRs can result in significant growth and yield penalties. As such,

effectively manipulating NLR regulation is key for enhancing crop resilience.
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4.4 Supplementary figures
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Supplementary Figure 4-1 Detection of AVRamr3 and AVRamrl cDNA after P.
infestans infection of nrc234 N. benthamiana.

RT-PCR of P. infestans AVRamr3 and AVRamrl genes. Agro-infiltrations of Rpi-

amr3:TurbolD:FLAG at ODego = 0.5 in 4-week-old nrc234 N. benthamiana and in the

presence of pl9, followed by P infestans (isolate 88069) infiltration (8,700
zoospores/mL) at 1 day post Agro-infiltration. Tissues were harvested at 2, 3, 4 and
5 days post P. infestans infection (so at 3, 4, 5 and 6 days post Agro-infiltration). P.
infestans EPI1 (Tian et al., 2004) and EF1a genes were used as positive controls.
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mCherry vs Rpi-amr1 at 3 dpi

spectral count of PITG_proteins > 1 8 present in Rpi-amr1 but not in mCherry

Protein rep 1 rep 2 rep 3 Total spectral counts
PITG_04269T0 NA NA 25 25
PITG_15278T0 NA NA 16 16
PITG_04276T0 NA NA 8 8
AVRamr1 NA NA 5 5
PITG_15398T0 NA NA 3 3
PITG_17069T0 NA 2 NA 2
PITG_11215T0 NA NA 2 2
PITG_00133T0 NA NA 2 2
PITG_14175T0 NA NA 2 2
PITG_09556T0 NA NA 2 2
PITG_15786T0 NA NA 2 2
PITG_22839T0 NA NA 2 2
PITG_01852T0 NA NA 2 2
PITG_01932T0 NA NA 2 2
PITG_07340T0 NA NA 2 2
PITG_09216TO NA NA 2 2
PITG_01810T0 NA 2 NA 2
PITG_14008T0 NA NA 2 2
PITG_16507T0 2 NA NA 2

Supplementary Figure 4-2 List of proximal pathogen
proteins identified with Rpi-amrl at 3 days post P.
infestans infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by total number of spectral
counts across the three replicates, with a minimum
of two spectral counts detected by mass
spectrometry for each protein. Only proteins
uniquely detected in the Rpi-amrl samples, but
absent from mCherry control samples, are included.
Results from each experimental replicate are shown.
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mCherry vs Rpi-amr1 at 4 dpi

spectral count of PITG_proteins > 2 & present in Rpi-amr1 but not in mCherry

Protein rep 1 rep 2 rep 3 Total spectral counts
AVRamr1 NA NA 13 13
PITG_04276T0 3 NA 7 10
PITG_16005T0 NA NA 3 3
PITG_02740T0 NA NA 3 3
PITG_16959T0 NA NA 3 3
PITG_03936T0 (+1) NA NA 3 3

Supplementary Figure 4-3 List of proximal pathogen
proteins identified with Rpi-amrl at 4 days post P.
infestans infiltration in nrc2/3/4 N. benthamiana.

Proteins are ranked by total number of spectral counts
across the three replicates, with a minimum of two
spectral counts detected by mass spectrometry for
each protein. Only proteins uniquely detected in the
Rpi-amrl samples, but absent from mCherry control
samples, are included. Results from each experimental
replicate are shown.
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mCherry vs Rpi-amr3 at 3 dpi

spectral count of PITG_proteins > 1 & present in Rpi-amr3 but not in mCherry

Protein rep 1 rep 2 rep 3 Total spectral counts
PITG_04269T0 NA NA 11 1
PITG_11215T0 NA NA 5 5
PITG_17069T0 NA NA 2 2
PITG_04276T0 NA NA 2 2
PITG_15278T0 NA NA 2 2
PITG_11038T0 NA NA 2 2
PITG_05367T0 NA NA 2 2
PITG_15398T0 NA NA 2 2
PITG_08746T0 NA NA 2 2
PITG_02231T0 NA NA 2 2
PITG_18354T0 NA NA 2 2
PITG_00879T0 NA NA 2 2
PITG_22743T0 NA NA 2 2
PITG_00089TO (+1) NA NA 2 2
PITG_16008T0 NA NA 2 2
PITG_00407T0 2 NA NA 2

Supplementary Figure 4-4 List of proximal
pathogen proteins identified with Rpi-amr3 at 3
days post P. infestans infiltration in nrc2/3/4 N.
benthamiana.

Proteins are ranked by total number of spectral
counts across the three replicates, with a minimum
of two spectral count detected by mass
spectrometry for each protein. Only proteins
uniquely detected in the Rpi-amr3 samples, but
absent from mCherry control samples, are
included. Results from each experimental replicate
are shown.
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mCherry vs Rpi-amr3 at 4 dpi

spectral count of PITG_proteins > 2 & present in Rpi-amr3 but not in mCherry

Protein rep 1 rep 2 rep 3 Total spectral counts
PITG_04276T0 NA 2 10 12
PITG_06619T0 NA NA 6 6
AVRamr3 NA NA 6 6
PITG_09400T0 NA NA 5 5
PITG_02908TO NA NA 5 5
PITG_02740T0 NA NA 5 5
PITG_10142T0 NA NA 5 5
PITG_06595T0 NA NA 4 4
PITG_02259T0 NA NA 4 4
PITG_07056T0O NA NA 4 4
PITG_13831T0 NA NA 4 4
PITG_22391T0 NA NA 4 4
PITG_09284T0 NA NA 4 4
PITG_02533T0 NA NA 4 4
PITG_09817T0 NA NA 4 4
PITG_06320T0 NA NA 3 3
PITG_03148T0 NA NA 3 3
PITG_03335T0 NA NA 3 3
PITG_12193T0 NA NA 3 3
PITG_00203TO NA NA 3 3
PITG_16005T0 NA NA 3 3
PITG_03694T0 NA NA 3 3
PITG_03463T0 NA NA 3 3
PITG_03550T0 (+1) NA NA 3 3
PITG_03936T0 (+1) NA NA 3 3
PITG_01549T0 NA NA 3 3
PITG_02347T0 NA NA 3 3
PITG_05464T0 NA NA 3 3
PITG_03828T0 NA NA 3 3

Supplementary Figure 4-5 List of proximal
pathogen proteins identified with Rpi-amr3 at 4
days post P. infestans infiltration in nrc2/3/4 N.
benthamiana.

Proteins are ranked by total number of spectral
counts across the three replicates, with a
minimum of two spectral count detected by mass
spectrometry for each protein. Only proteins
uniquely detected in the Rpi-amr3 samples, but
absent from mCherry control samples, are
included. Results from each experimental
replicate are shown.
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mCherry vs WRR4A (Ac2V infection)
spectral count of Ac2V_proteins > 2 & present in WRR4A but not in mCherry

Protein rep 1 rep 2 rep 3 Total spectral counts
Ac2vTS43G71 NA 3 11 14
Ac2vTS34G90 2 4 7 13
Ac2VTS27G46 4 NA 6 10
Ac2vTS56G31 2 2 6 10
Ac2vTS39G92 2 NA 5 7
Ac2vTS2G210 4 NA 3 7
Ac2vTS54G24 2 NA 5 7
Ac2vTS27G16 3 2 2 7
Ac2vTS101G12 3 NA 3 6
Ac2vTS32G33 3 NA 3 6
Ac2vTS29G162 2 2 2 6
Ac2vTS94G13 NA 3 3 6
Ac2vTS13GI1 2 NA 4 6
CCG14 NA 2 3 5
Ac2vTS17G128 2 NA 3 5
Ac2vTS29G54 2 NA 3 5
Ac2vTS50G10 NA 2 2 4
Ac2vIS49GT74 2 2 NA 4
Ac2vTS12G155 2 NA 2 4
Ac2vTS14G123 NA 2 2 4
Ac2vTS31G30 NA 2 2 4
Ac2vTS32G22 2 NA 2 4
Ac2vT5102G25 2 NA 2 4

Supplementary Figure 4-6 List of proximal
pathogen proteins identified with WRR4A"0 at
6 days post A. candida®“®" infection in eds1"s2 A,
thaliana.

Proteins are ranked by total number of spectral
counts across the three replicates, with a
minimum of two spectral counts detected by mass
spectrometry for each protein. Only proteins
uniquely detected in the WRR4A®0 samples, but
absent from mCherry control samples, are
included. Results from each experimental
replicate are shown.
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Chapter 5

Identification of a host defense hub targeted by pathogen

effectors through TurbolD proximity labelling
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5. Identification of a host defense hub targeted by pathogen effectors through TurbolD

proximity labelling

5.1 Introduction

5.1.1 Pathogen effectors converge on plant signalling hubs

Pathogens deploy virulence effector proteins into host cells, where they physically interact with host
proteins to modulate defense responses. These host targets can include signalling components,
transcription factors (Bi and Zhou, 2017, Gimenez-lbanez et al., 2014, Janik et al., 2017), metabolic
enzymes (Zhou et al., 2011), or susceptibility (S) factors (Antony et al., 2010, He et al., 2018, Yang et
al., 2017a). In turn, the targeting of host proteins by pathogen effectors can lead to inhibition of host
target activity, degradation, or hijacking of the signalling pathways on which the pathogen effector
acts (He et al., 2020). Large-scale interactomic studies have revealed that effectors from pathogens
across different kingdoms of life primarily converge on a limited set of conserved, defense-related
host targets to maximize their impact on negating host defense mechanisms. These commonly
targeted plant host proteins are often part of hub proteins that play central roles in numerous plant

processes by interacting with multiple proteins.

An interaction network of plant-pathogen effectors has been constructed from two pathogens,
Pseudomonas syringae, a Gram-negative bacterium, and Hyaloperonospora arabidopsidis, an
obligate biotrophic oomycete, that employ vastly different mechanisms to colonize plants (Mukhtar
et al., 2011). It was observed that effectors target an overlapping subset of plant proteins, including
those involved in interactions with many other proteins. This observation confirmed that effectors
from evolutionarily distinct pathogens tend to converge on key cellular hubs, manipulating a variety
of crucial plant processes and thereby facilitating disease. Additionally, it was noted that the
recognition of cognate effectors by plantimmune receptors are often indirect and typically mediated
by another protein (Mukhtar et al., 2011). Altogether, these findings are consistent with the guard
hypothesis and argue against the potential decoy role for these targeted proteins, although the
decoy hypothesis may apply in some cases. Indeed, the decoy hypothesis suggests that decoy
proteins would have few, if any, additional cellular functions and, as a result, would likely interact

with fewer partners in the host protein interaction network.
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Therefore, the host proteins targeted by pathogen tend to be highly connected and centrally
positioned in the plant protein-protein interaction network (Li et al., 2017a, Wessling et al., 2014).
Centrality was previously often linked to lethality, meaning that perturbations to these highly
connected hubs could have detrimental effects on plant fitness (Jeong et al., 2001). However,
contrasting findings have shown no correlation between centrality and lethality. In fact, centralized
hub proteins often exhibit functional redundancy by gene duplication, which helps protect their
essential functions from perturbations or mutations (Vandereyken et al., 2018). Multiple members
of a single family can be identified as hubs for effector targeting, as it is the case for the TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP) family and the JASMONATE-ZIM
DOMAIN (JAZ) family of transcriptional regulators, which are also reported to be plant signalling
hubs (Gimenez-lbanez et al., 2014, Lopez et al., 2015).

TCPs are conserved and interact with diverse groups of proteins, such as kinases, transporters,
immunity regulators, and transcriptional regulators, thereby influencing various plant processes.
Additionally, most plant signalling pathways converge onto TCP family members, making them
attractive effector targets for a variety of pathogens (Lopez et al., 2015). Effectors may target
different TCPs to modulate the same processes at different levels, thus inhibiting redundant TCP
activities. Notably, TCP14 is targeted by effectors from three evolutionarily diverse pathogens,
including the bacterium P. syringae, the oomycete H. arabidopsidis, and the fungus Golovinomyces
orontii (Wessling et al., 2014, Yang et al., 2017a). Furthermore, SAP11, an effector from insect-
transmitted bacterial pathogens known as phytoplasmas, has been shown to bind to and destabilize
TCP transcription factors, leading to changes in the morphology of Arabidopsis plants (Sugio et al.,

2011).

JAZ proteins are negative regulators of jasmonate response and play a key role in regulating
numerous processes, including plant defense, growth, and development. JAZ proteins contain
different domains that facilitate interactions with diverse partners, and these protein-protein
interacting domains are targeted by different effectors. For example, the P. syringae HopBB1 effector
targets the Jas domain of JAZ3, while the HopX1 effector mediates proteasomal degradation of most
JAZ repressors by interacting with the ZIM domain (Gimenez-lbanez et al., 2014, Yang et al., 2017a).
Thus, different effectors from the same bacterial pathogen can target different members of the same
protein family by interacting with distinct domains. Moreover, it has also been showed that the

effector HARP1 from the cotton bollworm (Helicoverpa armigera) and REPAT38, a homolog in
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Spodoptera exigua, stabilize JAZ3 through direct interaction, thereby preventing its interaction with
the E3 ubiquitin ligase complex and the F-box protein COI1, which marks it for proteasomal
degradation (Chen et al., 2019). Hence, the JAZ family may represent an attractive and conserved

virulence strategy for both pathogens and pests, aimed at interfering with the JA signalling pathway.

Given that EDS1 is a key convergence point for defense signalling cascades (Wagner et al., 2013), it
is surprising that only recently a few pathogen effectors have been reported to target or interfere
with its downstream TNL signalling functions. This delay may be due to the limitations of traditional
techniques for identifying plant-pathogen PPls, which may not have been sensitive enough to detect
these interactions effectively. TurbolD proximity labelling offers a new approach for capturing these

dynamic and low-abundance interactions.

It is reasonable to hypothesize that EDS1 could be targeted by several pathogen effectors from
different kingdoms of life. For example, two effectors, the SPRYSEC15 nematode effector and the
oomycete AVRcaplb effector, have been reported to counteract redundant nodes of the NRC
immune receptor network, NRC2 and NRC3 (Derevnina et al., 2021). Similarly to EDS1, NRCs are
central components in a complex defense network against multiple pathogens, representing up to
half of the NLRome in Solanaceous plants (Wu et al., 2017). Recently, it was reported that the
Ralstonia solanacearum type Il effector RipV2 ubiquitinates and degrades the tomato (Solanum
lycopersicum) SINRG1-SIEDS1-SISAG101 immune complex, thereby dampening resistance in the
tomato cultivar Hawaii 7996 (Qi et al., 2024). RipV2, which encodes an E3 ubiquitin ligase,
suppresses immune responses and TNL-mediated cell death. Notably, RipV2 is essential for R.
solanacearum virulence in Hawaii 7996, but not in SINRG1-silenced tomato, highlighting that SINRG1
is a virulence target of RipV2. Moreover, a recent preprint utilizing TurbolD reported that cathepsins
B (CathB) in the oral secretion of aphids (Myzus persicae) recruit the AtEDS1-AtPAD4-AtADR1
immune complex to processing bodies (p-bodies), thereby suppressing plant defense in Arabidopsis

(Liu et al., 2024b).

Since Albugo species are particularly effective at suppressing the TNL-dependent immunity (Belhaj
et al., 2017, Cooper et al., 2008, Prince et al., 2017), we hypothesized that they might have evolved
effectors targeting TNL downstream signalling elements, such as EDS1, SAG101, PAD4, NRG1, and

ADR1, given their central role in activating plant defense mechanisms. To test this hypothesis, we
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selected the Albugo-Arabidopsis pathosystem and combined it with a proximity-labelling proteomic

approach using the engineered biotin ligase TurbolD.

5.1.2 The Albugo-Arabidopsis pathosystem

The Albugo-Arabidopsis pathosystem provides an attractive model to explore the molecular basis of
broad-spectrum defense suppression by a biotrophic oomycete, as Albugo species are particularly
efficient at suppressing TNL-mediated immunity. Plants typically benefit from a basal resistance to
most pathogens, known as non-host resistance (NHR) (Heath, 2000), which is considered a relatively
durable, multi-gene defense mechanism. In contrast, host resistance protects against specific
pathogens and is generally controlled by single R genes, making it potentially less durable than NHR

(Gill et al., 2015, Schulze-Lefert and Panstruga, 2011).

Most plant pathogens are adapted to a limited number of related host species, particularly obligate
biotrophic pathogens that can only reproduce on living tissues. These pathogens are intimately
associated with their hosts, often leading to host specialization (Dong et al., 2014, Thines, 2014).
However, broad host-range pathogens also exist and exhibit virulence on a diverse range of plant
hosts. Some of these broad host-range pathogens became “generalist” by evolving multiple
specialized races capable of infecting different hosts. This is the case with the filamentous oomycete
order Albuginales. Its largest genus, Albugo, comprises about 50 species, each typically specific to a
plant host, causing white blister rust disease (Choi and Priest, 1995, Ploch et al., 2010, Ploch and
Thines, 2011). For example, Albugo laibachii specializes in infecting Arabidopsis (Thines et al., 2009).
However, Albugo candida includes several specialized physiological races that infect a wide range of
plant species, including members of the Brassicaceae, Cleomaceae, and Capparaceae (Choi et al.,

2009).

Furthermore, Albugo species are capable of strongly suppressing host innate immunity, thereby
enhancing susceptibility to secondary infections by non-adapted pathogens to which the plant
would normally exhibit NHR. For example, Arabidopsis thaliana is naturally resistance to P. infestans
(Huitema et al., 2003), but pre-inoculation with A. laibachii or A. candida renders Arabidopsis
susceptible to P. infestans (Belhaj et al., 2017, Prince et al., 2017). Similarly, Brassica juncea and
resistant Arabidopsis accessions, when pre-inoculated with A. candida, can be infected by the

biotrophic downy mildew pathogen H. arabidopsidis, which shares an overlapping host range with
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Albugo species (Cooper et al., 2008). It has been proposed that Albugo species’ ability to suppress
plant immunity may allow cohabitation of A. candida races with non-overlapping host ranges,
facilitating genetic exchanges via sexual reproduction and enabling the colonization of new hosts

(Adhikari et al., 2003, Jouet et al., 2019, McMullan et al., 2015).

Several Arabidopsis R genes encoding TNL proteins have been identified that confer resistance to A.
candida. These are resistance to A. candida 1 (RAC1), which offers resistance to A. laibachii (originally
reported as A. candida due to the lack of distinction between the two Albugo species at the time)
(Borhan et al., 2004, Thines et al., 2009), the white rust resistance gene 4 (WRR4) locus (Borhan et
al., 2008), which confers resistance to multiple A. candida races and carries two paralogs, WRR4A
and WRR4B. Additional resistance genes include WRR8, WRR9 and WRR12 (previously reported as
SOC3) (Cevik et al., 2019). These TNL genes are dependent on EDS1.

The WRR4 locus in A. thaliana accession Col-0 contains three paralogues. The Col-0 alleles of WRR4A
and WRR4B confer resistance to four (AcEm2, Ac2V, Ac7V and Ac9V) and three (Ac2V, Ac7V and
AcBoT) different A. candida races respectively (Borhan et al., 2008, Cevik et al., 2019). However, the
AcEx1 isolate of race 4 can sufficiently overcome both resistant WRR4 alleles to enable growth and
reproduction, though AcEx1 grows better on a WRR4A mutant of Col-0. The A. thaliana accession
Ws-2 lacks WRR4A but contains the two other WRR4 paralogues (Van de Weyer et al., 2019), one of
which is the Ws-2 allele of WRR4B, conferring resistance to Ac2V (Cevik et al., 2019).

Albugo species primarily encode CCG effectors, a class of secreted proteins characterized by a
CX2CXsG motif, abbreviated as “CCG”, which was initially termed CHXC (Kemen et al., 2011, Links et
al., 2011). The genome of the Ac2V isolate of A. candida was re-sequenced using PacBio long reads,
revealing a two-fold expansion of CCG effector-like proteins, which now represent 10% of the
secretome of A. candida races (Furzer et al., 2022). CCG effectors exhibit diverse transcriptional
profiles, with some being constitutively expressed or expressed at specific time points (early or late)

during infection (Furzer et al., 2022).

Finally, the WRR4A®"0 and WRR4B"0 paralogous TNL proteins are reported to recognize eight and
four different CCG effectors, respectively (Castel et al., 2021, Redkar et al., 2023). Moreover, as
discussed in Chapter 4, we identified two additional CCGs recognized by WRR4A®0, bringing the

total number of CCGs it can recognize to ten. The broad-spectrum resistance provided by these two
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distinct WRR4 paralogues to A. candida could be explained by their ability to recognize multiple CCG

effectors.

However, the mechanisms by which Albugo species broadly suppress plant immunity, including the
suppression of the ETl response activated by NLR proteins, remain poorly understood. This led us to

hypothesize that one such mechanism could involve targeting the EDS1 signalling hubs.

5.2 Results

After demonstrating in Chapter 4 that it is possible to capture native effectors during pathogen
infection, we applied this approach to test whether effectors can also target plant defense signalling
hubs. We chose to work with A. candida, as it is highly effective at suppressing TNL-mediated defense
responses (Belhaj et al., 2017, Cooper et al., 2008, Prince et al., 2017), which rely on the EDS1-
SAG101-NRG1 or EDS1-PAD4-ADR1 signalling nodes (Huang et al., 2025, Xiao et al., 2025, Yu et al.,
2024). EDS1 is at the core of these two signalling pathways, therefore we generated an Arabidopsis
EDS1:TurbolD transgenic line. Additionally, we created TurbolD transgenic lines for all its signalling

partners, including SAG101, PAD4, NRG1.2 and ADR1-L1 (Table 5.1).

The functionality of the TurbolD-tagged signalling elements involved in triggering cell death was
verified through HR assays. TurbolD-tagged EDS1, SAG101 and NRG1.2 were all able to trigger HR in
epss N. benthamiana leaves (Figures 5.1. 5.2 and 5.3). The N. benthamiana epss mutant corresponds
to the quadruple knockout mutant edsla pad4 sag101a sag101b (Lapin et al., 2019). In all these HR
assays, the AtEDS1:TurbolD-V5, AtSAG101:TurbolD-V5 and AtNRG1.2:TurbolD-V5 proteins were co-
delivered with the genetically compatible AtEDS1 and/or AtSAG101 and/or AtNRG1.2 proteins in the
presence of the bacterial effector HopQ1, recognized by the NLR protein Roq1 (Schultink et al., 2017).
An eleven amino acid linker was included between the end of the bait coding region and the start of
the TurbolD enzyme coding region, potentially allowing for more flexible protein conformational

arrangements.

These constructs were subsequently transformed into Arabidopsis, as listed in Table 5.1. For each
protein, either the corresponding Arabidopsis mutant background was used to enable future
complementation tests, or the Arabidopsis DM10 line was employed. Two multiparent advanced

generation inter-cross (MAGIC) lines, which exhibited different levels of susceptibility to the A.
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candida race Ac2V, were crossed to generate the resulting Double MAGIC 10 (DM10) line, which is
fully susceptible to A. candida races AcBoT, Ac2V and Ac7V (Cevik et al., 2019, Kover et al., 2009).

A. thaliana transgenic lines overexpressing the TurbolD-tagged signalling genes were selected by
assessing their protein expression. The protein expression levels of the different A. thaliana TurbolD
transgenic lines were quantified by Western blot in the T1 generation, and the individuals with the
highest protein expression were selected. For each transgenic line, two independent insertion
events were chosen, with protein expression levels as similar as possible. Protein expression was
guantified in each plant generation (T1, T2 and T3) to look for potential silencing events
(Supplementary Figures 5.1 and 5.2). For unknown reasons, 35S:ADR1-L1:TurbolD-V5 was
detectable in 14-day-old seedlings but not in 4/5-week-old plants of the T3 generation. Therefore,
the ADR1-L1 transgenic line was not prioritized for TurbolD experiments. Finally, in the T3 generation,
homozygous lines were identified by sowing seeds on BASTA selection plates and looking for fully
resistant individuals (Supplementary Figure 5.6). All these TurbolD transgenic lines are nearly

complete, and the progress to date is summarized in Table 5.2.

Table 5-1 List of the TurbolD-tagged proteins generated by Golden Gate cloning and transformed
into A. thaliana.

mCherry and NLS-GFP are the chosen negative controls. All constructs were transformed in the A.
thaliana DM10 line. Additionally, these constructs were transformed in their corresponding A.
thaliana mutant backgrounds to carry out complementation tests and verify the functionality of
proteins. One of these constructs was not generated by me and the person who did so is mentioned.
The promoters and terminators that were used to perform these DNA assemblies are as follow: p35S
= cauliflower mosaic virus 35S promoter, pAt2 = A. thaliana small subunit ribosomal protein 16
(SSR16) gene promoter, t35S = cauliflower mosaic virus 35S terminator, tNOS = Agrobacterium
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tumefaciens nopaline synthase gene terminator, tOCS = Agrobacterium tumefaciens octopine
synthase gene terminator.

Protein Construct A. thaliana genetic
background
EDS1 pEDS1:EDS1:TurbolD-V5:tNOS eds1-12 & DM10
(construct made by colleague Dr Sophie Johnson)
SAG101 pSAG101:SAG101:TurbolD-V5:t35S sag101-2 & bM10
PAD4 pPAD4:PAD4:TurbolD-V5:t35S pad4-1 & DM10
NRG1.2 (NRG1-B) PNRG1.2:NRG1.2:TurbolD-V5:tNRG1.2 nrgl-a/b & DM10
ADR1-L1 p35S:ADR1-L1:TurbolD-V5:t35S adr1 triple mutant & DM10
WRR4ACH0 p35S:WRR4A0:TurbolD-V5:t0CS eds1Ws2
mCherry pAt2:mCherry:TurbolD-V5:t35S eds1Vs2 & DM10
NLS-GFP pAt2:NLS-GFP:TurbolD-V5:t35S DM10

Table 5-2 Table showing the progress of the generation of the A. thaliana TurbolD transgenic lines
to date.

mCherry and NLS-GFP are the chosen negative controls. A cross indicates that the task is completed
while “in progress” means that the task is currently being carried out, and an empty box means the
task has yet to be performed. One of these lines was not entirely generated by me, and the person
who did so is mentioned. The stage at which | have inherited it and started carrying it further is also
indicated.

Protein Protein expression | Protein expression | Seed bulk: Complementation
in T3 seedlings in T3 leaves T3&T4 test: (Hpa infection)

EDS1 X X X X
(T2 seeds  from
colleague Dr Sophie
Johnson)
SAG101 X X X in progress
PAD4 X X X in progress
NRG1.2 (NRG1-B) X X X X
ADR1-L1 X -
WRR4AC-0 X X X X
mCherry X X X NA
NLS-GFP X X X NA
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epss N. benthamiana (4 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

A: HopQ1

B: AtEDS1:Th-V5
+ AINRG1.2:HF
+ AtSAG101:Myc

C: AtEDS1:Tb-V5
+ AINRG1.2:HF
+ AtSAG101:Myc
+ HopQ1

D: AtEDS1:V5
+ AINRG1.2:HF
+ AtSAG101:Myc
+ HopQ1

Figure 5.1 AtEDS1:TurbolD-V5 supports HR with AtNRG1.2 and AtSAG101.

HR assays by Agro-infiltration at ODeoo = 0.5 in 4/5-week-old epss N. benthamiana
leaves and at 4 dpi. The Pseudomonas type lll effector HopQl is recognized by the
native N. benthamiana NLR protein Roqgl (Schultink et al., 2017). Co-delivery of 35S
promoter-driven AtNRG1.2-HF, AtSAG101-Myc, and AtEDS1-V5 or AtEDS1:TurbolD-V5
(AtEDS1:Tb-V5) with HopQl triggers HR in epss mutant leaves. HF-tagged proteins
contain both a His-tag and a FLAG-tag, enabling versatile options for protein
purification and detection.

epss N. benthamiana (4 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3
> A: HopQ1
B: AtSAG101:Th-V5
+ AtEDS1:V5
+ AtINRG1.2:HF

C: AtSAG101:Th-V5
+ AtEDS1:V5
+ AtNRG1.2:HF
+ HopQ1

D: AtSAG101:Myc
+ AtEDS1:V5
+ AINRG1.2:HF
+ HopQ1

Figure 5.2 AtSAG101:TurbolD-V5 supports HR with AtEDS1 and AtNRG1.2.

HR assays by Agro-infiltration at ODsoo = 0.5 in 4/5-week-old epss N. benthamiana leaves
and at 4 dpi. The Pseudomonas type Il effector HopQl is recognized by the native N.
benthamiana NLR protein Roql (Schultink et al., 2017). Co-delivery of 35S promoter-
driven AtEDS1-V5, AtNRG1.2-HF, and AtSAG101-Myc or AtSAG101:TurbolD-V5
(AtSAG101:Tb-V5) with HopQ1 triggers HR in epss mutant leaves. HF-tagged proteins
contain both a His-tag and a FLAG-tag, enabling versatile options for protein purification
and detection.
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epss N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3
A: HopQ1

B: AINRG1.2:Th-V5
+ AtEDS1:V5
+ AtSAG101:Myc

C: AINRG1.2:HF
+ AtEDS1:V5
+ AtSAG101:Myc
+ HopQ1

D: AINRG1.2:Th-V5
+ AtEDS1:V5
+ AtSAG101:Myc
+ HopQ1

Figure 5.3 AtNRG1.2:TurbolD-V5 supports HR with AtEDS1 and AtSAG101.

HR assays by Agro-infiltration at ODego = 0.5 in 4/5-week-old epss N. benthamiana
leaves and at 3 dpi. The Pseudomonas type lll effector HopQ1 is recognized by the
native N. benthamiana NLR protein Rogl (Schultink et al., 2017). Co-delivery of 35S
promoter-driven AtEDS1-V5, AtSAG101-Myc, and AtNRG1.2-HF or AtNRG1.2:TurbolD-
V5 (AtNRG1.2:Tb-V5) with HopQ1 triggers HR in epss mutant leaves. HF-tagged proteins
contain both a His-tag and a FLAG-tag, enabling versatile options for protein purification
and detection.

Since EDS1 is the common protein between the EDS1-SAG101-NRG1 and EDS1-PAD4-ADR1 signalling
hubs, the EDS1:TurbolD transgenic line was prioritized for performing TurbolD experiments. To
confirm the functionality of this transgenic line, the transformed eds1-12 A. thaliana mutant
background was inoculated with Hyaloperonospora arabidopsidis (Hpa) (Supplementary Figure 5.3).
This transgenic line fully restored the Hpa-resistant phenotype, thereby confirming the functionality

of the TurbolD-tagged protein.

Similar to the WRR4AC® TurbolD experiment described in Chapter 4, the EDS1 and mCherry TurbolD
transgenic Arabidopsis lines transformed into DM10 were spray-inoculated with A. candida®<?". Six
days later, they were vacuume-infiltrated with biotin and left submerged for 3 hours (Figure 5.4). As
mentioned in Chapter 4, we chose to work with A. candida race Ac2V because it has the most
complete sequencing data (Furzer et al., 2022). The mCherry:TurbolD transgenic line was used as a

negative control.

Before sending the samples for mass spectrometry analysis, their quality was assessed by Western

blot (Figure 5.5). The overall biotinylation level of the EDS1-containing samples was slightly higher
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than that of the mCherry control samples, even though | selected transgenic lines with protein levels
as similar as possible. Nonetheless, the EDS1 noninfected samples can serve as an additional
negative control to identify overlapping proteins between noninfected and infected plant tissues, as
well as those unique to infection. The samples were sent for analysis using the Orbitrap Eclipse LC-
MS/MS system with FAIMS, as this system was used to detect native P. infestans and A. candida

effectors, as described in Chapter 4.

Day 0 Day 6
Spray-inoculation Vacuume-infiltration
Albugo candidah<y 100 pM biotin
&
3 h labelling

Figure 5.4 Schematic representation of the experimental design
used to identify pathogen and plant interactors of EDS1.

2/3-week-old transgenic A. thaliana lines, pEDS1:EDS1:TurbolD-V5
in DM10 plants, were sprayed with A. candida”??V (100,000
oospores/mL). Six days post-inoculation, infected leaves were
harvested, vacuum-infiltrated with biotin (100 uM) and
subsequently submerged in biotin (100 uM) for 3 h.
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Figure 5.5 Proximity biotinylation by AtEDS1 in
DM10 A. thaliana.

Streptavidin pull-down and biotinylation of
pEDS1:EDS1:TurbolD-V5 (400) and
pAt2:mCherry:TurbolD-V5 (543) in DM10 A.
thaliana. 2/3-week-old DM10 A. thaliana
TurbolD transgenic lines were sprayed with A.
candida”?V (100,000 oospores/mL). Leaves
were harvested at 6 days post-inoculation,
vacuume-infiltrated with biotin (100 uM), and
submerged in biotin (100 uM) for 3 h. Pull-down
was carried out with streptavidin beads. A small
fraction of the beads was boiled and resolved by
SDS-PAGE to assess sample quality prior to LC-
MS/MS analysis. Biotinylated proteins were
detected by using HRP-conjugated streptavidin
labelling. Bands labelled with a black asterisk (*)
correspond to endogenously biotinylated
proteins. The “A. thaliana” lane corresponds to
non-infiltrated samples, meaning no TurbolD-
tagged baits were expressed and no biotin was
added. It serves as control to show endogenous
biotinylation.

In total, 5,630 proteins were identified across the three repeats, including all proteins detected in

samples from the bait construct EDS1:TurbolD and the mCherry:TurbolD control. Of these, 4,784

133



proteins correspond to A. thaliana and 846 to A. candida”“?V. The number of plant- and pathogen-
related protein detected in this experiment is very similar, if not almost identical, to the total number
of proteins identified in the WRR4A TurbolD experiment described in Chapter 4. Again, the A.
candida”?V proteins accounted for approximately 15% of the total proteins captured. The pathogen-
related proteins (referred to as Ac2V_proteins) that were uniquely detected in the EDS1-containing
samples and absent from the mCherry control samples are summarized in Supplementary Figure 5.5.
In one of these repeats (rep2), A. candida®“?V did not proliferate effectively within the plant tissues,
as indicated by the absence or low number of spectral counts corresponding to pathogen proteins.
However, the first and third repeats showed more pathogen infection, with higher numbers of

spectral counts corresponding to pathogen proteins.

In addition to extracting all the pathogen-related proteins uniquely found with EDS1 (Supplementary
Figure 5.5), an MA plot was created to represent the data (the rationale for using MA plots is
explained in Chapter 4) (Figure 5.6). Overall, sufficient pathogen-related proteins were detected in
this experiment, and dots on the positive end of the Y-axis highlighted in orange represent
Ac2V_proteins that were significantly differentially biotinylated in the EDS1 samples compared to
the mCherry samples (Figure 5.6). The identification numbers of the dots highlighted in orange on
the MA plot and their corresponding p-values are presented in Table 5.3. Interestingly, three CCGs
appeared as potential candidates. CCG82 and CCG31 emerged as potential candidates in the MA
plot analysis (Figure 5.6), and CCG32 was found in the list of Ac2V_proteins uniquely identified with
EDS1 (Supplementary Figure 5.5). CCG82, CCG31, and CCG32 were detected with protein sequence

coverages of 28%, 9%, and 33%, respectively, and with eleven, four, and sixteen peptides identified.

CCG31 does not appear in the list of Ac2V_proteins uniquely identified with EDS1 (Supplementary
Figure 5.5) because it is more abundant (with twelve, two, and sixteen spectral counts detected in
repl, rep2, and rep3, respectively) than CCG82 and CCG32 and it was also detected in the mCherry-
containing samples (with seven spectral counts detected in rep3 only). Although CCG31 was
detected in mCherry samples, it was significantly more biotinylated by EDS1, making it a significant
candidate. On the other hand, CCG32 does not appear in the MA plot analysis (Figure 5.6) because
it is less abundant (with four and three spectral counts detected in repl and rep3, respectively,
Supplementary Figure 5.5) than CCG31 and CCG82. As a result, CCG32 does not emerge as a
significantly differentially biotinylated candidate, even though it is completely absent from mCherry-

containing samples. Finally, CCG82 appears in both the list of Ac2V_proteins uniquely identified with
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EDS1 (Supplementary Figure 5.5) and in the MA plot analysis (Figure 5.6) because it is both abundant
enough (with five and fifteen spectral counts detected in repl and rep3, respectively) and absent
from the mCherry samples. Since some of these Ac2V_proteins are not abundant enough to emerge
as significant candidates, these two methods of extracting information from the raw data are
complementary. These three CCG effectors may potentially target EDS1 to interfere with its signalling
pathways, which could explain why Albugo species are so effective at suppressing TNL-mediated

defense responses.

In addition to these three CCGs, other pathogen proteins were captured, some of which may also
function as effectors. Therefore, all pathogen proteins uniquely detected in samples containing EDS1
(Supplementary Figure 5.5), along with the top Ac2V_proteins identified from the MA plots (Table
5.3), were analysed using SignalP 6.0 to predict the presence of a signal peptide (Table 5.4). Two
additional pathogen proteins were identified as having a predicted signal peptide. However, no
further information was available regarding these two Ac2V_proteins identified through TurbolD
(Table 5.3). These proteins may represent newly identified effectors, though additional experiments

are necessary to validate this.
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mCherry vs EDS1 (Ac2V infection)
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Figure 5.6 TurbolD-based identification of AtEDS1 proximal pathogen interactors.

AtEDS1 proximal pathogen interactors identified by mass spectrometry at 6 days post A. candida®“?V

infection in eds1Ws2 A. thaliana. The MA plot (M versus A plot) displays the relationship between
average protein abundance (A) and the logz(FC) in biotinylation (M). Proteins highlighted in orange
represent the most differentially biotinylated proteins compared to mCherry (logz(FC) > 0 and P-
value < 0.05), while proteins with no significant differences in biotinylation are shown in grey. The
data were normalized using cyclic loess normalization via the edgeR package (Chen et al., 2025).
Proteins with values near 0 on the X-axis correspond to low-abundance proteins, while highly
abundant proteins are located further from 0. Extreme values along the Y-axis represent promising
interactors, and only small changes in biotinylation are sufficient for highly abundant proteins.
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mCherry vs EDS1 (Ac2V infection)
ranked by p-value & log(FC) > 0

Protein p-value log(FC)
Ac2vTS10G116 0.005 2.219
CCG31 0.006 1.604
ccaGs2 0.006 2.249
Ac2vTS7G105 0.008 1.626
Ac2vTS3GT71 0.008 1.026
Ac2vTS42G22 0.013 1.807
Ac2vTS47G308 0.018 1.605
Ac2vTS33G32 0.018 1.024
Ac2vTS9G169 0.021 1.765
Ac2vTS27G121 0.022 1.930
Ac2vTS14G104 0.024 1.655
Ac2vTS55G46 0.025 1182
Ac2vTS39G13 0.026 1.341
Ac2vTS25G106 0.037 1.214
Ac2vTSTG21 0.041 0.699
Ac2vTS2G82 0.049 1.179

Table 5-3 List of the AtEDS1 proximal pathogen
interactors identified at 6 days post A.
candida®*?' infection in DM10 A. thaliana.

Proteins are ranked by P-value < 0.05 and
log(FC) > 0.

Table 5-4 A. candida proteins identified using TurbolD-tagged AtEDS1 that contain a predicted
signal peptide.

Amount all the Ac2V_proteins detected by mass spectrometry, two additional Ac2V_proteins with a
predicted signal peptide were identified with AtEDS1. YES indicates that a signal peptide was
predicted by the SignalP 6.0 software (Teufel et al., 2022).

AtEDS1
Protein: signal peptide (SP)
Ac2vTS14G104 YES
Ac2vTS3G71 YES
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As undertaken for WRR4A with CCG14 and CCG41 in Chapter 4, an in silico prediction was conducted
to assess the potential interaction between CCG31, CCG32, or CCG82, and EDS1 using AlphaFold2
(Jumper et al., 2021). For the structural model, the full-length of these three CCG effectors and EDS1
were used. The software predicted that, among the three CCGs, only CCG82 is highly likely to interact
with EDS1, with an ipTM score of 0.806 (Figure 5.7). Interestingly, the N-terminal interface of EDS1,
which mediates heterodimer formation with its signalling partners SAG101 and PAD4, is predicted
to be targeted by CCG82 (Wagner et al., 2013). This interaction could impair EDS1-SAG101 and/or
EDS1-PAD4 dimerization, potentially disrupting their downstream signalling pathways. In this
prediction, with monomer EDS1, CCG82 does not appear to interfere with the binding of small
molecules within the EP domain (EPD) surface surrounding the cavity formed by the heterodimer,
nor with its association with the helper NLRs ADR1 and NRG1 (Dongus et al., 2022, Huang et al.,
2025, Xiao et al., 2025, Yu et al., 2024).

ipTM = 0.806

pTM = 0.842

CCG82
CCG82 (Nter)

Figure 5.7 TurbolD-identified CCG82 is predicted to
interact with EDS1.

AlphaFold2 prediction of the interaction between
CCG82 ( ) and EDS1 (green). The N-terminal region
of CCG82 is highlighted in white. Predicted interaction
sites between the two proteins are shown as straight
lines, with blue indicating high-confidence predictions
and red indicating low-confidence predictions. The
model displayed corresponds to the highest-scoring
prediction out of the five generated models.
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Subsequently, we simulated whether CCG82 would also be predicted to interfere with EDS1
signalling in the presence of SAG101 and PAD4. To do so, we inputted these three proteins, CCG82
with either EDS1 and SAG101, or EDS1 and PAD4, into AlphaFold2 (Figures 5.8 and 5.9). In both
scenarios, CCG82 was not predicted to disturb the dimerization of EDS1 with either SAG101 or PADA4.
In the presence of SAG101, CCG82 is predicted to interact with EDS1, but when this prediction is
compared to the resolved molecular structure of EDS1-SAG101-NRG1 complex (Xiao et al., 2025, Yu
et al., 2024), its predicted binding site would not impair small molecule binding or the association
with the helper NLR NRG1 (Figure 5.8). Interestingly, in the presence of PAD4, CCG82 is predicted to
primarily interact with PAD4 rather than EDS1, and when this prediction is overlapped with the
published molecular structure of EDS1-PAD4-ADR1 module (Yu et al., 2024), the predicted position
of CCG82 aligns perfectly with the PAD4-ADR1 association site (Figure 5.9). These additional
predictions suggest that CCG82 could specifically target the EDS1-PAD4-ADR1 signalling pathway,
but not the EDS1-SAG101-NRG1 module, by competing for and/or obstructing ADR1’s association
with PAD4. Moreover, according to this prediction, CCG82 appears to target PAD4 instead of EDS1.
Since EDS1 carries the TurbolD at its C-terminal end, this places the enzyme in close proximity to
CCG82’s predicted PAD4 target site. This does not exclude the possibility that CCG82 also interfere
with EDS1 monomer (Figure 5.7), although monomeric EDS1 is likely less abundant in cells compared

to its heterodimerized forms with either SAG101 or PADA4.

ipTM = 0.716 " ipTM = 0.716

EDS1

SAG101 4 “ y v : SAG101

cCcGs2
NRG1

CCG82

Figure 5.8 Prediction of the interaction between CCG82 and the EDS1-SAG101 heterodimer.

AlphaFold2 prediction of the interaction between CCG82 ( ), EDS1 ( ), and SAG101
(light blue). The model shown represents the highest-scoring prediction out of the five generated
models. Predicted interaction sites between CCG82 and EDS1 are indicated by straight lines, with
blue denoting high-confidence predictions, denoting medium-confidence predictions, and
red denoting low-confidence predictions (A). The overlap of the predicted model (A) with the
published molecular structure of the EDS1 (dark green), SAG101 (dark blue), and NRG1 (white)
heterotrimer is presented in (B) (Huang et al., 2025, Xiao et al., 2025).
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ipTM =0.682 | ipTM = 0.682
pTM =0.777 |pTM =0.777

ipTM =0.682 |ipTM = 0.682
pTM =0.777 |pTM =0.777

Figure 5.9 Prediction of the interaction between CCG82 and the EDS1-PAD4 heterodimer.

AlphaFold2 prediction of the interaction between CCG82 ( ), EDS1 ( ), and PAD4 (light
blue). The model shown represents the highest-scoring prediction out of the five generated models,
from either the PAD4 side of the heterodimer (A) or the EDS1 side of the heterodimer (B). Predicted
interaction sites between CCG82 and PAD4 are indicated by straight lines, with blue representing
high-confidence predictions, representing medium-confidence predictions, and red
representing low-confidence predictions (A) and (B). The overlap of the predicted model with the
published molecular structure of the EDS1 (dark green), PAD4 (dark blue), and ADR1 (white)
heterotrimer is presented in (C) and (D) (Yu et al., 2024).

In addition to capturing pathogen-derived proteins, EDS1-proximal plant interactors were also
identified, providing valuable insights into its role during pathogen infection. A total of 4,784 A.
thaliana biotinylated proteins were identified with TurbolD-tagged EDS1 and were bioinformatically
analysed using the same pipeline described in Chapter 4. Volcano plots of the resulting p-values
were generated (Figures 5.10 and 5.11) and the top significant proximal interactors are summarized

in Tables 5.5 and 5.6.
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Most of the identified proximal interactors of EDS1 were shared between A. candida-infected and
uninfected conditions, totalling 187 proteins, while 78 were unique to the infected samples (Figure
5.12). GO-term analysis revealed a prominent presence of chromatin and transcriptional regulators
in proximity to EDS1, which are typically involved in transcriptional processes (Figure 5.13). Notably,
none of these proteins were found in proximity to any of the NLRs examined in Chapter 4, including
Rpi-amrl, Rpi-amr3, or WRR4A®"C, For instance, CHROMATIN REGULATOR 28 (CHR28) was found
near EDS1 (Tables 5.5 and 5.6); CHR28 is involved in chromatin remodelling and negative regulation
of transcription. Mutants of CHR28 show increased transcript levels, suggesting that it typically
functions to suppress transcription, thus playing a role in regulating gene expression (Han et al.,

2014).

It is well established that EDS1 forms spatially distinct complexes with two related lipase-like
proteins, SAG101 and PAD4, to mediate plant immunity (Feys et al., 2001, Feys et al., 2005). As such,
these proteins serve as positive controls in this experiment. As anticipated, SAG101 and PAD4
exhibited the highest biotinylation levels among all EDS1 proximal interactors, a pattern that was
consistent regardless of pathogen infection (Tables 5.5 and 5.6). Furthermore, EDS1-PAD4 and EDS1-
SAG101 heterodimers activate the “helper” RNLs ADR1 and NRG1, respectively (Dongus et al., 2022).
Interestingly, the N-terminally truncated ADR1-L3 was identified as a significantly biotinylated
proximal interactor with EDS1 only upon infection (Table 5.6). Similar to NRG1.3, ADR1-L3 lacks the
N-terminal RPW8 domain. However, in contrast to NRG1.3, ADR1-L3 retains the full NB domain.
Unlike NRG1.3, which has been reported to antagonize the immunity mediated by its full-length
counterparts NRG1.1 and NRG1.2 (Huang et al., 2025, Xiao et al., 2025), ADR1-L3 does not appear
to play a role in TNL-mediated autoimmunity and defense (Wu et al., 2022). Therefore, it is intriguing
to observe ADR1-L3 emerging as a promising candidate in this context. A few spectral counts
corresponding to ADR1-L1 (with three, two, and two spectral counts in repl, rep2, and rep3 of
infected tissues, respectively, as well as five and two spectral counts in repl and rep2 of uninfected
tissues) and to NRG1.1 (with two spectral counts in repl of uninfected tissues) were detected.
However, ADR1-L1 and NRG1.1 do not appear in the list of significant proximal interactors, as their
total spectral counts are too low. The detection of a few spectral counts corresponding to NRG1.1
and ADR1-L1 in both uninfected and infected samples is inconsistent with the infection-dependent
association of RNLs with the EDS1-SAG101 or EDS1-PAD4 heterodimers (Feehan et al., 2023, Sun et
al., 2021). However, TurbolD is more sensitive than traditional PPl techniques, which could explain

why NRG1.1 and ADR1-L1 were detected in both uninfected and infected plant tissues in our
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experiment. This suggests that the interactions between these RNLs and lipase-like proteins may be
low in abundance and/or transient, enabling rapid downstream signalling and activation of defense
responses, in contrast to the relatively strong and stable interactions observed between the lipase-

like proteins themselves.

The transcription factor WRKY2 was identified as a significantly biotinylated proximal interactor with
EDS1, but only upon infection (Table 5.6). Its potential role in immunity was previously discussed in

Chapter 4, where a few spectral counts were captured in the presence of the TNL WRR4A®°H0,

MEDIATOR COMPLEX SUBUNIT 14 (MED14), a component of the Arabidopsis Mediator complex that
functions as a transcriptional coactivator in RNA polymerase || (RNAPII)-mediated transcription, was
found to be in proximity to EDS1 in both uninfected and A. candida-infected tissues (Tables 5.5 and
5.6). It has been reported to positively regulate plant immunity (Zhang et al., 2013). Mutants lacking
MED14 were shown to be more susceptible to Pseudomonas syringae DC3000, exhibiting
compromised salicylic acid (SA) responsiveness and impaired induction of systemic acquired
resistance (SAR). Furthermore, it was also shown that MED14 positively influences immune
responses by regulating key defense genes, such as EDS1, ICS1, PAD4, and SAG101, all of which are
critical for plant defense (Zhang et al., 2013). EDS1 may stabilize MED14 protein levels, while MED14,

in turn, sustains EDS1 expression during pathogen infection.

Surprisingly, multiple molecular players positively regulating the expression of the major flowering
repressor locus FLOWERING LOCUS C (FLC) and, consequently, the timing of flowering in Arabidopsis,

were specifically detected in A. candida-infected tissues in close proximity to EDS1 (Table 5.6):

- SUPPRESSORS OF MEC-8 AND UNC-52 1 (SMU1): A conserved subunit of the spliceosomal B
complex and key player in cold-induced processing of the long noncoding RNA, collectively called
COOLAIR, which suppresses the flowering repressor gene FLC (Long et al., 2024). Cold exposure
triggers the production of COOLAIR isoforms through the action of SMU1, which are necessary for

proper regulation of FLC and thereby modulates the timing of flowering in Arabidopsis.
- EARLY FLOWERING 7 (ELF7): A component of the Pafl complex, which is required for the

recruitment of histone modification and chromatin remodelling factors, as well as small RNA-

mediated gene silencing, and plays a role in regulating the transcription of the flowering repressor
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FLC. Mutations in ELF7 result in early flowering, as FLC expression is repressed in elf7 mutants (Cao

et al., 2015, He et al., 2004).

- ENHANCED SILENCING PHENOTYPE (ESP) proteins, including ESP3 and ESP4: These cofactors are
involved in RNA splicing and interact with the CLEAVAGE POLYADENYLATION SPECIFICITY COMPLEX
(CPSF), a key factor in RNA cleavage and polyadenylation. Mutants of ESP4 and ESP5 display early
flowering, suggesting that defects in RNA processing accelerate flowering time, potentially through

enhanced RNA silencing mechanisms (Herr et al., 2006).

- LYSINE-SPECIFIC DEMETHYLASE 1-LIKE 3 (LDL3): A major H3K4me2 demethylase involved in co-
transcriptional demethylation, playing a role in removing the H3K4me2 histone modification from
active genes. In the /dI3 mutant, FLC is expressed at lower levels due to a reduction in H3K4me2,
promoting earlier flowering. LDL3 works by binding to phosphorylated RNAPII and regulating the

chromatin landscape at the FLC locus (Mori et al., 2023).

In summary SMU1, ELF7, LDL3, ESP3, and ESP4 all interact with transcriptional or chromatin
processes to positively regulate FLC expression, which represses flowering. These factors influence
flowering through mechanisms such as RNA splicing, transcription termination, chromatin
modification, and RNA processing. The integration of these processes enables plants to respond to
environmental signals and regulate their developmental timing, particularly flowering. This set of
proximal interactors suggests that EDS1 may play a role in either enhancing or inhibiting flowering
in infected plants, ensuring reproduction occurs before the plant potentially succumbs to disease,
or prioritizing immunity. It may achieve one of these outcomes by disrupting or activating a broad
range of positive regulators of FLC, thereby lifting or maintaining the FLC-mediated repression of

flowering genes.

Proteins involved in modulating the coordination of growth and immunity were also identified in the

vicinity of EDS1.

Notably, CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), was found to be specifically localized near
EDS1 in uninfected tissues (Table 5.5). Both COP1 and DE-ETIOLATED 1 (DET1) are key regulators of
light signalling pathways that negatively regulate immunity, playing an essential role in immune

modulation in response to photoperiod and temperature changes (Gangappa and Kumar, 2018). It
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has been demonstrated that defense gene expression and disease resistance are strongly influenced
by day length, with the transcription factor PHYTOCHROME INTERACTING FACTOR 4 (PIF4), a
downstream target of COP1 and DET1, serving as a central regulator. Moreover, PIF4 has been shown
to suppress immunity under short photoperiods, while COP1 and DET1 are critical for the
suppression of defense responses at elevated temperatures. Collectively, these findings suggest that
the DET1-COP1-PIF4 module acts as a central hub for coordinating growth and immunity in response
to seasonal signals (Gangappa and Kumar, 2018), with EDS1 potentially playing a role in maintaining

developmental processes and inhibiting defense responses in the absence of pathogens.

On the other hand, RETINOBLASTOMA-RELATED 1 (RBR1) was specifically identified in the proximity
of EDS1 upon A. candida infection (Table 5.6). RBR1 has been shown to undergo
hyperphosphorylation during ETI, leading to the over-activation of the core cell-cycle regulator, E2F
transcription factor. This results in programmed cell-death (PCD) instead of normal cell-cycle
progression (Wang et al., 2014). e2f mutants display compromised ETI responses induced by both
TNL and CNL classes of immune receptors. This impairment is likely due to CYCLIN-DEPENDENT
KINASE INHIBITORS (CKls)-mediated hyperphosphorylation of RBR1. These findings suggest that
canonical cell-cycle regulators, like RBR1, also have noncanonical roles in plant immunity (Zebell and
Dong, 2015). EDS1 may be involved in this cell-cycle-related signalling pathway to initiate the

reallocation of energy from growth to defense.

Finally, SUPPRESSOR OF ACTIVATED PROTEIN KINASE 3B (SAC3B) was identified in close proximity to
EDS1, a component of the mRNA export complex TREX-2 (transcription/export), which facilitates the
transport of mMRNA from the nucleus to the cytoplasm. SAC3B plays a role in preventing gene
silencing in Arabidopsis and is involved in small RNA biogenesis and chromatin methylation, which
are essential processes for gene regulation (Yang et al.,, 2017b). The function of SAC3B can be
disrupted by the fungal pathogen Verticillium dahliae, which produces an effector that interferes
with the export of the AGO1-microRNA complex, a crucial component of post-transcriptional gene
silencing (Zhu et al., 2022). By blocking this export, the effector suppresses miRNA function,
weakening the plant's immune response and promoting pathogen infection. EDS1 may be involved

in the export of certain immune-related mRNAs through this complex.
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Figure 5.10 TurbolD-based identification of AtEDS1 proximal plant interactors in DM10 A. thaliana
without A. candida®“? infection.

Proteins highlighted in orange were considered as AtEDS1 proximal plant interactors if they exhibited
a 2-fold change increase in biotinylation compared to mCherry and had a statistically significant
difference (P-value < 0.05). Proteins with no significant difference in biotinylation are shown in grey.
The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log2(fold change) of —1
and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their identification
numbers. Proteins with a total spectral count below 50 were excluded from the analysis. Statistical
significance was determined using Fisher’s Exact Test, implemented in the edgeR package (Chen et

al., 2025).
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Table 5-5 List of the AtEDS1 proximal plant interactors identified in DM10 A. thaliana without A.
candida”?V infection.

Proteins are ranked by P-value and log(FC) > 3.

Protein P-value | log(FC) Description
AT5G14930 3.42E-32 | 9.238 |SAG101
AT3G52430 2.28E-20 | 7.984 |PAD4
AT2G28360 4.21E-19| 3.892 |SIT4 phosphatase-associated family protein
AT3G48090 1.59E-16 | 4.285 |EDS1
AT5G07970 966E-14 | 7.008 SYS2, identified as a specific subunit of SYD-associated SWI/SNF (SAS)
complexes
AT5G18590 1.41E-12 6.9 galactose oxidase/kelch repeat superfamily protein
AT5G07940 6.41E-12 | 3.102 iZSr;qu,)lfxzr;tlfled as a specific subunit of SYD-associated SWI/SNF (SAS)

MED14, encodes a protein with similarities to subunits of the Mediator
AT3G04740 1.09E-10 | 3.431 |complex, required for RNA polymerase Il recruitment at target
promoters in response to specific activators

ESP4, encodes a Symplekin/Ptal homologue which would have the
potential to interact with either ESP1 or AtCstF64

CHR28, encodes a member of the SNF2 family of helicase-like proteins

AT5G01400 4.83E-10| 3.983

AT1G50410 112809 3.703 and is involved in RNA-directed DNA methylation
COP1, represses photomorphogenesis and induces
AT2G32950 1586-09 | 3.494 skotomorphogenesis in the dark, contains a ring finger zinc-binding

motif, a coiled-coil domain, and several WD-40 repeats, similar to G-beta
proteins

FAB1A, encodes a protein that is predicted to act as a 1-
AT4G33240 1.58E-09 | 3.494 |phosphatidylinositol-3-phosphate (PtdIns3P) 5-kinase based on its
homology to Fabl from yeast

SAC3B, encodes a component of the conserved TREX-2 complex that

AT3G06290 1.148-08| 3.571 couples mRNA transcription with nucleo-cytoplasmic export
AT5G38840 3.78E-08 | 3.473 |SMAD/FHA domain-containing protein

AT1G13120 4.03E-08 | 3.937 |GLE1, nucleoporin GLE1-like protein

AT3G63500 1.69E-06 | 3.162 OBE4, encodes a PHD-finger protein that, with TTA2, is redundantly

required for MP-dependent embryonic root meristem initiation
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Figure 5.11 TurbolD-based identification of AtEDS1 proximal plant interactors at 6 days post A.

candida”“?V infection in DM10 A. thaliana.

Proteins highlighted in orange were considered as AtEDS1 proximal plant interactors if they exhibited
a 2-fold change increase in biotinylation compared to mCherry and had a statistically significant
difference (P-value < 0.05). Proteins with no significant difference in biotinylation are shown in grey.
The grey dotted threshold lines indicate a P-value of 0.05 (horizontal) and a log2(fold change) of —1
and 1 (vertical). The top 10 significantly biotinylated proteins are labelled with their identification
numbers. Proteins with a total spectral count below 50 were excluded from the analysis. Statistical
significance was determined using Fisher’s Exact Test, implemented in the edgeR package (Chen et

al., 2025).
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Table 5-6 List of the AtEDS1 proximal plant interactors identified at 6 days post A. candida”®V
infection in DM10 A. thaliana.

Proteins are ranked by P-value and log(FC) > 3.

Protein P-value | log(FC) Description
AT3G48090 1.46E-75 4,741 |EDS1
AT3G52430 3.34E-33 8.411 |PAD4
AT5G14930 1.4E-29 5.948 |SAG101

NLR gene, together with AT5G47280 controls broad-spectrum quantitative

AT5G47260 4.77E-18 7:507 partial resistance to the root pathogen P. brassicae

CHR2, encodes a SWI/SNF chromatin remodelling ATPase that upregulates
AT2G46020 3.58E-17 3.114 |transcription of all three CUC genes and is involved in the formation and/or
maintenance of boundary cells during embryogenesis

SYS1, identified as a specific subunit of SYD-associated SWI/SNF (SAS)
complexes

AT5G07940 8.75E-17 3.393

MED14, encodes a protein with similarities to subunits of the Mediator
AT3G04740 1.46E-16 4,771 |complex, required for RNA polymerase Il recruitment at target promoters in
response to specific activators

AT4G25520 1.71E-16 3.629 |SLK1, SEUSS-like 1

CHR28, encodes a member of the SNF2 family of helicase-like proteins and is
involved in RNA-directed DNA methylation

SIN3, enhances AtERF7-mediated transcriptional repression, RNAi lines show
ABA hypersensitivity, interacts with ERF7 and HDA19

AT5G47280 3.31E-15 7.137 |ADR1-L3

LDL3, FAD-dependent lysine-specific histone demethylase involved in the
control of flowering time, major H3K4me2 demethylase

SYS2, identified as a specific subunit of SYD-associated SWI/SNF (SAS)
complexes

AT3G07790 4.87E-14 7.041 |DGCR14-like protein

AT1G73720 7.39E-14 3.566 |SMUL1, a protein involved in RNA splicing

AT5G56270 3.65E-13 6.936 |WRKY2, encodes WRKY transcription factor 2, a zinc-finger protein
AT1G03280 5.17E-13 4.346 |transcription initiation factor TFIIE subunit alpha

PHD2, PHD protein which cooperates with AIPP2 and BAH domain protein
AIPP3 to read H3K4 histone marks

JAM1, encodes a nuclear localized BLH domain containing transcriptional
activator involved in response to ABA

AT3G51120 8.78E-13 3.214 |ATC3H44, zinc finger CCCH domain-containing protein 44

RBR1, encodes a retinoblastoma homologue RETINOBLASTOMA-RELATED
protein (RBR or RBR1)

AT2G47330 1.84E-12 3.827 |P-loop containing nucleoside triphosphate hydrolases superfamily protein

AT1G50410 2.15E-16 3.898

AT1G24190 8.61E-16 7.206

AT4G16310 4.63E-15 4.148

AT5G07970 9.73E-15 4.432

AT5G16680 6.45E-13 4.225

AT2G46510 7.13E-13 6.909

AT3G12280 1.8E-12 4.301

SPA1, encodes a member of the suppressor of phyA-105 protein family (SPA1-
SPA4)

AT5G15020 1.1E-11 3.402 |SNL2, encodes a homolog of the transcriptional repressor SIN3

ESP4, encodes a Symplekin/Ptal homologue which would have the potential
to interact with either ESP1 or AtCstF64

ELF7, encodes a PAF1 homolog that is involved in the control of flowering time
AT1G79730 2.56E-10 3.999 |by elevating FLC expression to a level that creates the vernalization-
responsive, winter-annual habit

AT4G18130 4.64E-10 3.536 |PHYE, member of Histidine Kinase

ESP3, encodes a homolog of the yeast PRP2 protein, one of four related DEAH
RNA helicases identified as essential cofactors for RNA splicing

AT2G46340 1E-11 3.468

AT5G01400 7.27E-11 4.026

AT1G32490 4.64E-10 3.535
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UBP26, encodes a ubiquitin-specific protease which catalyzes

AT3GA49600 8.04E-10 3.056 deubiquitination of histone H2B and is required for heterochromatin silencing
SAC3B, encodes a component of the conserved TREX-2 complex that couples

AT3G06290 1 34E-09 3182 mRNA Franscrlpt.lon W.Ith nuclgo-cy./toplasmlc expo.r.t, that is _reqwred for
prevention of epigenetic gene silencing and has additional roles in regulating
siRNAs and DNA methylation

AT5G20610 9 62E-09 3364 PMI'Rl, encodes a member of a plant specific C2 domain containing gene
family

AT5G13010 1.07E-08 3128 'CUV,'encod.es a nuc.Iear localized DEAH-box containing protein that is involved
in miRNA biogenesis

AT1G15780 5 S6E-08 397 MED15A, mediator of RNA polymerase Il transcription subunit 15a-like

protein

EDS1
no infection

EDS1
infection

Figure 5.12 Most AtEDS1 proximal plant
interactors are shared between
uninfected and infected tissues.

Proteins were considered as proximal
plant interactors for each treatment if
they showed at least a 1-fold change
increase in biotinylation compared to
mCherry and a statistically significant
difference (P-value < 0.05). Proximal plant
interactors for each treatment were
compared to generate a Venn diagram.
The pink gradient corresponds to counts
ranging from a lower to higher number of
proteins.
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Figure 5.13 GO-term enrichment analysis of AtEDS1 proximal plant interactors.

Gene ontology (GO) categories analysed included biological process (A), cellular component (B) and
molecular function (C). GO terms within each category were ranked in descending order of
significance (P-value < 0.05) and visualized by count (represented by circle size). The analysis
compared proteins that were significantly enriched during infection and in proximity to AtEDS1 with
all Arabidopsis proteins detected by mass spectrometry.

5.3 Discussion

After establishing the experimental conditions to capture native CCG effectors from A. candida using
the TurbolD-tagged TNL WRR4A®"0 in Arabidopsis transgenic lines, as described in Chapter 4, we
applied this system to test whether some CCGs might target EDS1, which play a central role in TNL

signalling.

We detected three promising CCG candidates, CCG82, CCG31 and CCG32, that could potentially
interfere with EDS1 functions (Figure 5.6 and Supplementary Figure 5.5). In Redkar et al. (2023),
several CCG candidates were cloned and tested in high-throughput transient screens to identify
effectors recognized by the broad-spectrum NLRs WRR4A and WRR4B. CCG82 and CCG31 were part
of that screen and were found not to be recognized by these TNLs, which supports the hypothesis
that they might evade NLR recognition and target EDS1. Furthermore, the potential interactions
between CCG82, CCG31, CCG32, and EDS1 were evaluated using AlphaFold2. Among these predicted

interactions, only CCG82 was identified as potentially interacting with EDS1 at its N-terminal
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interface, which is involved in dimerization with either SAG101 or PAD4 (Wagner et al., 2013) (Figure
5.7). The predicted interaction between CCG82 and EDS1 was then tested in the presence of EDS1’s
signalling partners, SAG101 and PAD4 (Figures 5.8 and 5.9). In the presence of SAG101, CCG82 was
still predicted to bind to EDS1, without disrupting any of the EDS1-SAG101 heterodimer signalling
functions (Huang et al., 2025, Xiao et al., 2025) (Figure 5.8). However, when PAD4 was present,
CCG82 was predicted to bind to PAD4 instead of EDS1, with its binding site perfectly matching the
site where ADR1 associates with PAD4 (Yu et al., 2024) (Figure 5.9). Thus, CCG82 may specifically
interfere with the EDS1-PAD4-ADR1 signalling complex by out-competing ADR1 for binding to PADA4.

However, further experiments are needed to test this hypothesis.

According to Furzer et al. (2022), like the two CCGs, CCG14 and CCG41, identified in the WRR4A°-0
TurbolD experiment (see Chapter 4), CCG82 and CCG31 belong to the early-expressed CCGs
(expression cluster number 7), which are primarily expressed at 2 and 4 dpi. Among the five CCGs
detected in total with our TurbolD approach, only CCG32 is part of the late-expressed CCGs
(expression cluster number 1), which begin being expressed at 4 dpi and continue up to 8 dpi.
Therefore, this system seems to mainly capture early-expressed effectors, although more
experiments with additional time points are needed to establish a clear pattern (only the 6 dpi time

point was explored here).

In addition to identifying effectors recognized by NLR proteins (see Chapter 4), this approach also
appears capable of identifying effectors that target susceptible host proteins or those involved in
important downstream signalling hubs responsible for activating defense responses. Since we have
also generated Arabidopsis TurbolD transgenic lines for other signalling components, including
SAG101, PAD4, NRG1.2 and ADR1-L1, which are signalling partners of EDS1, it would be interesting
to perform this experiment with these proteins to gain a more comprehensive overview of the extent
to which this essential signalling platform may be targeted by effectors. Additionally, these
transgenic lines could be infected with other plant pathogens to determine whether their potential
targeting is a common feature or specific to Albugo species. Ultimately, this could enhance our
understanding of pathogen virulence by defining the core set of effectors required for pathogenicity
and, consequently, identifying the key plant immune components necessary to trigger defense

mechanisms.
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Pathogen infection in plants triggers large-scale transcriptional changes, with EDS1 heterodimers
being recruited by TNLs to activate resistance pathways. However, the exact mechanisms by which
NLRs converge on transcriptional reprogramming, and how the balance between maintaining
growth, triggering flowering, and activating immunity is regulated, remains to be elucidated. Indeed,
both flowering and immunity are energy-consuming processes that must be tightly controlled and
balanced with developmental processes. Given that several key players in these signalling pathways
were detected in proximity to EDS1 (Tables 5.5 and 5.6), it is possible that EDS1 serves as an
important hub, linking these processes and regulating the transition from developmental and/or

flowering stages to defense responses.

Interestingly, many of the identified proximal interactors of EDS1 were found to localize to the
nuclear pore complex (NPC), whose local and global associated proteome was recently characterized
using TurbolD (Tang et al., 2024). These EDS1 proximal interactors include mRNA splicing and
processing regulators such as SMU1 and ESP4, mediators like MED14 and MED15, the transcription
regulator SLK1, histone modifiers LDL3 and SNL2, chromatin remodelers CHR2, CHR28, PHD2 and
RBR1, as well as nuclear mRNA exporters SAC3B and GLE1, all localized in the nucleoplasm. In
contrast, the translation regulatory machineries are recruited on the cytoplasmic side. The NPC is
vital for nucleocytoplasmic communication, and the Tang et al. (2024) study underscores its
significant role in orchestrating gene expression regulation, beyond simply serving as a conduit for
cargo transport. Therefore, EDS1-mediated transcriptional reprogramming in response to pathogen
attacks may involve the NPC. Moreover, it has been reported that the plant NPC central barrier
undergoes phase separation, a critical process that determines NPC permeability. This mechanism
regulates the selective nucleocytoplasmic transport of immune regulators, such as MPK3, which

contributes to resistance against Botrytis cinerea (Wang et al., 2023).

Surprisingly, several positive regulators of the major flowering repressor locus FLC, which is involved
in repressing flowering, were identified through TurbolD-tagged EDS1. These proximal interactors
include ESP4, ESP3, ELF7, LDL3, and SMU1 (Table 5.6). It has been shown that the Y-complex
(Nup107-160 complex), a subcomplex of the NPC, modulates FLC transcription by tethering the locus
at the nuclear periphery and altering its histone modification (Huang et al., 2024b). Additionally, it
was demonstrated that Y-complex nucleoporins interact with RNA polymerase Il, increasing its

occupancy at the FLC locus and facilitating its transcription. Therefore, our EDS1 TurbolD dataset
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suggests that EDS1 could be involved in inhibiting flowering processes, thereby allocating energy

toward defense rather than reproduction.

The link between flowering time and pathogen defense has been explored using the A. thaliana and
the fungal pathogen Fusarium oxysporum (Lyons et al., 2015). The study found that F. oxysporum
infection delays flowering in A. thaliana, and late-flowering mutants exhibited increased resistance
to the pathogen. However, this association was independent of vernalization and the flowering
repressor FLC. Through RNA-seq, the authors further explored the mechanism underlying enhanced
resistance in late-flowering mutants and identified flowering-time genes responsive to F. oxysporum
infection. Notably, the photoperiodic pathway regulator GIGANTEA (Gl) was found to promote

susceptibility to the pathogen.

Moreover, two studies conducted simultaneously in rice found that a pair of E3 ubiquitin ligases
enhanced immunity by negatively controlling flowering (Xu et al., 2024, Yi et al., 2024). AvrPiz-t-
INTERACTING PROTEIN 6 (APIP6) forms homo- or hetero-oligomers with IDEAL PLANT
ARCHITECTURE 1 INTERACTOR 1 (IPI1) to target two rice homologs of the flowering regulator EARLY
FLOWERING 3 (ELF3) for degradation via the 26S proteasome, thereby regulating both rice immunity
and flowering. Surprisingly, overexpression of IPI1 in Nipponbare resulted in significantly late-
flowering phenotypes, similar to the elf3-1 mutant, which also enhances resistance against the rice
blast fungus Magnaporthe oryzae (Xu et al., 2024). In contrast, IPI4 knockout plants displayed early
flowering phenotypes and compromised resistance to the rice pathogen (Yiet al., 2024). It was found
that IPI1 and APIP6 synergistically modulate the degradation of OsELF3s, fine-tuning blast disease
resistance by targeting OsELF3-2, while IPI1 controls both disease resistance and flowering by
targeting OsELF3-1, a paralog of OsELF3-2. These studies uncovered a molecular mechanism that

balances rice immunity and flowering.

Finally, COP1, which regulates light signalling pathways and negatively affects immunity, was
identified as a proximal interactor of EDS1 when no pathogens are present (Table 5.5). COP1 and
DET1 influence defense gene expression and disease resistance through the transcription factor PIF4,
which suppresses immunity under short photoperiods and helps suppress defense responses under
high temperatures (Gangappa and Kumar, 2018). Thus, COP1, DET1, and PIF4 form a central module
that coordinates growth and immunity, with EDS1 potentially helping to regulate these processes in

the absence of pathogens. In contrast, upon infection with A. candida, RBR1 was found near EDS1
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(Table 5.6). Unlike COP1, RBR1 is involved in the cell cycle, and its hyperphosphorylation during
immune responses leads to programmed cell death instead of normal cell-cycle progression (Wang
et al.,, 2014). EDS1 may play a role in this cell-cycle-related signalling, reallocating energy from

growth to defense during immune responses.

The mechanism by which EDS1 contributes to TIR-NLR-dependent elevation of mRNA levels for key
defense genes such as SARD1, ICS1 and FMO1, remains mysterious. It is questionable whether this
role can be solely due to its promotion of ADR1 or NRG1 oligomerization and association with plant
membranes to form calcium channels. Taken together, these proximal interactors identified through
TurbolD suggest that EDS1 may also elevate transcription via its interactions with the host plant
transcriptional and RNA processing machinery. It would be interesting to use the SAG101 and PAD4
TurbolD transgenic lines to determine whether these proximal interactors are involved in the EDS1-

SAG101 or the EDS1-PAD4 heterodimer signalling pathways.

5.4 Supplementary figures
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Supplementary Figure 5-1 Protein expression of the A. thaliana
TurbolD transgenic lines in the T3 generation — part 1.

Western blot of pEDS1:EDS1:TurbolD-V5 (400),
pSAG101:SAG101:TurbolD-V5 (516), pPAD4:PAD4:TurbolD-V5 (467),
pNRG1.2:NRG1.2:TurbolD-V5 (464), 355:WRR4A":TurbolD-V5 (584)
in 4/5-week-old eds1-12, sag101-2, pad4-1, nrgl-a/b and eds1Ws? A.
thaliana plants. Lysates were resolved by SDS-PAGE and bands were
visualized by anti-V5 antibody labelling.
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Supplementary Figure 5-2 Protein expression of the A. thaliana
TurbolD transgenic lines in the T3 generation — part 2.

Western blot of pEDS1:EDS1:TurbolD-V5 (400),
pSAG101:SAG101:TurbolD-V5 (465), pPAD4:PAD4:TurbolD-V5 (467),
35S:ADR1-L1:TurbolD-V5 (579), pNRG1.2:NRG1.2:TurbolD-V5 (464),
pAt2:mCherry:TurbolD-V5 (543), p35S:mCherry:TurbolD-V5 (433) and
pAt2:NLS-GFP:TurbolD-V5 (544) in 4/5-week-old DM10 A. thaliana
plants. Lysates were resolved by SDS-PAGE and bands were visualized
by anti-V5 antibody labelling.
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I Hpa *™"? infection (50,000 oospores/mL; 10 dpi) |

l Rep1l |
1 2 3 4 5
Col-0 100%
eds1-12 5% 95%
EDS1:Th-V5 #12-1 100%
EDS1:Th-V5 #13-1 100%
[ Rep2
1 2 3 4 5
Col-0 100%
eds1-12 2.5% 2.5% 5% 90%
EDS1:Th-V5 #12-1 100%
EDS1:Th-V5 #13-1 100%
[ Rep3
1 2 3 4 5
Col-0 100%
eds1-12 2.5% 5% 92.5%

EDS1:Th-V5 #12-1 100%
EDS1:Th-V5 #13-1 100%

1: no leaves infected

2: 1 leaf infected and less than 5 spores

3: 1 leaf infected and more than 5 spores

4: 2 leaves infected and less than 5 spores

5: 2 or more leaves infected and more than 5 spores

Supplementary Figure 5-3 AtEDS1:TurbolD-V5
confers resistance to Hpa in A. thaliana eds1-12.

Quantification of Hpa isolate Emoy2 growth on T3
14-day-old A. thaliana seedlings at 10 dpi (5.10%
spores/mL) by counting conidiospores. Wild-type
Col-0 A. thaliana accession infected with Hpatm°y?
is fully resistant. Indeed, the Arabidopsis R gene
RPP4 confers resistance to Hpatf™®¥? (van der
Biezen et al., 2002). The growth of the pathogen
was evaluated according to five categories from 1
to 5: 1 corresponding to no infection, and 5 to
strongly infected seedlings. For each genotype,
conidiospores were counted on 40 seedlings.
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Ws-2 (1 dpi, 0.2 OD)

A: PfO carrying AVrRps4EEAA
B: PfO carrying AvrRps4

Supplementary Figure 5-4 Confirmation of the eds1Vs? A.
thaliana mutant background.

HR assays by PfO-infiltration at ODgoo = 0.2 in 4/5-week-old A.
thaliana leaves at 1 dpi. These two PfO strains are either delivering
the unrecognized Pseudomonas type Il effector AvrRps4tEAA (A)
(Ma et al., 2018) or the recognized AvrRps4 (B). PfO carrying
AvrRps4 infiltration shows HR in wild-type Ws-2 leaves. Indeed, the
effector protein AvrRps4 is recognized by the Arabidopsis NLR pair
RPS4/RRS1 (Le Roux et al., 2015, Sarris et al., 2015). Each leaf
corresponds to an individual (10 plants were used per treatment).
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mCherry vs EDS1 (Ac2V infection)

spectral count of Ac2V_proteins > 2 & present in EDS1 but not in mCherry

Protein rep 1 rep 2 rep 3 Total spectral counts
CCG82 5 NA 15 20
Ac2vTS10G116 7 NA 10 17
Ac2vTS27G121 4 NA 6 10
AC2vTS4G145 8 NA 2 10
Ac2vTS42G33 7 NA 2 9
Ac2vTS94G55 3 NA 5 8
Ac2vTS8G249 3 NA 5 8
AC2vT$112G37 4 NA 3 7
Ac2vTS29G162 3 NA 4 7
CCG32 4 NA 3 7
AC2vTS82G21 4 NA 3 7
AC2vTS8G116 2 NA 4 6
Ac2vTS5G197 4 NA 2 6
Ac2vTS34G12 (+1) 4 NA 2 6
AC2vTS23G16 2 NA 3 5
AC2vTS54G88 2 NA 3 5
Ac2vTS7G187 2 NA 3 5
Ac2vTS66G26 2 NA 3 5
Ac2vTS47G59 2 NA 3 5
Ac2vTS55G34 3 NA 2 5
Ac2vTS13G327 2 NA 3 5
Ac2vTS13G365 2 NA 3 5
Ac2vT54G221 3 NA 2 5
AC2vTS22GT71 NA 2 2 4
Ac2vTS51G95 2 NA 2 4
Ac2vTS5G53 2 NA 2 4
Ac2vTS1GT4 2 NA 2 4
Ac2vTS17G128 2 NA 2 4
Ac2vTS153G12 2 NA 2 4
Ac2vTS80G107 2 NA 2 4
Ac2vT$139G5 2 NA 2 4
Ac2vTS12G155 2 NA 2 4
Ac2vTS82G23 2 NA 2 4

Supplementary Figure 5-5 List of proximal
pathogen proteins identified with AtEDS1 at
6 days post A. candida®“?V infection in DM10
A. thaliana.

Proteins are ranked by total number of
spectral counts across the three replicates,
with a minimum of two spectral counts
detected by mass spectrometry for each
protein. Only proteins uniquely detected in
the AtEDS1 samples, but absent from
mCherry control samples, are included.
Results from each experimental replicate are
shown.
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I Transgenic A. thaliana T3 homozygote seedlings (7-9 days old): ‘

433 #10 in Col-0 433 #1 in DM10 543 #19 in DM10 544 #4 in DM10

400 #2 in DM10 400 #4 in DM10

579 #7 in DM10 579 #9 in DM10
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465 #1 in DM10 465 #7 in DM10

Supplementary Figure 5-6 Identification of T3 homozygote A. thaliana TurbolD
transgenic lines by BASTA selection.

Seeds of pEDSI1:EDS1:TurbolD-V5 (400), pSAG101:SAG101:TurbolD-V5 (465),
pPAD4:PAD4:TurbolD-V5 (467), 35S:ADR1-L1:TurbolD-V5 (579),
pNRG1.2:NRG1.2:TurbolD-V5 (464), 35S:WRR4A"C:TurbolD-V5 (584),
pAt2:mCherry:TurbolD-V5 (543), p35S:mCherry:TurbolD-V5 (433) and pAt2:NLS-
GFP:TurbolD-V5 (544) in DM10, eds1-12, sag101-2, pad4-1, nrgl-a/b, eds1Vs?
and Col-0 A. thaliana backgrounds were sown on BASTA selection plates. The
individuals showing 100% resistance to the antibiotic were selected and will be
used to carry out TurbolD experiments.
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Chapter 6

TurbolD-mediated identification of NRC class helper NLRs

activation through transient interaction with sensor NLRs
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6. TurbolD-mediated identification of NRC class helper NLRs activation through

transient interaction with sensor NLRs

6.1 Introduction

6.1.1 The NRC network consists of sensor and helper NLRs

Many plant NLRs have functionally specialized to sense pathogen effectors and are referred to as
“sensor” NLRs, while others specialize in executing immune signalling and are known as “helper”

NLRs.

Some plant NLRs combine both sensing and signalling functions, and are therefore classified as
“singleton” NLRs (Adachi et al., 2019b). For instance, the wheat singleton CNL Sr35 directly
recognizes its cognate effector and mediates immune signalling through homo-oligomarization and
complex formation, independent of other NLRs (Forderer et al., 2022, Zhao et al., 2022). Beyond
singleton NLRs, many plant NLRs have functionally specialized to either sense pathogen effectors
(sensor NLRs) or execute immune signalling (executor NLRs), often working together in pairs. For
example, the rice sensor CNLs RGA5 and Pik-1 are genetically linked to and divergently transcribed
from their respective executor CNLs, RAG4 and Pik-2 (Ashikawa et al., 2008, Okuyama et al., 2011).
These sensor-executor NLR pairs form heterocomplexes to trigger immune signalling (Césari et al.,
2014, Zdrzalek et al., 2020). Finally, some NLRs act as helper NLRs, serving as signalling hubs for
multiple sensor NLRs. These helper NLRs create a complex network architecture that extends
beyond the typical one-to-one relationship of NLR pairs, facilitating the activation of downstream

immune responses (Adachi et al., 2019b).

The NLR-REQUIRED FOR CELL DEATH (NRC) proteins function as helper NLRs within the NRC network,
mediating immune responses by supporting the function of various sensor NLRs in both redundant
and, in some cases, specific ways (Gabriéls et al., 2007, Wu et al., 2017). In the Solanaceous model
plant Nicotiana benthamiana, the NRCs NRC2, NRC3 and NRC4 act redundantly, yet with distinct
specificities, as helper NLRs for a variety of sensor NLRs (Lin et al., 2022, Witek et al., 2021, Wu et
al., 2017). For instance, the sensor NLR Rpi-blb2 activates resistance to the oomycete pathogen
Phytophthora infestans through NbNRC4 alone, while all three NRC helper NbNLRs contribute

redundantly to the function of Rx, a sensor NLR mediating resistance to potato virus X (PVX) (Wu et
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al., 2017). This redundancy, along with a certain degree of specificity, suggests a co-evolutionary
relationship between sensor and helper NLRs. The redundancy among helper NLRs might enhance
the robustness of immune responses, protecting against pathogen effectors that may suppress key
signalling nodes, as discussed in Chapter 5. Although NRCs and their associated sensor NLRs are not
genetically linked and are scattered across the genomes of solanaceous plants, they form a well-

supported phylogenetic clade (Contreras et al., 2023a, Wu et al., 2017).

6.1.2 Activation and regulation of the NRC network

The mechanism by which sensor NLRs activate helper NLRs in the NRC network remains poorly

understood.

Upon effector recognition by the sensor NLRs, Rpi-amr1 and Rpi-amr3 from Solanum americanum,
(which confer oomycete resistance), Bs2 from pepper (which confers bacterial resistance), and Rx
from Solanum tuberosum (which confers virus resistance), studies have shown that NRC2 and NRC4
oligomerize into multiprotein complexes known as resistosomes (Ahn et al., 2023, Contreras et al.,
2023b). These studies also demonstrated that sensor NLRs do not become incorporated into the
NRC2 oligomer, suggesting that NRC2 transiently interacts with these sensor NLRs prior to
resistosome formation, thereby triggering their activation. By “transient interaction”, we refer to the
helper NRC directly interacting with or coming into close proximity to the sensor NLR to become
activated, before being released to initiate the homo-oligomerization of NRCs. The molecular
structure of these resistosomes has now been resolved, revealing that NRC2 and NRC4 form
hexameric resistosomes and confirming that sensor NLRs are not incorporated into these oligomers
(Liu et al., 2024a, Ma et al., 2024, Madhuprakash et al., 2024). Furthermore, the nucleotide-binding
(NB) domains within the NB-ARC of the disease resistance proteins Rx, Rpi-amr1, Rpi-amr3, Gpa2
(which confers nematode resistance), and Sw-5b (which confers virus resistance) have been shown
to be sufficient to trigger the oligomerization of their respective downstream NRCs (Contreras et al.,
2024). This suggests that the NB domain serves as the minimal unit for NRC activation, undergoing
conformational rearrangements within the NB-ARC domain upon effector recognition, which likely

exposes the NB domain to activate NRCs.

The pre-activation stage of NRC2 has been shown to be a dimer, which contributes to immune

receptor auto-inhibition and suggests a transition from homodimers to higher-order oligomeric
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resistosomes upon activation (Ma et al., 2024, Selvaraj et al., 2024). Indeed, the activation of defense
responses must be tightly regulated to avoid auto-immunity. NRCX, a member of the NRC family, has
been reported to negatively modulate the hypersensitive cell death mediated by NRC2 and NRC3,
but not by NRC4 (Adachi et al., 2023). Moreover, NRC2 does not associate with other NRC paralogs,
indicating a molecular compartmentalization of helper nodes in the NRC network, likely to minimize

undesired cross-activation (Selvaraj et al., 2024).

Upon activation, some helper NRCs undergo subcellular re-localization. After activation by their
corresponding sensor NLRs, both NRC2 and NRC4 localize to the plasma membrane, where they
form puncta (Contreras et al., 2023b, Duggan et al., 2021). In contrast, the sensor NLR Rx does not
form plasma membrane-associated puncta upon activation and remains cytosolic (Contreras et al.,
2023b). This observation further supports an activation-and-release mechanism for NRC activation.
However, the precise mechanism by which sensor NLRs mediate signal transduction and
communicate with downstream helper NLRs to trigger their oligomerization, and whether this

involves a transient interaction state or other components, remains unknown.

Traditional methods for identifying protein-protein interactions (PPls) have been unable to detect
potential interactions between sensor NLRs and helper NRCs as a mode of activation. However,
proximity labelling (PL) techniques, including the engineered biotin ligases TurbolD and miniTurbo
(Branon et al., 2018), allow us to explore an entirely new area of PPls that corresponds to weak or
transient interactions. These interactions are often missed by traditional methods unless cross-
linking is used, highlighting the value of PL approaches. In this chapter, we used TurbolD and
miniTurbo to investigate specific and dynamic intracellular protein interactions between sensor and
NRC class helper NLRs, offering new insights into the signalling pathways involved in effector-

triggered immunity (ETI).

6.2 Results

Ahn et al. (2023) showed that sensor NLRs are not incorporated into the NRC2 oligomer, suggesting
that the interaction between sensor NLRs and helper NLRs is most likely transient and occurs before
resistosome formation. In line with this, Dr. Hee-Kyung Ahn attempted to test for a stable interaction

between NRC2 and Rpi-amr3 using Co-IP, but the results were inconsistent. Consequently, we
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decided to use TurbolD and miniTurbo (minilD), which are more sensitive techniques than Co-IP, to

investigate the transient interactions between sensor NLRs and their corresponding helper NLRs.

The TurbolD-tagged CNLs, Rpi-amrl and Rpi-amr3 from Solanum americanum, and Rpi-blb2 from
Solanum bulbocastanum, were tested in the presence of their respective P. infestans effectors
AVRamrl, AVRamr3, and AVRblb2, along with the helper NLRs NRC2 and NRC4 (Table 6.1 and Table
4.1 in Chapter 4) (Lin et al., 2022, Lin et al., 2020, Oh et al., 2009). Rpi-amr1 requires NRC2 or NRC3,
but not NRC4, to trigger HR (Witek et al., 2021), whereas Rpi-amr3 activation can be supported by
NRC2, NRC3 or NRC4 (Lin et al., 2022). In contrast, Rpi-blb2 relies exclusively on NRC4 to induce cell
death (Wu et al., 2017). The helper NLR NRG1.2 (also known as NRG1-B), from A. thaliana, which is
downstream of TNLs and thus involved in a distinct signalling pathway from that of the NRCs, was
used as a negative control. AtNRG1.2 was tested in both directions: a TurbolD-tagged version was
used to verify that it would not biotinylate the helper NRCs, and a Myc-tagged version was used to
confirm that AtNRG1.2 would not be biotinylated by Rpi-amrl:TurbolD or Rpi-amr3:minilD.
Additionally, TurbolD-tagged Rpi-blb2, which relies on NRC4 but not NRC2 to trigger HR, was also
included as a negative control. Since TurbolD experiments are more sensitive than Co-IP experiments
and can detect weaker interactions, | aimed to include as many diverse negative controls as possible.
The MADA motif mutants of NRC2 (NRC2EEE) (Kourelis et al., 2022) or NRC4 (NRC4E) (Adachi et al.,
2019a) were used in these experiments, as they do not trigger HR but still retain the ability to form

oligomers upon effector recognition (Ahn et al., 2023, Contreras et al., 2023b, Liu et al., 2024a).

First, the functionality of all TurbolD-tagged NLRs, Rpi-amr1, Rpi-amr3, Rpi-blb2 and AtNRG1.2, was
verified (Figure 6.1, Figures 4.1, 4.2 and 4.3 from Chapter 4, and Figure 5.3 from Chapter 5). This was
followed by the establishment of experimental conditions to ensure the specific biotinylation of the
P. infestans effectors AVRamrl and AVRamr3 by their corresponding sensor CNLs, Rpi-amr1 and Rpi-
amr3, respectively, as described in Chapter 4 (Figure 4.2 in Chapter 4). Only after this, | examined

the potential biotinylation of NRC2EEE by Rpi-amr1:TurbolD and Rpi-amr3:minilD.
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Table 6-1 List of the TurbolD- or miniTurbo-tagged proteins generated by Golden Gate cloning and
used in N. benthamiana.

The MADA motif mutants of NRC2 (NRC2EE) or NRC4 (NRC4F) do not trigger HR but maintain
oligomer formation (Ahn et al., 2023, Contreras et al., 2023). The promoters and terminators that
were used to perform these DNA assemblies are as follow: p35S = cauliflower mosaic virus 35S
promoter, t35S = cauliflower mosaic virus 35S terminator.

Protein Construct
SbRpi-blb2 p35S:Rpi-blb2:TurbolD-V5:t35S
NbNRC2EEE p35S:NRC2EEE:V5-minilD:t35S
NbNRC4E p35S:NRC4E:Myc:t35S

WT N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2 Plant 3

: Rpi-blb2:Myc
: Rpi-blb2:Tb-V5
: AVRbIb2

: Rpi-blb2:Myc
+ AVRbIb2

E: Rpi-blb2:Th-V5

+ AVRbIb2

O o0Ow >

Figure 6.1 SbRpi-blb2:TurbolD-V5 supports HR in N. benthamiana.

HR assays by Agro-infiltration at ODegoo = 0.5 in 4/5-week-old N. benthamiana
leaves and at 3 dpi. The P. infestans effector AVRbIb2 is recognized by the Solanum
bulbocastanum NLR protein Rpi-blb2 (Oh et al.,, 2009). Co-delivery of 35S
promoter-driven SbRpi-blb2:Myc or SbRpi-blb2:TurbolD-V5 (Rpi-blb2:Tb-V5) with
GFP:AVRbIb2 triggers HR in WT N. benthamiana leaves.

Interestingly, NRC2EEE appeared to be in the vicinity of Rpi-amrl and Rpi-amr3 in the presence of
both the recognized and unrecognized P. infestans effector (Figures 6.2 and 6.3). As expected, no
biotinylation of AtNRG1.2:Myc by either Rpi-amrl:TurbolD or Rpi-amr3:minilD was observed.
NRC2EEE was not biotinylated by TurbolD-tagged AtNRG1.2 but was slightly biotinylated by TurbolD-
tagged SbRpi-blb2. SbRpi-blb2 is more closely related to Rpi-amrl and Rpi-amr3 than AtNRG1.2 is,
which could explain this potentially weak interaction (Contreras et al., 2023a). However, even if
NRC2EEE exhibits a weak affinity for SbRpi-blb2, it is known that SbRpi-blb2 does not trigger HR with
the support of NbNRC2, but does so with NbNRC4, which is why it was chosen as an additional

negative control (Wu et al., 2017). This underscores the fact that not every protein that comes into
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proximity of another protein necessarily results in a biological output. Most importantly, NRC2EEE
was consistently and more abundantly biotinylated by TurbolD- and miniTurbo-tagged Rpi-amr1 and

Rpi-amr3.

It is important to note that the biotinylation of NRC25tE was only detectable when NRC2EEE was
specifically pulled down using Myc beads, followed by blotting the membrane with HRP-conjugated
streptavidin. In contrast, biotinylated NRC2FEE was not detectable when all biotinylated proteins
were indiscriminately pulled down with streptavidin beads, and the membrane was blotted with
anti-Myc antibodies, as done for detecting biotinylated cognate effectors by their corresponding
sensor NLRs in Chapter 4 (Figures 4.4 and 4.17). This likely reflects that only a small fraction of the
available NRC2EE in the cells is in close proximity to Rpi-amr1 and Rpi-amr3, and thus, for detection,

NRC2EEE proteins must be specifically enriched using Myc beads.

Surprisingly, a higher molecular weight band pulled-down with NRC2Et was observed in the
presence of Rpi-amrl but not in the presence of Rpi-amr3 (Figures 6.2 and 6.3). This unknown
interactor was Rpi-amr1 which was unintentionally “co-immunoprecipitated” with NRC2EEE as you
would in a traditional Co-IP experiment. Therefore, NRC2EEE interacts directly with Rpi-amrl and
appears to have a higher interaction affinity with Rpi-amr1 than Rpi-amr3. In view of these results,
our hypothesis was that NRC2 dynamically interacts with Rpi-amrl and Rpi-amr3 in a “kiss and run”
manner to continuously monitor the activated or de-activated state of these sensor NLRs to rapidly
form NRC2 resistosomes upon pathogen detection (Figure 6.5). This phenomenon is not specific to
NRC2; NRC4, which can support HR with Rpi-amr3 but not with Rpi-amrl, was also found to be

biotinylated by Rpi-amr3:minilD in an effector-independent manner (Figure 6.4).

Notably, no significant difference in the amount of biotinylated NRC25tE was detected between
activated (in the presence of the recognized effector) and pre-activated (in the absence of the
recognized effector) states of both Rpi-amr1 and Rpi-amr3 (Figures 6.2 and 6.3). For TurbolD-tagged
Rpi-amrl, an apparent reduction in the amount of biotinylated NRC2fEE was observed in the
presence of AVRamrl compared to the absence of the cognate effector. However, this was simply
due to the lower abundance of NRC2EE proteins in these samples, as shown in the input, and this

trend was consistently observed across repeats (Figure 6.3).
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Initially, we hypothesized that effector recognition by sensor NLRs would lead to a reduction in
biotinylated NRC2, as NRC2 would dissociate from the sensor NLRs and begin oligomerizing in
response. However, in this particular experimental setup, we could not observe this phenomenon.
In these two experiments (Figures 6.2 and 6.3), | only examined the biotinylation of NRC2EE at a
single time point, 3 days post infiltration. If the protein-protein interaction between sensor and
helper NLRs is dynamic, as we hypothesized, a single time point is insufficient to capture any
potential changes in the affinity between these proteins over time. Moreover, as shown by Ahn et
al. (2023), by this particular experimental time point, most of the available NRC2 proteins will have
already formed oligomers upon effector recognition. Therefore, the similar amount of biotinylated
NRC2EEE observed in the activated state compared to the pre-activated state likely reflects newly
synthesized NRC2EEE proteins and/or the remaining pool of non-oligomerized NRC2EE. Therefore, in
this experimental setup, we likely missed the moment when NRC2 is activated. To test this
hypothesis, | decided to monitor the interaction between sensor and helper NLRs over a time-course
(Figure 6.6), as this is the only way to capture sequential association and dissociation between these

proteins.
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35S:Rpi-amr3:V5-minilD - - - + + +
pNRG1.2:AtNRG1.2:TurbolD-V5 - + - - - -
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Figure 6.2 Effector-independent biotinylation of NbNRC2EEE by Rpi-amr3:V5-
miniTurbo.

IP and biotinylation of NbNRC2EE:Myc by Rpi-amr3:V5-miniTurbo in nrc2/3/4 N.
benthamiana. AtNRG1.2:TurbolD-V5, SbRpi-blb2:TurbolD-V5, AtNRG1.2:Myc were
used as negative controls. Agro-infiltrations at ODggo = 0.5 in 4-week-old nrc2/3/4 N.
benthamiana leaves in the presence of p19. Biotin-infiltration (50 uM) at 3 dpi and
for 30 min before tissue harvesting. IP was carried out with anti-Myc beads. Lysates
were resolved by SDS-PAGE. Biotinylated proteins were detected by using HRP-
conjugated streptavidin labelling. Images were cropped to facilitate understanding.
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Figure 6.3 Effector-independent biotinylation of NbNRC2EEE

amrl:TurbolD-FLAG.

by Rpi-

IP and biotinylation of NbNRC2EEE:Myc by Rpi-amr1:TurbolD-FLAG in nrc2/3/4 N.
benthamiana. AtNRG1.2:TurbolD-V5, SbRpi-blb2:TurbolD-V5 and AtNRG1.2:Myc
were used as negative controls. Agro-infiltrations at ODeoo = 0.5 in 4-week-old
nrc2/3/4 N. benthamiana leaves in the presence of p19. Biotin-infiltration (50
p1M) at 3 dpi and for 30 min before tissue harvesting. IP was carried out with anti-
Myc beads. Lysates were resolved by SDS-PAGE. Biotinylated proteins were
detected by using HRP-conjugated streptavidin labelling. Images were cropped to

facilitate understanding.
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Figure 6.4 Effector-independent biotinylation of NbNRC4't by Rpi-
amr3:V5-miniTurbo.

IP and biotinylation of NbNRC4E:Myc by Rpi-amr3:V5-miniTurbo in
nrc2/3/4 N. benthamiana. AtNRG1.2:Myc was used as negative
control. Agro-infiltrations at ODeoo = 0.5 in 4-week-old nrc2/3/4 N.
benthamiana leaves in the presence of p19. Biotin-infiltration (50 uM)
at 3 dpi and for 30 min before tissue harvesting. IP was carried out with
anti-Myc beads. Lysates were resolved by SDS-PAGE. Biotinylated
proteins were detected by using HRP-conjugated streptavidin labelling.
Unspecific bands are indicated with a red asterisk (*).
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Figure 6.5 Model for activation of NRC class helper NLRs upon detection of
effectors by sensor CNLs.

Recognition of AVRamrl and AVRamr3 by Rpi-amrl and Rpi-amr3, respectively,
trigger the activation and oligomerization of NRC2. Sensor CNLs are not
incorporated into the NRC2 oligomer, suggesting that NRCs transiently interact
with sensor CNLs prior to resistosome formation. My data shows that NRCs
consistently monitor sensor CNLs both before and after effector recognition and
exhibit varying levels of affinity with their corresponding sensor CNLs.

For the time-course experiment, the Pseudomonas syringae DC3000(D36E) polymutant was used,
which lacks all known bacterial type Ill secretion effector (T3E) genes (Bao et al., 2014). This mutant
carried either an empty vector (D36EY) or the P. infestans effector AVRamr3 (D36EAVRa™3) delivered
from a pEDV construct (for effector detector vector) (Sohn et al., 2007). The pEDV construct contains
the 136 amino acids that encode a type lll secretion system (T3SS) and the AvrRps4 promoter. The
assembled effector constructs were then transformed into the effector-less mutant P. syringae
DC3000(D36E). These two strains were generated by my colleague, Dr. Maheen Alam. Three
treatments were performed: mock (MgClz-infiltration), PTI alone (D36E®V-infiltration) and PTI + ETI
(D36EAVRaM3_jnfiltration). Biotin labelling was performed at 0, 4, 6, 8 and 24 hours post mock- or
D36E-infiltration, with a 30-minute labelling period before sample harvest (Figure 6.6 and
Supplementary Figures 6.1, 6.2, 6.3). It is important to note that the biotin labelling at these different
time points is not cumulative but corresponds to individual 30-minute labelling periods. After the
initial trial (Supplementary Figures 6.1, 6.2, 6.3), only two time points were retained, 4 and 24 hours
post mock- or D36E-infiltration (Figure 6.7). As expected, no change in the biotinylation pattern of
NRC2EEE was observed in the mock-treated samples (Figure 6.7 and Supplementary Figure 6.1). In
the PTl and PTI + ETI-treated samples, a significant reduction in the amount of biotinylated NRC2EEE

was observed 6 hours post D36E-infiltration (Supplementary Figures 6.2 and 6.3). This reduction
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persisted over time, despite an increase in the total amount of NRC2EEE present in the samples
(Figure 6.7, Supplementary Figures 6.2 and 6.3). Therefore, fewer NRC2EEE proteins were found near
Rpi-amr3 after D36E-infiltration, suggesting their dissociation from the sensor CNL. This dissociation
is why the interaction is considered “transient”. Surprisingly, this phenomenon was also triggered by

PTI alone.

Considering the apparent involvement of PTl in the dissociation between sensor and helper NLRs
(Figure 6.7) and knowing that previous phosphoproteomic studies have identified numerous
differentially phosphorylated proteins during PTI, we decided to test if NRC2 could be
phosphorylated. Using the same experimental setup as in Figure 6.6, we found that NRC25t€ is indeed
phosphorylated in a PTI-dependent manner following D36E-infiltration (Figure 6.8). Subsequently,
the corresponding phosphorylation sites were identified by mass spectrometry (Figure 6.9).
Phospho-variants of NRC2 are being generated to determine whether this post-translational
modification could be involved in the association/dissociation between helper and sensor NLRs, and

to what extent.

Intriguingly, one of these phosphorylated residues, S707, is located near some of the inositol-binding
residues conserved among NRCs and identified in tomato NRC2 (Ma et al., 2024). When mutated,
these residues have been shown to compromise or abolish the cell death induced by the coat protein
of the potato virus X (PVX) in N. benthamiana, suggesting that inositol hexakisphosphate (IPs) or
inositol pentakisphosphate (IPs) may function as cofactors of SINRC2 in recognizing activated R,
potentially enhancing the interaction between SINRC2 and Rx (Ma et al., 2024). Notably, IPs has been
shown to play a role in PTI, although its mode of action and targets in plant defense remain unknown

(Murphy et al., 2008).
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Rpi-amr3:V5-minilD mock (MgCl,), D36EEY or D36EAVRamr3 30 min labelling
&
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Figure 6.6 Schematic representation of the experimental design used to
capture the transient interaction between NbNRC2EEE and Rpi-amr3.

Agro-infiltrations of 35S:NbNRC2EEE:Myc and 35S:Rpi-amr3:V5-miniTurbo at
ODeoo = 0.5 in 4-week-old nrc234 N. benthamiana and in the presence of p19,
followed by P. syringae D36EEY or D36EAVRA™™3 jnfiltration at ODgoo = 0.2 two
days later. The DC3000(D36E) polymutant lacks all known bacterial type I
secretion effector (T3E) genes (Bao et al., 2014). Biotin-infiltration (50 uM) was
performed at 0, 4, 6, 8 and 24 hours post P. syringae infiltration and for 30 min
before tissue harvesting.
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Figure 6.7 PTI-dependent dissociation of NbNRC2EE from Rpi-amr3:V5-miniTurbo.

IP and biotinylation of NbNRC2EEE:Myc by Rpi-amr3:V5-miniTurbo in nrc2/3/4 N.
benthamiana. Agro-infiltrations at ODeww = 0.5 in 4-week-old nrc2/3/4 N.
benthamiana leaves in the presence of p19, followed by mock (MgCl.), P. syringae
D36EEY or D36EAVRAM™3 infiltration at ODeoo = 0.2 and two days post Agro-infiltration.
AtNRG1.2:Myc was used as negative control. Biotin-infiltration (50 uM) at 0, 4, 6, 8
and 24 hours post P. syringae infiltration and for 30 min before tissue harvesting.
Only the 4 and 24 hour time points are shown here. IP was carried out with anti-Myc
beads. Lysates were resolved by SDS-PAGE. Biotinylated proteins were detected by
using HRP-conjugated streptavidin labelling. Unspecific bands are indicated with a

red asterisk (*).
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Figure 6.8 PTl-dependent phosphorylation of
NbNRC2EEE — part 1.

P. syringae D36E-induced phosphorylation patterns of
NbNRC2EEE:Myc with Rpi-amr3:V5-miniTurbo in nrc2/3/4
N. benthamiana. Agro-infiltrations at ODeoo = 0.5 in 4-
week-old nrc2/3/4 N. benthamiana leaves in the
presence of pl19, followed by P. syringae D36EEY or
D36EAVRaM'3 jnfiltration at ODeoo = 0.2 and two days post
Agro-infiltration. Tissues were harvested at 0, 4, 6, 8 and
24 hours post P. syringae infiltration. Only the 4 and 24
hour time points are shown here. IP was carried out with
anti-Myc beads. Lysates were resolved by Phos-tag or
regular SDS-PAGE. Upper and lower shifted bands were
observed on Phos-tag SDS-PAGE corresponding to
phosphorylated and unphosphorylated NbNRC2EEE
respectively. | prepared the samples and my colleague
Renzo Villena Gaspar ran the Phos-tag gels.
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Figure 6.9 PTI-dependent phosphorylation of NbNRC2EEE — part 2.

P. syringae D36E-induced phosphorylation sites of NbNRC2EEE:Myc with Rpi-
amr3:V5-miniTurbo in nrc2/3/4 N. benthamiana. Agro-infiltrations at ODeoo
=0.5in 4-week-old nrc2/3/4 N. benthamiana leaves, in the presence of p19.
This was followed by P. syringae D36E®Y or D36EAVRaM™3 infiltration at ODgoo
=0.2, two days post Agro-infiltration. Tissues were harvested at 8 hours post
P. syringae infiltration. IP was carried out with anti-Myc beads. My colleague
Renzo Villena Gaspar prepared the samples and sent them for MS analysis.

Finally, after demonstrating that helper NRCs dynamically interact with sensor NLRs in an effector-
independent manner, we aimed to test whether NRC2EEE, in the presence of multiple corresponding
sensor CNLs, would preferentially associate with the effector-activated CNL and move toward its
vicinity. This experiment serves as a competition assay for biotinylation (Figure 6.10). In this case,
both Rpi-amrl and Rpi-amr3 were expressed simultaneously in the presence of NRC2EEE, with only
Rpi-amrl carrying TurbolD. Either AVRamrl or AVRamr3 was co-delivered to activate Rpi-amrl or
Rpi-amr3, respectively, with the knowledge that NRC2 supports both Rpi-amrl and Rpi-amr3 in
triggering cell death. Two days post infiltration, before NRC2 oligomer formation, biotin was
infiltrated for 30 minutes. When AVRamr3 is co-delivered and activates Rpi-amr3, which does not
carry TurbolD, if NRC2EE preferentially associates with the effector-activated CNLs, we would expect
a decrease in the amount of NRC2EE biotinylated by Rpi-amr1:TurbolD (Figure 6.10). However, no
difference in the amount of biotinylated NRC2E by Rpi-amr1:TurbolD was observed when AVRamr3
was co-delivered, compared to when AVRamr1 was co-delivered (Figure 6.11). This result suggests
that the available NRC2 proteins in the cells are equally distributed across their corresponding sensor

NLRs. Furthermore, upon effector recognition, the recruitment of NRC2 to a given sensor NLR
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remains unchanged. Additionally, it suggests that for NRC2 proteins to oligomerize, it is likely that
only a few need to be activated by the sensor NLR, which can then recruit other non-activated NRC2
proteins to form oligomers. Thus, not every NRC2 protein within an oligomer needs to be activated

by the sensor NLR.

| also generated a miniTurbo-tagged NRC2E¥E and confirmed that it does not trigger HR
(Supplementary Figure 6.4) but still maintains oligomer formation (Supplementary Figure 6.5). This
construct could be used to further explore the mechanisms involved in the activation of NRC2 and

to potentially identify the protein kinase responsible for the phosphorylation of NRC2.

DAY 1 DAY 2
Agro-infiltration Biotin infiltration (30 min labelling)
| | I |
| + AVRamrl | | + AVRamr3 |
S 4 P J
+
+
_ ——
&
AVRamrl1:V5
or ;
Strep-HRP ! Strep-HRP
AVRamr3:V5 IP:Myc : IP:Myc

Figure 6.10 Schematic representation of the experimental design used
to test whether NbNRC2EEE preferentially associates with effector-
activated CNLs.

Two CNLs, Rpi-amrl and Rpi-amr3, are simultaneously expressed in the
presence of NbNRC2EEE, but only Rpi-amr1 is tagged with TurbolD. Either
AVRamr1:V5 or AVRamr3:V5 is co-infiltrated to activate one of the two
CNLs, Rpi-amrl or Rpi-amr3, respectively. Two days later, biotin was
infiltrated for 30 min before tissue harvesting. If NbNRC2EEE preferentially
associates with effector-activated CNLs, we would expect a decrease in
the amount of NbNRC2EEE biotinylated by Rpi-amrl when Rpi-amr3 is
activated.
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Figure 6.11 NbNRC2FEE does not preferentially associates with effector-
activated CNLs.

IP and biotinylation of NbNRC2EEE:Myc by Rpi-amr1:TurbolD-V5 in the
presence of Rpi-amr3:FLAG and AVRamr1:V5 or AVRamr3:V5 in nrc2/3/4
N. benthamiana. AtNRG1.2:Myc was used as negative control. Agro-
infiltrations at ODggo = 0.5 in 4-week-old nrc2/3/4 N. benthamiana leaves
in the presence of p19. Biotin-infiltration (50 uM) at 2 dpi and for 30 min
before tissue harvesting. IP was carried out with anti-Myc beads. Lysates
were resolved by SDS-PAGE. Biotinylated proteins were detected by using
HRP-conjugated streptavidin labelling. Unspecific bands are indicated
with a red asterisk (*).

6.3 Discussion

Compared to traditional affinity purification (AP) methods, the combination of TurbolD and
immunoprecipitation facilitated the detection of transient interactions between sensor NLRs and

helper NRCs, offering valuable insights into the molecular mechanisms underlying their

communication (Figures 6.2, 6.3 and 6.7).

AP techniques require that interacting partners remain stably bound throughout all biochemical
steps of the protocol, including protein extraction, precipitation, washing, and isolation. In contrast,

proximity labelling (PL) methods directly label interacting proteins within living cells. This process is
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irreversible, eliminating the need to preserve the integrity of protein interactions during sample
processing. Unlike AP, PL does not rely on the affinity of prey proteins for the bait protein, nor does
it require the maintenance of protein complexes in their native state during affinity capture.
Furthermore, the high affinity of biotinylated residues for streptavidin enables the capture of
biotinylated proteins under harsh conditions, reducing the likelihood of non-specific or artefactual
interactions that may occur during AP. Altogether, these advantages likely contributed to capturing
the transient nature of the interaction between sensor NLRs and helper NRCs (Figures 6.2, 6.3 and

6.7).

NRC2 was found to directly interact with Rpi-amrl and to come into proximity with Rpi-amr3 in an
effector-independent manner (Figures 6.2 and 6.3), suggesting that a portion of the NRC2 proteins
present in cells continuously communicates with or guards the conformational state of sensor NLRs,
likely enabling the rapid activation of downstream immune responses upon detection of pathogen-
triggered modifications. Interestingly, this PL approach allowed us to detect potentially different
degrees of interaction affinities between sensor and helper NLRs. Indeed, Rpi-amrl appeared to
interact more stably with NRC2 than Rpi-amr3, as NRC2 was unintentionally co-immunoprecipitated
with Rpi-amr1 but not with Rpi-amr3 (Figures 6.2 and 6.3). Moreover, NbNRC2 was found to have a
weak affinity for Rpi-blb2, even though NbNRC2 does not support Rpi-blb2-mediated HR, only
NbNRC4 does (Figures 6.2 and 6.3). This cannot be solely explained by the possibility that TurbolD is
noisy, as NRG1.2, used as a negative control, was not biotinylated. This highlights that not every
protein proximity necessarily translates into a biological output, and that protein-protein
interactions are more complex than simply categorizing proteins as either interacting or not
interacting. Instead, there is likely a gradient of interaction affinities, and a certain threshold of

affinity and/or stability may need to be reached for the interaction to become biologically relevant.

In the bioRxiv paper of (Huang et al., 2024a), they used a modified version of NbNRC3 that allows it
to function with Rpi-blb2. Using TurbolD, they found that Rpi-blb2 comes into the vicinity of this
mutated NBNRC3 in an AVRblb2-independent manner, which corresponds to our observations with
NbNRC2 and Rpi-amrl and Rpi-amr3. They also claimed that this interaction is transient, as
biotinylated Rpi-blb2 disappears 12 hours post AVRbIb2 induction. However, this statement cannot
be made, as under their experimental conditions, the disappearance of biotinylated Rpi-blb2 is also
observed in the non-AVRblb2-induced samples, where it should have remained unchanged. In our

time-course experiment, under mock conditions, the amount of biotinylated NRC2 remained the

180



same. A reduction in biotinylated NRC2 was observed only when defense responses were activated,
either by PTI alone or by PTI plus ETI, even though the accumulation of NRC2 proteins within cells
was at its maximum (Figure 6.7). This indicates that the affinity of this interaction decreased with

immune activation, highlighting the transient nature of this interaction.

To our surprise, this reduction in biotinylated NRC2 was also triggered by PTI alone, which we did
not expect, as PTl alone is supposedly not sufficient to trigger NRC2 oligomerization. This raises the
qguestion of how NRC2 distinguishes between PTI alone and PTI plus ETI. Moreover, this suggests
that there might be another signal relayed by either sensor NLRs or other components to initiate
NRC oligomerization, such as post-translational modifications like phosphorylation. Indeed, NRC2
was found to be phosphorylated in a PTI-dependent manner (Figures 6.8 and 6.9). Therefore, the
detailed activation mechanisms of NRCs by sensor NLRs still needs further investigation. It would be
interesting to conduct the biotinylation time-course experiment in an ETl-only setup to further

dissect the interaction between sensor NLRs and helper NRCs.

An additional unanswered question is whether every single NRC2-forming oligomer needs to be
activated by sensor NLRs, or if, once activated, NRC2 proteins can recruit other non-activated NRCs
to oligomerize. If the first scenario is correct, we would expect to observe an increase in the amount
of NRC2 proteins interacting with sensor NLRs at some point. However, in our time-course
experiment, we did not detect any increase in the amount of biotinylated NRC2 proteins; it either
remained unchanged or decreased (Supplementary Figures 6.1, 6.2, 6.3, Figure 6.7). Moreover, we
might also expect that NRC2 would rush to effector-activated sensor NLRs to get activated and
subsequently oligomerize. Yet, in the biotinylation competition assay, we again did not observe any
change in the amount of biotinylated NRC2 proteins either towards or away from the effector-
activated sensor NLR (Figure 6.11). All these observations suggest that the second scenario is more
likely, where a fraction of the total NRC2 available is activated by sensor NLRs and can then recruit
other non-activated NRCs for activation and oligomerization. This hypothesis would need to be

further explored to differentiate between the two scenarios.
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6.4 Supplementary figures
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Supplementary Figure 6-1 PTI-dependent dissociation of NbNRC2EEE from
Rpi-amr3:V5-miniTurbo — part 1.

IP and biotinylation of NbNRC2EEE:Myc by Rpi-amr3:V5-miniTurbo in
nrc2/3/4 N. benthamiana. Agro-infiltrations at ODego = 0.5 in 4-week-old
nrc2/3/4 N. benthamiana leaves in the presence of p19, followed by mock
(MgCly) infiltration two days post Agro-infiltration. Biotin-infiltration (50
uM) at 0, 4, 6, 8 and 24 hours post mock infiltration and for 30 min before
tissue harvesting. IP was carried out with anti-Myc beads. Lysates were
resolved by SDS-PAGE. Biotinylated proteins were detected by using HRP-
conjugated streptavidin labelling. Unspecific bands are indicated with a red

asterisk (*).
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Supplementary Figure 6-2 PTI-dependent dissociation of NbNRC2EEE from
Rpi-amr3:V5-miniTurbo — part 2.

IP and biotinylation of NbNRC2EEE:Myc by Rpi-amr3:V5-miniTurbo in
nrc2/3/4 N. benthamiana. Agro-infiltrations at ODego = 0.5 in 4-week-old
nrc2/3/4 N. benthamiana leaves in the presence of p19, followed by P.
syringae D36E®Y infiltration at ODeoo = 0.2 and two days post Agro-
infiltration. Biotin-infiltration (50 uM) at 0, 4, 6, 8 and 24 hours post P.
syringae infiltration and for 30 min before tissue harvesting. IP was carried
out with anti-Myc beads. Lysates were resolved by SDS-PAGE. Biotinylated
proteins were detected by using HRP-conjugated streptavidin labelling.
Unspecific bands are indicated with a red asterisk (*).
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Supplementary Figure 6-3 PTI-dependent dissociation of NbNRC2EEE from
Rpi-amr3:V5-miniTurbo — part 3.

IP and biotinylation of NbNRC2EEE:Myc by Rpi-amr3:V5-miniTurbo in
nrc2/3/4 N. benthamiana. Agro-infiltrations at ODgoo = 0.5 in 4-week-old
nrc2/3/4 N. benthamiana leaves in the presence of p19, followed by P.
syringae D36EAVRaM™3 jnfiltration at ODeoo = 0.2 and two days post Agro-
infiltration. Biotin-infiltration (50 uM) at O, 4, 6, 8 and 24 hours post P.
syringae infiltration and for 30 min before tissue harvesting. IP was carried
out with anti-Myc beads. Lysates were resolved by SDS-PAGE. Biotinylated
proteins were detected by using HRP-conjugated streptavidin labelling.
Unspecific bands are indicated with a red asterisk (*).
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nrc2/3/4 N. benthamiana (3 dpi, 0.5 OD)

Plant 1 Plant 2

1: NRC2EEE;V5-minilD
2: NRC2WT:Myc
3: NRC2EEE:V5-minilD
+ Rpi-amr3:FLAG
+ AVRamr3:V5
4: NRC2WT:Myc
+ Rpi-amr3:FLAG
+ AVRamr3:V5

Supplementary Figure 6-4 NbNRC2EEE:V5-miniTurbo does not trigger HR in
nrc2/3/4 N. benthamiana.

HR assays by Agro-infiltration at ODeoo = 0.5 in 4/5-week-old nrc2/3/4 N.
benthamiana leaves and at 3 dpi. The P. infestans effector AVRamr3 is recognized
by the Solanum americanum NLR protein Rpi-amr3 (Lin et al., 2022). The MADA
motif mutant of NRC2 (NRC2EE) does not trigger HR but maintains oligomer
formation (Ahn et al., 2023, Contreras et al., 2023). Co-delivery of 35S promoter-
driven Rpi-amr3:FLAG and AVRamr3:V5 with NbNRC2WT:Myc triggers HR in
nrc2/3/4 mutant leaves but not with NbNRC2FEE:V5-miniTurbo (NRC2EEE:V5-
minilD).
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Supplementary Figure 6-5 NbNRC2EEE:V5-miniTurbo oligomerizes upon effector
detection by Rpi-amr3 in nrc2/3/4 N. benthamiana.

Blue native-PAGE loading of protein extracts from Agro-infiltrated at ODggo = 0.5
4/5-week-old nrc2/3/4 N. benthamiana leaves in the presence of p19 and harvested
at 3 dpi. The P infestans effector AVRamr3 is recognized by the Solanum
americanum NLR protein Rpi-amr3 (Lin et al., 2022). The MADA motif mutant of
NRC2 (NRC2EE) does not trigger HR but maintains oligomer formation (Ahn et al.,
2023, Contreras et al., 2023). NbNRC2EEE:V5-miniTurbo oligomerizes upon effector-
dependent activation of Rpi-amr3:FLAG in nrc2/3/4 mutant leaves in the absence
and presence of biotin (30 min labelling). SDS-boiled protein lysates serve as control
for actual size of the different proteins.
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7. General discussion

7.1 Future directions of this research

The identification of pathogen effectors and their interactions with host proteins is crucial for
understanding plant-pathogen dynamics and developing disease resistance strategies. However,
identifying a protein as an effector is a complex process that necessitates the use of various

experimental techniques to determine its role in the pathogen's pathogenicity.

Firstly, genome sequencing and bioinformatics are used to sequence the pathogen's genome and
identify genes encoding putative effector proteins that are homologous to known effectors. This is
typically followed by mutagenesis studies, where knocking out the predicted AVR genes results in a
reduced ability of the pathogen to infect and cause disease in plants, thereby confirming that the
putative effector plays a critical role in pathogenicity. However, this approach is easier to achieve in
bacteria or fungi that can be cultivated ex planta than in obligate pathogens, such as rusts, powdery
mildews, or oomycete downy mildews. Functional screening can also assess whether the gene
encoding the putative effector functions as an effector in plant systems, such as Arabidopsis or
tobacco, by triggering HR. Additionally, sequence and structural analysis can identify conserved
motifs associated with secretory pathways, suggesting that the putative effector may be injected
into plant cells. Finally, confocal microscopy can be used to observe the localization of the effector
within plant cells, further supporting its potential interaction with host proteins and indicating its
role as a virulence factor. For example, the two bacterial effectors AvrRps4 from Pseudomonas
syringae and PopP2 from Ralstonia solanacearum were identified based on their ability to trigger
immune responses in Arabidopsis. AvrRps4 was identified for its ability to trigger a HR (Hinsch and
Staskawicz, 1996), while PopP2 was identified through disruption analysis of candidate AVR genes
(Deslandes et al.,, 2003). Recently, functional screening of effectors that activate immunity in
resistant cultivars or wild relatives of crops has proven valuable for identifying immune receptors
that can be incorporated into elite cultivars to confer disease resistance (Lin et al., 2023). However,
a crucial foundation of this type of research is the accurate prediction of effector proteins.
Additionally, these approaches are labour-intensive and time-consuming, as they typically require
generating a library of cloned AVR genes or a series of disrupted AVR mutants and screening them

individually for phenotypic changes.
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Therefore, a longstanding challenge remains: how can we improve and accelerate the identification

of effectors and their corresponding resistance proteins or host targets, and vice versa?

This work demonstrates that, after optimizing the TurbolD protocol sufficiently, it is possible to
capture native effectors in vivo using TurbolD (Branon et al., 2018). | successfully detected two
previously reported cognate effectors, AVRamrl and AVRamr3, corresponding to the CNLs Rpi-amrl
and Rpi-amr3, respectively, by mass spectrometry (MS) under native infection conditions. Originally,
these two P. infestans effectors were identified using traditional approaches, including cDNA
pathogen enrichment sequencing for AVRamr1 (Lin et al., 2020), and screening of an RXLR effector
library for AVRamr3 (Lin et al., 2022). Additionally, we identified two new cognate effectors, CCG14
and CCG41, both recognized by the same TNL, WRR4A. Previously, eight different CCG effectors were
identified as being recognized by WRR4A through screening a CCG effector library, but these two
newly identified effectors were not part of that screen and, therefore, were missed (Redkar et al.,
2023). The interaction of these newly identified CCG effectors with TurbolD-tagged WRR4A was
predicted using AlphaFold, and their recognition by this TNL was validated by HR assay,
demonstrating TurbolD’s ability to capture effectors in native settings (Chapters 3 and 4 of this thesis).
The next step in confirming the direct interaction between these two CCG effectors and WRR4A

would be to perform coimmunoprecipitation (Co-IP) experiments.

Through this same experimental pipeline, we identified another CCG effector, CCG82, which may
interfere with EDS1-related signalling pathways. Specifically, although CCG82 was captured with
TurbolD-tagged EDS1, AlphaFold predicts that it primarily interacts with PAD4, one of the two lipase-
like signalling partners of EDS1. Furthermore, the predicted interaction site between CCG82 and
PADA4 precisely matches the binding site where ADR1 associates with PAD4 to activate downstream
signalling events (Chapter 5 of this thesis). To confirm the potential interaction between CCG82 and
PADA4, a Co-IP experiment could be conducted. Additionally, to assess whether CCG82 contributes to
Albugo candida virulence, transgenic lines could be generated in wild-type Arabidopsis under both
constitutive and inducible promoters. The expression of defense-related genes could then be

evaluated, along with the associated bacterial growth phenotype.

Therefore, TurbolD can be used for capturing effectors recognized by resistance proteins, as well as

effectors potentially interfering with host defense hubs. In this study, we only TurbolD-tagged the

host proteins, which was particularly useful in the case of WRR4A, as it can recognize multiple
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effectors (Redkar et al., 2023), enabling the discovery of new effectors. However, the reverse strategy
can also be applied, where the effector itself is tagged with TurbolD (Shi et al., 2023), allowing for

the discovery of new host targets.

Finally, we tested the use of TurbolD combined with immunoprecipitation (TurbolD-directed IP) as
an alternative to traditional Co-IP. Co-IP experiments often miss weak or transient interactions, and
we anticipated that TurbolD-directed IP might be more effective at detecting these types of
interactions. Using this approach, we were able to detect the transient interaction between the
helper NbNRC2 and the sensor CNLs SaRpi-amrl and SaRpi-amr3. To further characterize this
dynamic interaction, we performed a time-course biotinylation assay and observed a reduction in
biotinylated helper NbNRC2 by the TurbolD-tagged sensor SaRpi-amr3 over time post defense
activation. This suggests a decrease in the affinity between these two partners, pointing toward an
activation-and-release mechanism for helper NRC activation. Surprisingly, this phenomenon was
observed under both PTl-alone and “PTI plus ETI” conditions, prompting us to test whether NbNRC2
could be phosphorylated. Mass spectrometry analysis confirmed the phosphorylation of NbNRC2,
identifying several phospho-sites (Chapter 6 of this thesis). The corresponding NbNRC2
phosphovariants are being generated, and it would be interesting to perform HR assays, verify
oligomer formation, and conduct time-course biotinylation assays to investigate whether these
phospho-sites are involved in oligomer formation and/or in regulating the interacting affinity

between helper and sensor NLRs.

Therefore, TurbolD-directed IP could serve as a complementary or alternative method for Co-IP
when Co-IP fails to detect particularly challenging protein-protein interactions. In this context,
TurbolD-directed IP could aid investigate proteins involved in cell signalling pathways and enzyme-
substrate interactions in the future. However, this TurbolD-based approach does not replace
traditional Co-IP methods; rather, it provides a different type of information. Indeed, TurbolD and IP
coupled with mass spectrometry (MS) were compared side by side, both techniques captured very
different pools of interactors, highlighting the complementary nature of these two approaches

(Moreira et al., 2023).

The main aim of this work was to explore the feasibility of capturing effectors under native infection

conditions using TurbolD, thereby establishing a foundation for future proximity labelling-based

effector discovery. Bioinformatic pipelines and prediction software have significantly accelerated the
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identification of putative effectors. The development of high-throughput functional assays, including
machine-learning-based prediction tools and robotic implementations of molecular techniques,
alongside lower-throughput methods such as QTL mapping, GWAS (Plissonneau et al., 2017), and
TurbolID (Shi et al., 2023), is poised to further enhance effector discovery and characterization.
TurbolD-based techniques, in particular, can improve our ability to identify or independently verify
cognate effectors for Resistance genes, as demonstrated in Chapter 4, and susceptible host proteins
or signalling hubs targeted by effectors, as explored in Chapter 5. This TurbolD-based approach,
when combined with artificial intelligence to predict effector-host protein interactions (Homma et
al., 2023), could provide deeper insights into protein networks and their modulation by effectors.
Understanding these interactions will not only enhance our mechanistic understanding of microbial
pathogenesis but also open new avenues for the elucidation of effector-target interactions, offering

significant potential for novel strategies in plant disease control and crop improvement.

7.2  Future applications of proximity labelling

Cellular activities are intricately controlled by proteins and nucleic acids, and their interactions.
These interactions involve protein-protein, protein-RNA, and protein-DNA interactions. Methods
that facilitate our understanding of molecular interactions on a large scale are essential for gaining

deeper insights into biological processes and advancing efforts to improve plant disease resistance.

Conventional approaches like yeast two-hybrid (Y2H) and affinity purification (AP) have been widely
used to discover molecular interactions. Y2H is a common method for mapping protein-protein
interactions and can be high-throughput, enabling the screening of thousands of potential molecular
interactions. AP, when combined with mass spectrometry (MS)-based proteomics, helps identify
stable interacting partners of specific proteins of interest (POI) (Dunham et al., 2012). It can also be
paired with crosslinking and nucleic acid sequencing techniques, such as chromatine
immunoprecipitation sequencing (ChIP-seq) and RNA immunoprecipitation sequencing (RIP-seq), to
study protein-nucleic acid interactions (Park, 2009). However, these methods often struggle to
detect weak or transient PPls, which may be lost during cell lysis and subsequent washing steps of
AP. To address this, crosslinking is sometimes added to AP (Liu et al., 2015), although it can increase
false positives. Additionally, AP is not always effective for studying less soluble targets, such as

membrane-associated proteins.
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Enzyme-catalyzed proximity labelling (PL) was developed as a complementary approach to
traditional techniques (Seath et al., 2021). In PL, engineered enzymes like miniTurbo and TurbolD
are tagged to a POI (Branon et al., 2018). The enzyme converts a small-molecule substrate into a
highly reactive species, such as an activated ester in the case of TurbolD. The reactive species can
then diffuse from the enzyme to covalently bond with neighbouring proteins, marking potential
molecular partners (Figure 1.1 in Chapter 1). The spread of the reactive species depends on the
lifetime of the reactive species and the concentration of quenchers, such as amines for TurbolD, in
the environment. The enzyme produces the highest concentration of reactants close to the enzyme,
with decreasing levels further away from the source. Following MS analysis, a list of potential
interactors can be generated. PL can detect transient PPls, such as enzyme-substrate interactions,
which are intrinsically transient due to substrate turnover, and can help dissect dynamic signalling
pathways where upstream and downstream molecular partners interact transiently with the POI.
Thus, PL is a powerful tool for capturing these types of interactions in native settings that were

previously unexplored.

PL enzymes are commonly tagged to a POl and then use to “fish” for its molecular partners during a
defined time window. Beyond the classic bait-prey paradigm, newer PL approaches have been
developed to increase spatial and temporal specificity, including split PL enzymes (split-TurbolD and
Contact-ID), light-activated PL enzymes (LOV-Turbo), and combinations of different PL enzymes to
track protein trafficking (TransitID). Split PL enzymes consist of two inactive fragments that can be
reassembled into an active enzyme through PPIs or membrane apposition (Cho et al., 2020, Kwak et
al., 2020). This approach allows for greater specificity in the targeting of biotinylated locations, but
it has slower kinetics compared to full-length PL (Cho et al., 2020). Alternatively, LOV-Turbo combines
TurbolD with a light-oxygen-voltage (LOV) domain, a light-sensitive region that enables activation by
light (Lee et al., 2023). Finally, TransitID combines multiple PL enzymes and can trace protein
movement within cells (Qin et al., 2023). For example, TurbolD and APEX2 were localized to different
cellular compartments and stimulated with biotin to trigger TurbolD-based labelling. One hour later,
phenol alkyne probe and H,O; were introduced to induce APEX2-based labelling. Proteins marked

with both biotin and alkyne were then considered to have travelled between cellular locations.

PL can also be applied to investigate subcellular proteomes, as the function of proteins are

influenced by their localization within the cell. Techniques like organelle-specific and cell-wide

biochemical fractionation have been used to map proteomes of various cellular compartments

192



(Christopher et al., 2022, Geladaki et al., 2019). These methods usually rely on separating organelles
based on their density, size, or membrane properties using multiple centrifugation or detergent
steps. However, challenges such as contamination from non-target organelles, incomplete coverage
or under-sampling, and inconsistent assignment of protein localization to subcellular fractions often
arise. Moreover, separating membrane-less structures is particularly difficult using biochemical
fractionation. PL, on the other hand, allows targeted labelling within a specific subcellular location,
providing a more direct way to study protein composition in its native environment (Dionne and
Gingras, 2022, Mair and Bergmann, 2022). This bypasses the need to preserve the integrity of
organelles or subcellular structures during sample purification, as is required in biochemical
fractionation methods. PL has been successfully used to map large-scale subcellular proteomes in
human cells (Go et al., 2021), but similar approaches in plants remain largely unexplored (Mair et
al.,, 2019). This opens new opportunities to investigate complex cellular compartments, such as

membrane-less structures and other structures difficult to analyse with traditional methods.

PL can also be utilized to explore the specific functions of individual cell types, such as guard cells,
various root cells, or bundle-sheath cells. Methods like laser capture microdissection, fluorescence-
activated cell sorting (FACS) (Datta et al., 2015, Gallardo and Behra, 2013, Ohtsu et al., 2007), and
mechanical separation coupled with sequential protoplast generation (Svozil et al., 2015), have been
used for cell-type-specific proteome analysis. However, these methods are often labour-intensive
and time-consuming to generate sufficient datasets. In contrast, PL enzymes can be expressed under
cell-type-specific promoters, eliminating the need for extensive cell isolation and enabling high-

throughput analysis of cell type-specific proteomes (Mair et al., 2019, Sun et al., 2022).

PL can also be combined with other cutting-edge techniques, like CRISPR, to study the protein-
nucleic acid interactome. The integration of CRISPR and PL has proven useful for mapping local
chromatin interactions comprehensively. Gene expression is regulated at specific genomic regions
by the concerted action of various transcriptional regulatory proteins, which either activate or
repress genes expression. A conventional method for studying these interactions is ChIP, but it is
typically limited to analysing a single, pre-defined transcription factor in each experiment (Park,
2009). Chemical cross-linking, followed by precipitation of complementary DNA probes, has been
used to directly analyse chromatin complexes; however, this method often suffers from the loss of
cellular and chromatin context (Déjardin and Kingston, 2009). CaselD employs a nuclease-deficient

dCas9 fused with a biotin ligase to target specific genomic regions, through single-guide RNAs
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(sgRNAs), allowing for the biotinylation of nearby proteins (Schmidtmann et al., 2016). This approach
could be adapted for plant systems to study regulatory elements of genes involved in plant immunity.
A similar method, CRISPR-assisted RNA-protein interaction detection (CARPID), enables the study of

RNA-protein interactions using CRISPR-CasRx-based targeting (Yi et al., 2020).

Furthermore, a novel platform called uMap (MicroMapping) has been introduced, which employs
photocatalytic proximity labelling to map the protein microenvironment of small-molecule ligands
with high spatiotemporal resolution (Trowbridge et al., 2022, West and Woo, 2023). Compared to
enzyme-based methods, photo-proximity labelling offers tighter spatial resolutions, ranging from 50
nm to a few angstroms, depending on the half-life of the reactive substrate. This narrow labelling
radius minimizes non-specific tagging, ensuring that only proteins directly bound to a target or in its
immediate vicinity are detected, thereby enhancing the functional relevance of the results. The first
implementation of uMap used iridium (Ir) photocatalysts, which, when exposed to blue light,
convert diazirines into highly reactive carbenes with an extremely short half-life of about 1
nanosecond, due to rapid neutralization by water (Geri et al., 2020, Trowbridge et al., 2022). Carbene
probes can crosslink with all amino acids, eliminating the sequence-specific labelling bias exhibited
by other PL techniques. In the future, enzyme-based platforms like the foundational TurbolD may

evolve to incorporate photo-proximity labelling techniques (Tian et al., 2012).

While biotin ligases such as TurbolD have been successfully used for in vivo proteomic mapping
across various organisms, future improvements, like the use of non-biotin probes, could further
reduce background interference and enhance the compatibility of PL in vivo. The continued
development of more sophisticated PL technologies may expand the scope of discoveries and
facilitate the resolution of more complex biological questions, such as determining the affinity,
stoichiometry, and contact sites of molecular interactions. Meanwhile, AlphaFold’s predictions can
complement PL studies by prioritizing and refining identified PPIs, as demonstrated in Chapter 4 and
5, and by enabling the identification of potential interaction interfaces for further experimental

validation (Homma et al., 2023).

In conclusion, it is reasonable to anticipate that, in the coming years, the scientific community will
explore additional innovative uses of PL enzymes that have yet to be considered. In this work, by
demonstrating the feasibility of capturing native effectors using PL, we propose a novel TurbolD-

based PL approach, which has not been explored before and has the potential to significantly

194



accelerate the identification of new effectors and their interacting host proteins. Ultimately, this
could provide valuable insights into pathogen virulence by potentially defining the core set of
effectors required for a microorganism to be pathogenic and thus revealing the key plant immune

elements necessary for triggering defense mechanisms.

Appendices

Appendix 1: List of symbols and abbreviations

ADR1 activated disease resistance 1

AP affinity purification

APEX ascorbate peroxidase

ATP adenosine triphosphate

AVR avirulence

bio-AMP  biotinyl-adenosine monophosphate

Ca%* calcium

cDNA complementary deoxyribonucleic acid

CNL coiled-coil, nucleotide-binding, leucine-rich repeat
Co-IP co-immunoprecipitation

CRISPR clustered regularly interspaced short palindromic repeats
DM10 double multi-parent advanced generation inter-cross 10
dpi days post infiltration/infection

EDS1 enhanced disease susceptibility 1

ETI effector-triggered immunity

gDNA genomic deoxyribonucleic acid

HELL HeLo-like domain

H,0; hydrogen peroxide

Hpa Hyaloperonospora arabidopsidis

hpi hours post infiltration/infection

HR hypersensitive response

ID integrated domain

IP immunoprecipitation

kDa kiloDalton

LC-MS liguid chromatography-mass spectrometry

MAGIC multi-parent advanced generation inter-cross
MAMP microbe-associated molecular pattern

MAPK mitogen-activated protein kinase

MLKL mixed-lineage kinase domain-like

MS mass spectrometry

NB-ARC  nucleotide binding domain found in APAF1, R proteins and CED4
NHR non-host resistance

NLR nucleotide-binding, leucine-rich repeat
NRC NLR-required for cell death

NRG1 N required gene 1

ODsoo optical density at a wavelength of 600 nm
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PAD4 phytoalexin deficient 4

PAGE SDS-polyacrylamide gel electrophoresis

PAMP pathogen-associated molecular pattern

PL proximity labelling

PPI protein-protein interaction

PRR pattern recognition receptor

PTI pattern-triggered immunity

PTM post-translational modification

RLK receptor like-kinase

RLP receptor like-protein

RNL resistance to powdery mildew 8-like coiled-coil, nucleotide-binding, leucine-rich repeat
ROS reactive oxygen species

SA salicylic acid

SAG101 senescence associated gene 101

SAR systemic acquired resistance

TNL toll/interleukin-1 receptor/resistance, nucleotide-binding, leucine-rich repeat
T3SS type-lll secretion system

v/v volume/volume

WT wildtype

w/v weight/volume

Y2H yeast-two-hybrid

Appendix 2: List of primers

CMS3_EDS1_1F ATGGCGTTTGAAGCTCTTACC
CMS3_EDS1_2F TCCAGATGAGTTCGAAGGGG
CMS4_EDS1_1R GAAGCGTAATCCACCACTTTC
CMS5_NRG1B_1F ATGGTCGTGGTCGATTGGCT
CMS5_NRG1B_2F TGCTTAAACTTGTTCATCTCGG
CMS5_NRG1B_3F ACTTACTCCAGGACAACGGTT
CMS5_NRG1B_4F GATGTCTCTAAAGCTCTATCGAAT
CMS6_NRG1B_1R TCTGTTTCCTCCGTGTGAAC
CMS6_NRG1B_2R TATTCCACTTCTCGACATGTGA
CMS7_PAD4_1F ATGGACGATTGTCGATTCGAG
CMS7_PAD4_2F CTCAATTTCACGATCACGTTTAG
CMS7_PADA4_4F GCCACTCGACATTGCGAATTT
CMS7_PAD4_5F ACTAATTAGTGAGTGAAACGTCAT
CMS8_PAD4_1R CGCCTCCCACACACTATAAC
CMS8_PAD4_2R CTGAAGAAAGAGTTTGAGTATGG
CMS9_SAG101_1F ATGGAGTCTTCTTCTTCACTGT
CMS9_SAG101_2F AGTATCGAACTACGGGAAGGT
CMS9_SAG101_3F CCAAACGCTCAAGTCTGAGAA
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CMS10_SAG101_1R TACTTCCGGGTGTTCATAAAC
CMS10_SAG101_2R AAACTTGTAGACCTGGATCATG
CMS25_mCherry 1F  |ATCAAGGAGTTCATGCGCTTC
CMS28_ADR1-L1_1F  |ATGGCCATCACCGATTTTTTC
CMS28_ADR1-L1_2F  |GTCACTTTGAGAACCGGATTT
CMS28_ADR1-L1_3F  |TGGATTGAGTTACATGATATAGATG
CMS28_ADR1-L1_4F  |AAACCGGACTTGACGTGGCA
CMS29_ADR1-L1_1R  |TTTGTATCTCCACGCCGTTG
CMS28_ADR1-L1_5F  |AATGAAGACatAATGGCCATCACCGATTTTTT
CMS29_ADR1-L1 2R  |ATTGTCTTCatGCAGAACAACATGCTGTGTC
CMS28_ADR1-L1_6F  |AATGAAGACatCTGCGAGATCTAGCTCTTCA
CMS29_ADR1-L1 3R  |ATTGTCTTCatCGAACCTTCGTCAAGCCAGTCTAG
CMS34_minilD_F GAGCCCTGCTGCTGGAACAG
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