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Abstract

Plants have evolved intracellular immune receptors, known as nucleotide-binding
domain leucine-rich repeat-containing (NLR) proteins, that trigger effective immune
responses upon perception of pathogen-derived effectors. Although typical NLRs share
a conserved multidomain architecture, some of them carry unconventional so-called
integrated domains that appear to have evolved from host targets of pathogen effectors.
One example of such NLR is Pik-1—a rice immune receptor that confers disease
resistance to the blast fungus Magnaporthe oryzae. Pik-1 carries a heavy metal-associated
(HMA) domain that directly binds the AVR-Pik effector from M. oryzae by mimicking the
host targets of this effector. In this thesis, I aimed to understand the evolutionary history
of the Pik-1 receptor and its partner, Pik-2, and test hypotheses about adaptive evolution
of the Pik-1-integrated HMA domain. Phylogenetic analyses of Pik orthologues revealed
that the HMA domain integrated into Pik-1 before Oryzinae speciation and has been
subject to the strong diversifying selection. Ancestral HMA sequence reconstruction
coupled with functional studies showed that different allelic variants of Pik-1, Pikp-1 and
Pikm-1, convergently evolved to recognise AVR-PikD. Using biochemical and
biophysical approaches, I functionally characterised two regions in the Pik-1 HMA that
independently evolved towards high-affinity AVR-PikD binding from the weaker
ancestral state. In both cases the HMA domain only recently acquired the capacity to bind
the AVR-PikD effector with high affinity, indicating that for most of its evolutionary
history the HMA had not been subject to selection pressure imposed by this blast effector.
In addition, although Pikp-1 and Pikm-1 receptors evolved to produce similar phenotypic
outcomes, they underwent different evolutionary trajectories to do so. These findings
paint a complex picture of the mechanisms and evolutionary dynamics of NLR adaptation
and provide a robust evolutionary framework that can contribute a more comprehensive

understanding of plant-microbe systems.
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and CED-4

NBD nucleotide-binding domain

NJ neighbour-joining

NLR nucleotide-binding domain leucine-rich repeat-containing
NLRC4 NLR family CARD domain—containing protein 4
NLS nucleus localisation signal

NOD nucleotide-binding and oligomerisation domain
NRC NLR-required for cell death

NRG1 N requirement gene 1

NRIP N receptor-interacting protein 1

Ob Oryza brachyantha

Oglum Oryza glumacepatula

O/ Oryza longistaminata

Oniva Oryza nivara

Opunc Oryza punctata

Os Oryza sativa

P/A presence/absence

PACMAD Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae,
Danthonioideae

PCR polymerase chain reaction

PDB Protein Data Bank

Pik Pyricularia oryzae resistance

PM powdery mildew resistance

PP posterior probability

PPh P. syringae pv. phaseolicola

R resistance

RAR1 required for MLLA12 resistance 1

RAxML Randomized Axelerated Maximum Likelihood
RBA1 response to the bacterial type III effector protein HopBA1
RGA resistance gene analogue

RGC16 resistance gene candidate

RGH2 resistance gene homologue

RIN4 RPMI-interacting protein 4

RILLCK receptor-like cytoplasmatic kinase

RLK receptor-like kinase

RLP receptor-like protein

Rmol1l resistance to Magnaporthe oryzae 1

Roql recognition of XopQ 1

Rpl resistance to Peronosclerospora sorghi 1

RPM1 resistance to Pseudomonas syringae pv. macnlicola 1
RPP resistance to Peronospora parasitica

RPS2 resistance to Pseudomonas syringae

RRS1 resistance to Ralstonia solanacearum 1

RU response unit

Rx resistance to Phytophthora infestans and potato virus X
RXLR Arg-X-Leu-Arg

Sb Sorghum bicolor
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SGT1

Si

SPR

Sr

SSFR
STAND
Ta

TIR
TNL
WHD

XopQ

Z.AR1
zfBED

suppressor of G2 allele of SKP1
Setaria italica

surface plasmon resonance
stem rust resistance
super-structure forming repeat
signal-transduction ATPases with numerous domains
Triticum aestivum
Toll/intetleukin receptor
TIR-NLR

winged helical domain
Xanthomonas outer protein Q
vellow rust resistance
HopZ-activated resistance 1
zinc-finger BED
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Chapter 1: General Introduction

1.1 Plant innate immunity—overview

During their lifetime, plants are constantly exposed to various biotic and abiotic
stresses. Numerous pathogens—such as bacteria, viruses, fungi, and oomycetes, as well
as parasites like nematodes, insects, and even parasitic plants—deploy elaborate strategies
to successfully colonize their hosts and complete their life cycles. In order to defend
themselves against intruders, plants have evolved an innate immune system, which has
been extensively studied over the last few decades. The prevailing model in the field
describes two layers of plant immunity (Dodds and Rathjen, 2010; Jones and Dangl,
2000). Cell surface receptors play a predominant role in the first layer of defence; located
at the plasma membrane, these receptors have a primary function in preventing pathogen
penetration into the cell by guarding the extracellular space. In most cases, they do so by
perceiving microbe-associated molecular patterns (MAMPs) conserved across different
species, such as the common bacterial ligand flagellin (Zipfel et al., 2004). Upon ligand
perception, cell surface receptors, such as receptor-like kinases (RLKs) or receptor-like
proteins (RLPs), trigger an immune response and prevent invasion (Gémez-Goémez and
Boller, 2000; Sun et al., 2013). However, specialised pathogens have evolved to subvert
this defence mechanism. They use a repertoire of small secreted proteins, known as
effectors, which exploit various plant processes and promote virulence (Hogenhout et al.,
2009; Win et al., 2012). A subset of effectors is translocated inside the host cell, where
they carry their functions by targeting a range of host proteins and processes. In turn,
they can be perceived by another class of plant immune receptors—intracellular
receptors—which are the major players in the second layer of plant immunity. The
majority of known cytoplasmic intracellular receptors are nucleotide-binding domain
leucine-rich repeat-containing proteins (NLRs). Upon effector perception, NLRs trigger
a rapid immune response, which is usually accompanied by localised programmed cell
death, also known as the Hypersensitive Response (HR) (Dodds and Rathjen, 2010;
Win et al., 2012). In contrast to the majority of cell surface receptors, NLRs tend to act
against individual effectors that are present in a limited number of pathogen races and

thus have a restricted spectrum of activity against plant pathogens. Nevertheless, the
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NLR-mediated immune response is generally highly efficient and typically leads to

effective restriction of pathogen proliferation.

1.2 Architecture and activities of NLR domains

NLRs are classified as STAND P-loop ATPases that belong to the AAA+
superfamily (Snider and Houry, 2008). They occur across three eukaryotic kingdoms of
life, where they broadly function in stress-associated signals and immunity (Dyrka et al.,
2014; Jones et al., 2016). NLR receptors share a conserved multidomain architecture that
constitutes a central nucleotide-binding and oligomerisation domain (NOD) and
a super-structure forming repeat (SSFR) domain (Dyrka et al., 2020). In plants, the NOD
segment is exclusively formed by an NB-ARC domain (nucleotide-binding adaptor shared
by APAF-1, certain R gene products and CED-4) followed by a leucin-rich repeat (LRR)
region (McHale et al., 2006; Takken and Goverse, 2012). Much of the structural variation
in NLRs resides at the N-termini; plant NLRs usually carry either Toll/intetleukin 1
receptor (TIR) or coiled-coil (CC) domains at their N-termini—with the latter further
divided into smaller subgroups. As a consequence, NLRs have been categorised into two
major subclasses: TIR-NLRs or TNLs (TIR-NB-ARC-LRR) and CC-NLRs or CNLs
(CC-NB-ARC-LRR). Representatives of both groups make up the NLR repertoire of
a majority of angiosperms, although TNLs have been largely lost in monocots
(Christie et al., 2016; Nandety et al., 2013; Tarr and Alexander, 2009).

Whether plant and animal NLRs share a common evolutionary origin has been under
debate and there is still lack of consensus on this topic (Adachi et al., 2019b; Jones et al.,
2016; Urbach and Ausubel, 2017; Yue et al., 2012). Regardless of their origin, structural
conservation of NLR proteins suggests that their architecture is critical for the dual
function of NLRs—non-self perception and activation of immune response. Indeed,
recent elucidation of the first structures of plant NLR complexes revealed remarkable
similarities to metazoan inflammasomes and apoptosomes (Hu et al., 2015; Martin et al.,
2020; Wang et al., 2019; Zhang et al., 2015; Zhou et al., 2015). In a commonly accepted
model, plant and vertebrate NLRs act as molecular switches that are maintained in an
inactive (‘off’) conformation through intramolecular interactions (Takken and Goverse,
2012). In response to pathogen perception, they undergo structural remodelling that

facilitates exchange from ADP to ATP at the NOD domain, leading to oligomerisation
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and formation of wheel-like structures required for activation of immune response
(Xiong et al., 2020). The ground-breaking study on the CC-NLR ZAR1 from Arabidopsis
thaliana demonstrated that activated ZAR1 assembles into a higher-order complex, coined
resistosome, constituting of five ZAR1 protomers (Wang et al, 2019). A similar
oligomerisation mechanism has also been described for the Nicotiana benthamiana
TIR-NLR Roql, which forms a tetrameric resistosome upon recognition of the XopQ
effector from Xanthomonas eunvesicatoria (Martin et al., 2020). In both cases,
the oligomerisation is required for cell death activation. Although there is a wealth
of experimental evidence suggesting that oligomerisation is essential for activation
of a number of plant NLRs (Hu et al., 2015; L. Li et al., 2020; Tran et al., 2017), whether
uniform mechanisms underly activation of all plant NLRs remains to be elucidated, in
particular those that engage in NLR-NLR cooperation or display atypical domain
architecture. For example, the equilibrium model proposed for the L5, L6, and L7
receptors of flax predicts that these receptors exist in an equilibrium between active and
inactive states, with the activated form stabilised upon recognition and thus shifting the
balance towards activation (Bernoux et al., 2016). Furthermore, significant gaps in our
understanding of downstream signalling processes still exit. For instance, what is the link
between resistosome formation and cell death? What is the role of potential downstream

signalling components in immunity activation and resistance?

1.2.1 The NB-ARC domain

The NB-ARC domain constitutes the most conserved region among distantly related
NLRs, with relatively high conservation at the sequence level and perhaps even more so
at the structural level (Martin et al., 2020; Xiong et al., 2020). It occupies a central position
within a tripartite plant NLR and typically comprises of a nucleotide-binding domain
(NBD), helical domain 1 (HD1), and a winged helical domain (WHD), which together
fold into an ATP/ADP-binding NTPase (Wendler et al., 2012). The ATP and ADP
molecules are coordinated and/or hydrolysed by the phosphate-binding loop (P-loop,
kinase 1a, Walker A), Walker B and hhGREXE motifs within the NBD domain, the GxP
(GLPL) motif of HD1, and the MHD (Met-His-Asp) motif located within the WHD
subunit (Steele et al., 2019; Sukarta et al., 2016; Wang et al., 2019). All the components

are highly conserved among plant NLRs and their activities have been extensively studied
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in the last decades. For instance, mutations in the P-loop region significantly reduce the
ATP-binding affinity, leading to complete loss-of-function phenotype in a number of
NLRs, including tomato 12 receptor, N from tobacco, and more recently ZAR1 and
NRGT receptors from Arabidopsis thaliana (Tameling et al., 2002; Ueda et al., 2006; Wang
et al., 2019). In contrast, Asp to Val (aspartic acid to valine) mutation in the MHD motif
typically results in NLR constitutive activation and spontaneous cell death, as shown for
M from flax and Mi from potato (Wang et al., 2015; Williams et al., 2011); this mutation
is predicted to enhance ATP binding, highlighting the importance of ATPase activity
in NLR activation (Sukarta et al., 2016). Notably, there is a number of exceptions, with
Asp to Val mutation within the MHD motif preventing activation of Pik-1 and
Pik-2 NLRs of rice (Zdrzalek et al., 2020) and other NLRs displaying P-loop—independent
activity (Césari et al., 2014b; Williams et al., 2014).

Recent cryo-electron microscopy (cryo-EM) structures of an Arabidopsis CC-NLR
ZAR1 (Wang et al., 2019), and a TIR-NLR Roql from Nicotiana benthamiana (Martin et al.,
2020) have significantly expanded our understanding of the function of the
NB-ARC domain within NLRs. They revealed that NLRs switch between an inactive
ADP-bound state and an active ATP-bound state, with NB-ARC directly interacting with
ADP or ATP molecules, as previously implicated (Maekawa et al., 2011; Steele et al., 2019;
Williams et al., 2011). Work on ZAR1 further suggested the existence of a third,
intermediate state (Wang et al.,, 2019). In addition, both ZAR1 and Roql structures
demonstrated that NB-ARC plays a critical role in the structural remodelling leading to
the assembly of the resistosome, as previously shown for inflammasomes and
apoptosomes from metazoans (Hu et al., 2015; Zhang et al., 2015; Zhou et al., 2015).
Upon activation, the NB-ARC domain undergoes drastic conformational changes; its
C-terminus rotates about 180 degrees around the hinge linking the WHD and HD1 units.
This rotation of the WHD subdomain, stabilised by the ATP binding, exposes the
oligomerisation interface located within the NBD, enabling packing of the protomers and
formation of an activated wheel-like structure. Oligomerisation mediated by the NB-ARC
domain further facilitates interaction of the N-terminal CC or TIR domains, which is
thought to play an essential role in activation of immune responses. Single amino acid
mutations within the oligomerisation interface of the NBD prevent complex formation

and thereby compromise HR (Martin et al., 2020; Wang et al., 2019).
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1.2.2 The N-terminal CC and TIR domains

Plant CC-NLRs are widely present across different families of flowering plants
(Lee et al., 2019). They fall into two monophyletic subclades (Prigozhin and Krasileva,
2020; Tamborski and Krasileva, 2020), each with distinct types of CC-domain: Rx-type
coiled-coil with a characteristic EDVID motif (CCepvip), consisting of negatively charged
residues (Collier et al., 2011; Rairdan et al., 2008); and RPWS8-type CC (CCx), found in
ADRI1 and NRG1 receptors (Bonardi et al., 2011; Wu et al., 2019). In addition, a new
study by Lee et al. defined a third functionally conserved CC subgroup, G10-CC (CCqio)
(Lee et al., 2019). Whether this diversification of CC domains reflects differences in their
functions and/or activities requites further investigation. Structural studies on CCepvip
domains imply that they might be metamorphic and can adapt distinct topologies
in response to different environmental stimuli (Bai et al., 2012; Casey et al., 2016;
Hao et al.,, 2013). Likewise, TIR domain of Roql undergoes structural rearrangements
upon Roql activation (Martin et al., 2020). Despite relatively low sequence similarity,
structural topologies of TIR domains appear largely conserved across distinct plant NLRs
(Bernoux et al., 2011; Williams et al., 2014; Zhang et al., 2017), suggesting that they may
exhibit structural rearrangements similar to those observed for Roql.

The N-terminal domains are thought to be associated with execution of cell death
(Bentham et al., 2017). Several studies have demonstrated that TIR and CC domains are
the minimal functional unit required for activation of immune response. Autoactive
phenotypes have been linked to both the CC and TIR domains, with well-known
examples including wheat Sr33, barley MLLA10, maize Rp1-D21, Arabidopsis RPP1, and
L6 from flax (Casey et al., 2016; Krasileva et al., 2010; Mackawa et al., 2011; Schreiber
et al., 2016; Wang et al., 2015). However, the mechanisms underlying immune response
activation for each of these domains appear to be different. Recently, some animal and
plant TIR domains have been demonstrated to possess an NADase enzymatic activity
(Essuman et al., 2018; Wan et al., 2019). Mutations within the putative NADase active
site  compromised the cell death phenotype triggered by TIR domains
of Arabidopsis RPS4 and RPP1 as well as Roql (Martin et al., 2020; Wan et al., 2019).
However, while essential, TIR NADase activity is not sufficient for activation of immune
response and cell death, as illustrated by using a suite of chimeras between various TIR

domains and the mammalian NLR NLRC4 (Duxbury et al, 2020). In contrast,
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CC domains don’t carry any known enzymatic activities. At least for a subset of them,
immune response activation seems to be encoded in a functionally conserved N-terminal
region of CC corresponding to the first a-helix, a1 (Adachi et al., 2019a). Transposon-
based mutagenesis of NRC4 from N. benthamiana demonstrated that the N-terminal 29
amino acids of NRC4 are sufficient to recapitulate hypersensitive cell death. Sequence
analysis paired with genome mining studies revealed that this region is defined by the
consensus MADAxVSFxVxKLxxLILxxEx (MADA) motif that is conserved in nearly
20% of all CC-NLRs, including representatives from distantly related dicot and monocot
species. The MADA motif is also present in the al of ZAR1; the helix is buried in an
inactive state, yet upon activation it flips out to form a surface-exposed funnel-shaped
structure in the ZAR1 oligomer (Wang et al., 2019). Mutation within this motif leads to
a loss-of-HR phenotype, which is independent of oligomerisation, suggesting that it
encodes other biochemical activities. Although al has been shown to promote plasma
membrane localisation, its role there remains unknown. Finally, the remaining 80%
of CC-NLRs don’t carry the MADA motif, inviting the question about the alternative
MADA-independent activation mechanisms (Rairdan et al., 2008; Zdrzalek et al., 2020).
The majority of those likely lost the ability to execute cell death and instead rely on other
NLRs to activate an immune response, as discussed in Section 1.4.4. However, it is still
possible that a subset of CC-NLRs trigger cell death through a distinct
MADA-independent mechanism.

Both TIR and CC domains contribute to the formation of NLR higher-order
complexes. The structures of the TIRs from flax .6 and Arabidopsis RRS1 and RPS4
suggest that TIR-TIR protein—protein interactions are involved in TNL homo- and
heterodimerization, respectively (Bernoux et al., 2011; Williams et al., 2014; Zhang et al.,
2017). Experiments with plant-mammalian NLR chimeras revealed that induced
proximity of the RPS4 TIR domains recapitulates hypersensitive cell death in planta
(Duxbury et al., 2020). Interestingly, TIR domains within the Roql tetramer don’t engage
in tetrameric interaction and instead form only two-fold symmetric dimers, which are
required for immunity activation (Martin et al., 2020). Likewise, the CC domains of the
ZAR]1 resistosome pack against each other resulting in a formation of an o.-helical barrel
(Wang et al, 2019). Yeast-two-hybrid experiments revealed heterodimerization

of the CC domains of rice NLRs RGA5 and RGA4 (Césari et al. 2014b) and Pikh-1 and
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Pikh-2 (Zhai et al,, 2014). Notably, multiple studies demonstrated that apart from
NLR-NLR interactions some TIR and CC domains are also involved in interaction with
NLR-associated proteins. For instance, the CC domain of the potato Rx protein and the
TIR from the tobacco N protein interact with RanGAP2 and NRIP, respectively
(Mestre and Baulcombe, 20006; Sacco et al., 2007; Tameling and Baulcombe, 2007); both
have been linked to NLR activation and effector perception. Future research should
address the versatility of TIR and CC activities and its relevance in plant immunity as

a whole.

1.2.3 The LRR domain

The leucine-rich repeat (LRR) domain is located at the C-terminal end of plant
NLRs. The LRR is defined by the presence of a characteristic stretch of hydrophobic
amino acids (usually leucine) spaced by hydrophilic residues, a repeat defined by
a ‘LxxLxxLxxNxL’ motif (Wei et al., 2008). Both the length of the repeat and the overall
length of the domain is highly variable (Padmanabhan et al., 2009). Despite those
variabilities, the LRR domain folds into a broadly conserved structure; on the structural
level LRR repeats form rigid -sheets that act as a scaffold, in which the residues resting
in between LRR units are surface-exposed (Enkhbayar et al., 2003). This characteristic
feature is likely shared among a wide variety of receptors, including TIR- and CC-type
NLRs in plants, animal NLR proteins, and the LRR-containing cell surface receptors, as
illustrated by cryo-EM structures of Roql, ZAR1, NLRC4, and Arabidopsis FLS2,
respectively (Hu et al., 2013; Sun et al,, 2013).

Multiple functions have been associated with the LRR domain. Several studies found
that it mediates interaction with the SGT1-HSP90-RAR1 chaperone complex controlling
stability of the inactive NLR proteins (Bieri et al., 2004; Kud et al., 2013; Leister, 2004).
In cell surface receptors, the LRR is responsible for ligand binding and similar activity has
also been suggested for NLR proteins (Zipfel, 2014). This is in line with the fact that
surface-exposed residues in the LRR can form a large interaction interface. In addition,
LRRs show very low level of conservation, indicating that they can accommodate new
polymorphisms thus potentially acquiring new recognition specificities (Duxbury et al.,
2016; Prigozhin and Krasileva, 2020; Van de Weyer et al., 2019). However, only few

examples of effector perception through direct LRR-binding have been reported to date
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(Dodds et al., 2006; Goritschnig et al., 2016; Jia et al, 2000). Studies on ZARI1
demonstrated that the LRR can also indirectly mediate effector recognition through
association with pathogen-modified host proteins (Lewis et al., 2013; Wang et al., 2019).
Lastly, extensive studies of NLR function indicate that the LRR domain is involved in
intramolecular interactions with other domains of NLRs, which likely prevent

spontaneous activation (Moffett et al., 2002; Slootweg et al., 2013; Wang et al., 2020).

1.2.4 Unconventional NLRs

Although the vast majority of all functionally validated NLRs in plants display
canonical tripartite domain architectures (nearly 60% and 19% of all characterised NLRs
belong to CC- or TIR-type receptors, respectively) a number of NLRs exhibits unusual
domain structure (Kourelis and Kamoun, 2020). A subset of NLRs has incorporated
noncanonical domains, so called integrated domains (IDs). Genome mining studies
showed that integrations are much more frequent than previously thought and that
NLR-IDs can represent 3—10% of all NLRs (Kroj et al., 2016; Sarris et al., 2016;
Van de Weyer et al., 2019). So far, the role of integrated domains in NLR-ID fusions has
only been explored for a couple of examples(Guo et al., 2018; Heidrich et al., 2013; Sarris
et al., 2010), yet it is commonly thought that these noncanonical domains are involved in
direct or indirect effector perception (Ellis, 2016; Wu et al., 2015).

To date, dozens of different Pfam domains have been identified in plant NLRs
(Sarris et al., 2016; Steuernagel et al., 2020; Van de Weyer et al., 2019). These are associated
with various functions, such as DNA binding, sugar transport, vesicle trafficking,
hormone signalling, and phosphorylation (Bailey et al., 2018; Kroj et al., 20106; Sarris et
al.,, 2016). Of these, kinases form the most prevalent group and, although their functions
are yet to be experimentally determined, sequence analyses indicate that they might be
catalytically active (Sarris et al., 2016). This predicted activity is in disagreement with the
‘integrated decoy’ model that assumes that all IDs have lost their biochemical activity and
only mimic the operative targets of their cognate effectors (Césari et al. 2014a). In reality,
the functions of the IDs remain to be demonstrated on a case-by-case basis.

It is also noteworthy that a subset of NLRs lack some of the canonical domains
(Kourelis and Kamoun, 2020; Nandety et al., 2013; Van de Weyer et al., 2019). Some

of those ‘truncated’ receptors have been shown to mediate pathogen recognition,
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including Arabidopsis TIR-only RBA1 that recognises HopBA1l effector from
Psendomonas syringae (Nishimura et al., 2017) and TIR-NB protein TN 13 that is required
for basal resistance (Nandety et al., 2013; Roth et al., 2017).

1.3 Pathogen perception by NLRs

Since the cloning of the first NLR genes nearly three decades ago, extensive research
has revealed distinct mechanisms of effector recognition that vary tremendously across
NLRs (Césari, 2018; Kourelis and van der Hoorn, 2018). Overall, NLRs can engage
in two types of microbial perception either by directly binding pathogen effectors

or by indirectly monitoring pathogen-induced perturbations (Win et al., 2012).

1.3.1 Direct and indirect recognition mechanisms

Physical interaction of an NLR and a pathogen effector has been proposed for
several known receptors. Domain swap experiments between the flax NLRs L5 and L6
showed that N- and C-terminal regions of their leucine-rich repeat domains, respectively,
are responsible for recognition specificity of alleles of flax rust effector AvrLL567; direct
binding to the AvrL567 alleles was confirmed in yeast two-hybrid assay and further
validated in HR experiments (Ravensdale et al., 2012). Similatly, Arabidopsis thaliana race-
specific resistance to the oomycete Hyaloperonospora arabidopsidis (Hpa, aka Peronospora
parasitica) has been linked to association of the NLR RPP1 with different alleles of the
ATRI1 effector (Steinbrenner et al., 2015). In this case, only alleles that associate with
RPP1 can trigger RPP1-mediated immune response (Krasileva et al., 2010; Steinbrenner
et al., 2015, 2012). Despite those examples, physical association with cognate effectors
has rarely been observed for plant NLRs, and indirect recognition is thought to constitute
a more common recognition mechanism.

Two different models of indirect effector perception have been described in the
literature: the guard model and the decoy model (van der Hoorn and Kamoun, 2008).
In both cases, resistance proteins sense pathogen invasion by detecting pathogen-induced
perturbation of host proteins. Functional effector targets are called guardees, while decoys
are typically non-functional and only mimic effector targets. RIN4 is a negative regulator

of FLS2-mediated immune response in Arabidopsis thaliana that constitutes one of the best
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studied examples of an NLR guardee. Perhaps due to its central role in defence against
bacterial pathogens, RIN4 is targeted by a number of bacterial effectors, such as
AvrRpml1, AveB, AviRpt2, and HopF2 from Pseudomonas syringae (Afzal et al., 2013; Axtell
and Staskawicz, 2003; Chung et al., 2011, 2014). Effector-induced modifications of RIN4
are in turn detected by the RPS2 and RPM1 NLRs leading to immunity activation and
resistance. Receptor-like cytoplasmatic kinases (RLCKSs), such as BIK1, belong to another
class of important players in plant immunity that serve as common targets of pathogen
effectors. Arabidopsis have evolved a suite of closely related pseudokinase paralogues that
act as RLCK decoys cooperating in activation of immune response by the ZAR1 NLR
(Lewis et al., 2013; Seto et al., 2017; Wang et al., 2015). As a consequence, ZAR1 has the
ability to indirectly recognise multiple bacterial effectors from P. syringae and Xanthomonas
campestris. Likewise, Prf receptor from tomato exploits activities of two unrelated effectors
from P. syringae AvrPto and AvrPtoB. Both AvrPto and AvrPtoB bind the Pto kinase,
which results in Prf-mediated immune response. Notably, Prf can interact with a suite
of Pto-like kinases, some of which also prompt pathogen recognition (Gutierrez et al.,
2010; Ntoukakis et al., 2014).

As illustrated by the above examples, indirect effector recognition presents
a remarkable evolutionary framework, in which a single NLR can mediate resistance
to multiple, often very divergent, effectors to extend its pathogen-recognition spectrum.
Yet it can provide even further evolutionary advantages. In the plant—pathogen arms race,
pathogen effectors constantly evolve to evade recognition, while plant NLRs adapt
to those changes. Escaping indirect recognition is often linked with losing an effector
or altering its activity, which might impose greater fitness costs for the pathogen than
simply evading NLR binding, making indirect recognition a more effective mechanism

in fighting off the invaders (Césari, 2018).

1.3.2 Recognition via integrated domain

Different still from the previously described models, some NLRs sense effectors via
their integrated domains (mentioned in Section 1.2.4), either by binding pathogen
effectors or by serving as substrates for their enzymatic activities (Césari et al., 2014a;
Wu et al,, 2015). The RRS1-R receptor from A. thaliana constitutes a well-characterised

example of an NLR-ID, which detects two unrelated effectors AvtRps4 from P. syringae
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and PopP2 from Ralstonia solanacearnm, via its noncanonical WRKY domain near the
C-terminus (Heidrich et al., 2013; Sarris et al., 2015). While recognition of AvrRps4
is mediated by direct interaction that disrupts NLR autorepression, PopP2 initiates
RRS1-R activation through acetylation of WRKY (Dong et al., 2019; Heidrich et al., 2013;
Sarris et al,, 2015). Notably, WRKY transcription factors were shown to play an
important role in plant immunity, where they upregulate expression of genes involved in
plant defences upon infection (Pandey and Somssich, 2009). Therefore, using its
integrated domain, RRS1-R monitors for effectors that target this family of transcription
factors. Relatedly, the integrated heavy metal-associated (HMA) domains of the RGA5
and Pik-1 receptors from rice directly bind rice blast effectors AVR-Pia/AVR1-CO39
and AVR-Pik, respectively (Césari et al., 2013). Non-integrated HMAs are commonly

found in a family of heavy metal—associated isoprenylated plant proteins (HIPPs) shown

to contribute to abiotic and biotic stress responses (De Abreu-Neto et al., 2013; Li et al.,
2020; Radakovic et al., 2018; Zschiesche et al., 2015), with rice pz27 gene underpinning
enhanced susceptibility towards Magnaporthe oryzae (Fukuoka et al., 2009). These
observations support the hypothesis that, similar to the extraneous WRKY domain,
integrated HMAs in Pik-1 and RGAD5 act as baits for effector recognition. Notably, the
activity of integrated domains can go beyond direct interaction with an effector. The
Pii-2 receptor of rice has recently been reported to carry a NOI motif that mediates
recognition of AVR-Pii, yet another effector of rice blast (Fujisaki et al., 2017). However,
in contrast to previously described examples, the Pii-2 NOI domain does not physically
interact with the effector itself but instead binds the host protein OsExo70-F3 targeted
by AVR-Pii. This mechanism of effector perception is reminiscent of indirect recognition
model and shows that the function of integrated domains can differ across NLR-1Ds.
Similar to the NLRs following the indirect recognition model, NLRs with extraneous
domains appear to have broader recognition spectra than typical immune receptors. For
example, in addition to the fact that RRS1-R WRKY recognises effectors from two
distinct bacterial pathogens Ralstonia solanacearum and Pseudomonas syringae, it has also been
linked to resistance against an ascomycetous fungus Colletotrichum  bigginsianum
(Narusaka et al., 2013). In Pik-1 and RGA5, a single type of NLR-integrated domain binds
three sequence-unrelated effectors (Césari et al., 2013; Magbool et al. 2015; Ortiz et al,,

2017). This phenomenon is likely linked with similar infection strategies deployed across
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diverse pathosystems. Effectors from different pathogens have repeatedly evolved
to converge on the same host signaling components and pathways, often referred to as
hubs. Integration of such hubs into immune receptors might therefore increase

robustness of the immune response against multiple promiscuous effectors.

1.4 Evolution of plant NLRs

Hundreds of millions of years of coevolution with pathogens have left marked
footprints on plant genomes, which is particularly evident among NLR proteins
(Upson etal., 2018). Advances in genome sequencing and annotation have given scientists
access to a remarkable genetic diversity across various lineages of the plant kingdom,
spotlighting astonishing variations that exist both between and within species but also
highlighting the common patterns of NLR evolution. With the advancements
in functional characterisation of plant immunity and the availability of those high-quality
genomes, the mechanisms of NLR evolution and adaptation have become an emerging

research topic.

1.4.1 Genomic basis of NLR evolution
1.4.1.1 Copy number variation

According to the estimates, an average number of NLR genes within plant genomes
fall in a rage of 200-500 (Baggs et al., 2020), yet in reality NLR copy number varies
by order of magnitude across species (Baggs et al., 2017; Christopoulou et al., 2015).
Wheat and apple constitute well-known examples of species that exhibit high numbers
of NLR genes, with each carrying over 1000 NLR copies (Andersen and Nepal, 2019;
Shao et al., 2016; Steuernagel et al., 2020). Similarly, Medicago truncatula displays elevated
ratio of NLRs relative to total number of proteins (Baggs et al., 2017; Sarris et al., 2016).
In sharp contrast, species such as maize and members of Cucurbitaceae family have
unusually low number of NLRs, with watermelon carrying as few as 31 putative functional
NLRs (Baggs et al., 2017; Lin et al., 2013; Wu et al., 2015). While the basis of sparsity of
NLR genes in maize remain to be elucidated, studies in Cucurbitaceae suggest that low
NLR copy numbers in this family are likely a consequence of frequent losses and sparse

duplication events (Lin et al., 2013). Relatedly, Baggs and colleagues have recently shown
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that many aquatic species underwent independent loss of NLR genes, including humped
bladderwort (Utricularia gibba) encoding at most one NLR (Baggs et al., 2020).

In addition to interspecies variations, NLRs are known to display frequent
intraspecies presence/absence (P/A) polymorphisms, exemplified by polymorphisms in
lettuce (Christopoulou et al., 2015; Kuang et al., 2004) and Arabidopsis (Henk et al., 1999;
Prigozhin and Krasileva, 2020; Shen et al., 2000). In rice, 124 NLRs were shown to exhibit
P/A polymorphism between two different cultivars 93-11 and Nipponbare (Luo et al.,
2012). Likely, ever-expanding genomic datasets will provide further and more
comprehensive insights into intraspecific NLR diversity, as illustrated by the recently
published pan-NLRome of Arabidopsis (Van de Weyer et al., 2019).

The high turnover of NLRs has been conceptualised through the birth-and-death
model (Michelmore and Meyers, 1998), explaining linage-specific expansions and/or
contractions of NLR genes. Although the exact selection mechanisms driving these
processes remain elusive, the expansions are usually associated with selection pressure
imposed by plant pathogens, which favours beneficial NLRs with altered specificity.
Indeed, the levels of diversifying selection and rates of P/A polymorphisms broadly
correlate with NLR function, with NLRs not involved in pathogen perception showing
the highest conservation rate (Prigozhin and Krasileva, 2020; Stam et al., 2019; Van de
Weyer et al., 2019; Wu et al., 2017). Moreover, differences in effector repertoires in indica-
and japonica-borne isolates of rice blast correlate with considerable differences
in immunity between indica and japonica rice varieties (Liao et al., 2016; Xiahong et al.,
2011). The NLR repertoires can also reflect plant lifestyle and adaptation to the
environment, as illustrated by the convergent reduction in the numbers of NLRs
in aquatic species (Baggs et al., 2020) or different patterns of within-species expansions
in response to geographical regions in wild tomato (Stam et al., 20106); to date, however,
the evolutionary mechanisms driving these differences are poorly understood. Finally,
plants often lose unutilised NLRs, which could be explained by either relaxed or purifying
selection. Surely, the evolutionary drivers of contractions of NLR repertoires should be
considered on a case-by-case basis but there is substantial evidence indicating that NLRs
can incur fitness costs (Hulbert et al., 2001; Karasov et al., 2014; MacQueen et al., 20106)

and experience high levels of pseudogenisation (Lin et al., 2013; Meyers et al., 2003;
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Xu et al., 2011), probably owing to genetic incompatibilities or energetic costs associated

with maintenance of unused genes (Karasov et al., 2014; MacQueen et al., 2010).

1.4.1.2 Genomic localisation and organisation

NLR genes exhibit uneven distribution, with some existing as physical singletons and
others located in clusters that vary significantly in structure and size (Meyers et al., 1998;
Stam et al., 2016; van Wersch and Li, 2019; Zhang et al., 2016). For example, in lettuce
the vast majority of all NLR genes lie within five major regions (Christopoulou et al.,
2015), whereas in Nipponbare rice, the chromosome 11 alone encodes nearly a quarter of
all NLRs (Zhou et al., 2004). In addition, there are significant variations at the level of
single species; in Arabidopsis, clusters comprise of 47 to 71% of all NLRs, depending on
the accession (Van de Weyer et al.,, 2019). Interestingly, the genetic make-up of such
clusters varies greatly across and within species. On average around half of them appears
to be heterogeneous while the other half consists primarily of phylogenetically related
genes (homogeneous) (Zhang et al., 2016), with examples of both found in various plant
species (Christopoulou et al., 2015; Holub, 2001; Jupe et al., 2012; Leister et al., 2005;
Zhang et al., 2016). While the emergence of homogeneous clusters is usually attributed to
tandem duplication, the origin of heterogeneous blocks is less apparent and could involve
ancient duplications and chromosomal rearrangements (Hulbert et al., 2001).

This unique genomic organisation likely accelerates NLR evolution and favours gene
diversification. Additional gene copies might provide a larger mutational target but also
allow relaxed selection among gene paralogues, so they can diversify and act as a reservoir
of genetic diversity. Indeed, clustered genes tend to display higher nucleotide diversity
indicative of relaxed selection (Prigozhin and Krasileva, 2020; Van de Weyer et al., 2019).
For example, the highly homologous Rx and Gpa2 receptors of potato evolved to confer
resistance to two distinct intruders, potato virus X and potato cyst nematode Globodera
pallida, respectively (Van Der Vossen et al., 2000). Although this model appears to explain
much of NLR genetic diversity, there are examples of physical singletons exhibiting
relatively high diversity and clustered NLRs with high conservation levels (Prigozhin and
Krasileva, 2020). Finally, gene clusters are often associated with an increased

recombination rate (Hulbert et al., 2001; Kuang et al, 2004; Meyers et al.,, 1998;
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Wicker et al., 2007), though some clusters can also experience supressed recombination

(Jiao and Schneeberger, 2020).

1.4.1.3 Mechanisms of NLR expansion and diversification

Ectopic recombination, unequal crossing over, and transposition are among the
major mechanisms underlying expansion of NLR genes, with point mutations, gene
fusions, and gene conversion further contributing to NLR diversification
(Bailey et al., 2018; Upson et al., 2018; Wicker et al., 2007). Comparative analysis of three
pepper genomes and other members of Solanaceae family revealed that retrotransposition
may have facilitated NLR expansion in Solanaceae (Kim et al., 2017a). Tomato 12, potato
R3a, and pepper L genes constitute examples of well-known NLRs that may have
originated from a single gene by retrotransposition followed by subsequent
neofunctionalisation in each plant lineage. Given that NLR genes are frequently located
in close proximity to different types of transposon elements (Christopoulou et al., 2015;
Golicz et al,, 2016; Henk et al., 1999), and the number of NLR clusters positively
correlates with density of transposon elements on the same chromosome (Li et al., 2010),
it is possible that transposon-driven duplications can be common in plants
(Seidl and Thomma, 2017; Wicker et al., 2010).

As previously described (Section 1.4.1.2), high similarity clusters emerge through
tandem duplications and functional diversification, which can be driven by unequal
crossing-overs, intra-cluster rearrangements, or gene conversion (Kuang et al., 2004;
McDowell et al., 1998; Van de Weyer et al., 2019; Wicker et al., 2007). For instance, the
MRCT locus of lettuce consists of 60 out of a total of 62 RGC76 NLR family members,
which likely emerged through illegitimate recombination (Christopoulou et al., 2015).
Another remarkable example of recent duplication within an NLR cluster is Rp7-D
of maize. Rp7-D is a complex locus encompassing nine NLR paralogues—each with over
90% nucleotide sequence identity—that arose through a series of unequal crossing-overs
(Smith et al., 2010). The genes within the Rp7 locus often mis-pair in meiosis, resulting

in novel gene combinations or, occasionally, novel genes.
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1.4.2 NLR diversity at individual loci

Both plants and pathogens are under strong selection pressure and their
coevolutionary dynamics are often defined by an evolutionary arms race.
As a consequence, immune receptors carry strong signatures of diversifying selection
(Seeholzer et al., 2010; Stam et al., 2019; Van de Weyer et al., 2019) as evidenced by high
allelic diversity. One example comes from the flax L. gene that encodes 13 alleles of the
L NLR (Dodds et al., 2006; Ellis et al., 1999). Despite over 90% sequence similarity,
L proteins display distinct recognition specificities, mediating race-specific resistance
to the rust fungus Melampsora lini. Functional studies revealed that pathogen recognition
spectra can be traced to antagonistic molecular interactions with the cognate AvrLL567
effector alleles of M. /ini (Dodds et al., 2006; Ravensdale et al, 2012). Similarly,
Arabidopsis RPP13 is involved in coevolutionary arms race with the ATR13 effector
of Hyaloperonospora arabidopsidis (Allen et al., 2008; Hall et al., 2009). Both the NLR and the
effector in the RPP13—-ATR13 interaction exhibit high allelic diversity (Allen et al., 2008;
Krasileva et al., 2011). Notably, RPP73 is located in a crossover hotspot, which have most
likely accelerated RPP13 evolution, making it the most polymorphic single-gene NLR
known to date (Prigozhin and Krasileva, 2020; Serra et al., 2018).

Although NLR alleles are frequently functionally related, many alleles
neofunctionalise to recognise sequence-unrelated effectors. M/a is one of best studied
multi-functional loci that confers resistance to barley powdery mildew fungus, Blumeria
graminis £. sp. hordei (Maekawa et al., 2019; Wei et al., 2002). Extensive research on the
MLA receptors revealed that they can perceive a suite of unrelated powdery mildew
effectors, collectively named the AVR. effectors (Lu et al., 2016; Saur et al., 2019).
Interestingly, the Rmo7 gene conferring resistance to M. oryzae was also mapped to the
Mla locus, yet the molecular mechanism underpinning Rmo7-mediated blast resistance
remains unknown (Inukai et al., 2006). Furthermore, wheat orthologues of Mz Sr33
(Periyannan et al., 2013) and §750 (Mago et al., 2015) confer resistance to the Ug99 isolate
of the stem rust pathogen Puccinia graminis f. sp. tritici, indicating that M/a ancestor evolved
to recognise distinct pathogen effectors from unrelated fungi.

While the arms race model seems to explain the evolutionary dynamics between
a single NLR and its cognate effector, it is often insufficient to capture the full complexity

of plant and pathogen populations and their relationships (Bergelson et al., 2001; Meyers
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et al., 2005). In reality, many NLRs and disease-related genes are maintained though
long-term balancing selection that could reflect fitness costs associated with resistance,
local adaptations, population fluctuations, or diffuse community-wide interactions
(Bakker et al., 2006; Brown and Tellier, 2011; Karasov et al., 2014; Koenig et al., 2019;
MacQueen et al., 2016; Sela et al., 2014). Brabham et al. have recently shown that
a member of the M/zlocus RGHZ2 was subjected to fusions at its 3 end (Brabham et al.,
2017). Although the majority of RGH2 homologues carry an integrated Exo70 domain,
there is large variation in domain structure among RGH2 homologues, including
presence/absence of integration, which may be indicative of balancing selection acting on
the gene. Intraspecific maintenance of polymorphisms was also shown for RPS5

(Karasov et al., 2014) and RPS2 (MacQueen et al., 20106) from Arabidopsis thaliana.

1.4.3 Gene fusions and integrations

The acquisition of extraneous domains in aforementioned NLR-IDs (Sections 1.2.4
and 1.3.2) is a remarkable example illustrating how pathogens shape evolution of plant
immune receptors. Given that several integrated domains show homology to signalling
components required for immune responses, they are generally thought to have derived
from effector operative targets, which then act as baits for effector recognition within
NLRs (Césari et al., 2014a; Wu et al., 2015). Therefore, NLR-ID fusions provide marked
evolutionary advantages against promiscuous effectors that often converge on the same
target, with the astonishing number and diversity of integrated domains pointing to how
successful this evolutionary strategy is (Upson et al., 2018). Nevertheless, the frequency
and mechanisms underpinning the emergence of NLR-ID fusions, as well as the degree
to which novel fusions are maintained in plant populations, remain poorly understood.

In search for answers, Bailey et al. analysed NLR diversity in Poaceae (Bailey et al.,
2018). They discovered a ‘major integration clade’, which includes RGA5, Pi-fa, and Rpg)5,
that underwent repeated independent integration events; existence of the major
integration clades was subsequently validated in wheat (Steuernagel et al., 2020). Based on
this observation, the authors proposed that ectopic recombination is a major driver
of domain integration in grasses and that some NLR loci may be located in hotspots
of recombination that favour the integration. Further analysis of wheat and barley

NLR-IDs suggests that the fusions are regulated by alternative splicing, with certain genes
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encoding transcripts with or without the integration (Andersen and Nepal, 2019). Indeed,
the well-characterised RG.A5 gene was also shown to encode two alternative transcripts,
one including and one excluding the HMA domain (Césari et al., 2013).

Notably, not all integrated domains appear to mediate pathogen perception. The
yellow rust resistance genes Y74, Y75, and Y7SP (Marchal et al., 2018), as well as rice Xa7
and Xo7 that mediate resistance to M. oryzae and bacterial blight or bacterial leaf streak,
respectively (Read et al, 2020; Yoshimura et al, 1998), belong to a group of
evolutionary-related genes, which reside in one of the major integration clades described
by Bailey et al. (Bailey et al., 2018). These NLRs share similar domain architecture, with
integrated zinc-finger BED (zfBED) domain located towards the N-termini of the
proteins. While Y7 fusions appear to have derived from a single integration, it is unclear
whether their rice counterparts (and their relatives) acquired the zfBED domain through
an independent integration event. In addition, zfBED-containing NLRs have also been
detected in dicot species, namely poplar (Populus trichocarpa) (Germain and Séguin, 2011).
The zfBED-integration presents an interesting case, in which the integrated domain does
not appear to govern pathogen recognition specificity (Marchal et al., 2018; Read, 2020),
inviting the question about the role of zfBED within those NLRs. Given that this domain
belongs to a family of DNA-binding proteins (Aravind, 2000) and that Xal and Xol
appear to carry a nucleus-localisation signal (NLS) (Read et al., 2020), it’s interesting to
speculate that this extraneous domain might play a specialised role in activation

of immune signalling through interaction with DNA.

1.4.4 Functional diversification—singletons, gene pairs, and networks

The gene-for-gene model postulated by Harold Henry Flor in the middle of the 20th
century proposed that every plant resistance gene has a matching pathogen counterpart
(Flor, 1971). Although some NLRs indeed appear to function as singletons, thus
following Flor’s one-for-one model, in many cases the underlying genetic architecture
of disease resistance is much more complex and is not limited to a single resistance gene
(Adachi et al., 2019b).

Typically, NLRs are considered singletons if they can recognise matching effector
and trigger cell death in a distantly related heterologous plant system. The members

of the MLLA family are some of best-known functional singletons. The MLA alleles are
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involved in direct interaction with powdery mildew AVR, effectors and can trigger
immune response in the model dicot plant Nicotiana benthamiana, suggesting that they
function as singletons (Maekawa et al., 2019; Saur et al., 2019; Wei et al., 2002). The RPS5
NLR from Arabidopsis is another likely singleton. Co-expression of RPS5 with the PBS1
kinase and the cognate effector from P. syringae, AvrPphB, is sufficient to trigger
RPS5-mediated HR in N. benthamiana (Ade et al, 2007; Qi et al., 2012). Finally,
reconstitution of ZAR1 and ROQ1 resistosomes provide substantial evidence that they
that don’t require NLR signalling partners for activation of immune response
(Martin et al., 2020; Wang et al., 2019).

Some NLRs function in pairs. In a paired model, a sensor NLR that specialises
in perceiving pathogen-derived effectors requires a helper NLR (also referred to as an
executor NLR) to activate immune signalling (Bonardi et al., 2011; Eitas and Dangl, 2010).
Helper/sensor pairs are typically encoded by two genetically linked genes, which
is thought to facilitate gene co-segregation and transcriptional co-regulation, ensuring
effective pathogen recognition and signal transduction (Griebel et al., 2014; Krom and
Ramakrishna, 2008). Interestingly, all well-characterised NLR-1Ds are functionally linked,
including aforementioned RPS4, RGA5, Pik-1, and Pii-2 (Section 1.4.3) that rely
on RRS1, RGA4, Pik-2, and Pii-1 helper NLRs, respectively (Césari et al., 2013;
Dong et al.,, 2019; Fujisaki et al., 2017; Kanzaki et al., 2012; Narusaka et al., 2009;
Zdrzaktek et al., 2020). It is possible that functionally specialised paired NLRs have
an increased tolerance to integration of noncanonical domains given that the ID is less
likely to perturb the function of an NLR pair than of a singleton constrained by its
signalling activity (Upson et al., 2018).

The Pia (RGA4 and RGA5) and the Pik pairs of rice illustrate the two distinct
mechanisms by which helpet/sensor pairs work. They are both encoded by single loci
in head-to-head orientation, and both confer resistance to M. oryzae by recognising
effectors via the sensor-integrated HMA domain (Césari et al, 2014b, 2013;
De la Concepcion et al., 2020, 2018; Kanzaki et al, 2012; Magbool et al., 2015;
Okuyama et al., 2011; Ortiz et al., 2017; Yuan et al., 2011). Despite these similarities, the
mechanisms by which they work differ. In the Pia pair, the RGA4 helper is constitutively
active and triggers spontaneous cell death when expressed in the absence of its partner,

RGAD, that acts as a negative regulator (Césari et al. 2014b). Direct binding of the blast
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effector AVR-Pia or AVR1-CO39 to the RGA5 receptor results in the release of RGA4
from negative regulation and activation of immune signalling. In contrast, neither Pik-1
nor Pik-2 trigger spontaneous cell death in the absence of pathogen stimuli
(Kanzaki et al., 2012; Magbool et al., 2015; Zdrzalek et al., 2020). Instead, they function
though fine-tuned cooperation, in which both partners are required for signalling
(Zdrzaltek et al., 2020).

In addition to pairs, NLR proteins can also function as sophisticated signalling
networks. Recently, nearly a third of all CC-NLRs of Solanaceae was shown to comprise
the NRC network, in which a large number of sensor NLRs rely on few helpers,
the NRCs, to activate immune response (Wu et al.,, 2017, 2016). While NRCs carry
a largely conserved MADA motif, the sensors appear to have degenerated at their
N-termini, which could be indicative of evolution towards effector perception or relaxed
selection (Adachi et al., 2019a). Phylogenetically, members of the NRC network fall into
a well-supported superclade that most likely evolved from a single sensotr/helper pair
nearly 100 million years ago (MYA) (Wu et al., 2017). Another immunoreceptor network
is defined by the helper NLRs belonging to the ADR1 or NRG1 gene families that
function downstream of a diverse array of sensor NLRs, both TIR- and CC-NLRs
(Bonardi et al., 2011; Castel et al., 2019; Jubic et al., 2019; Qi et al., 2018; Wu et al., 2019).
Interestingly, ADR1 and NRG1—which both belong to the CCr-NLR clade—emerged
before the split of gymnosperms and angiosperms, suggesting that the NRG1/ADR1
network constitutes an ancient signalling mechanism that spans across diverse plant
families (Shao et al., 2016; Stam et al., 2019). The NRC and NRG1/ADRT1 networks likely
differ at the mechanistic level, yet from the evolutionary standpoint they share remarkable
similarities, in which a diverse set of sensors that mediate resistance to pathogens across
kingdoms converge on few helper hubs (Adachi et al, 2019b; Castel et al., 2019;
Wu et al., 2017). In both cases, the sensors underwent massive expansions and functional
diversifications while the helpers diversified at a much slower pace, possibly due to
constraints imposed by the need for signalling activity (Prigozhin and Krasileva, 2020;
Shao et al.,, 2016; Stam et al., 2019). Potentially, the classic bow-tie architecture of these
signalling networks may be the consequence of massive sensor NLR diversification

caused by coevolution with rapidly evolving pathogens, and is reminiscent of the
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networks of plant cell-surface immune receptors and animal Toll-like receptors
(Oda and Kitano, 2006; Smakowska-Luzan et al., 2018).

To conclude, the requirement of an NLR signalling partner by ligand-sensing
receptors, exemplified by NLR pairs and networks, appears to be a recurrent theme
in NLR evolution. Adachi et al. proposed that the functional specialisation has been
a crucial evolutionary event that enhanced NLR evolvability (Adachi et al., 2019b). NLRs
involved in helper—sensor relationships tend to display asymmetrical evolution. While
helpers stay relatively conserved, sensors experience elevated rates of diversification,
raising a possibility that they become solely devoted to effector perception and thereby
lose their signalling capacity. This conceptual framework coupled with functional
characterisation and computational pipelines could help answer open questions about the
mechanisms of activation and interconnections within plant NLRomes. What is the
molecular basis of the transition from singletons to pairs and networks? Are there any
structural features that define helpers and sensors and underpin helper/sensor specificity?
What are the mechanistic overlaps and differences among NLR pairs and networks? Can
we leverage sequence and phylogenetic information to predict NLR modes-of-action and

discover novel NLR connections?

1.4.5 NLR coevolution and autoimmunity

Evolution of disease resistance is primarily, and rightly so, associated with adaptation
towards pathogen recognition. However, biological systems evolve simultaneously
at the level of sequence, function, and structure, with different selection pressures acting
upon them (Bastolla et al., 2017; Dean and Thornton, 2007). For instance, physical
properties are an integral part of the evolution of biological molecules with conformation
and stability manifested in a number of ways in protein sequences and structures. NLRs
are not exempt from the laws of physics and chemistry and evolve accordingly. Perhaps
the biggest evolutionary constraint for NLRs is the nature of their activities; given that
NLR function is associated with cell death, there is a high selection pressure to keep the
protein in an inactive state in the absence of pathogen stimuli. Ultimately, NLR-triggered
immunity is a fine-tuned process and even the slightest manipulation in NLR structure or

sequence can lead to uncontrolled spontaneous activation of the immune response

(Alcazar et al., 2009; Bomblies et al., 2007; Bomblies and Weigel, 2007; Chae et al., 2016;
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Deng et al., 2019; Yamamoto et al., 2010). Overexpression of some NLRs can also result
in autoimmunity, thus NLR expression is thought to be tightly regulated through
chromatin modifications or transcription factors (Heidrich et al., 2013; Lai and Eulgem,
2018). Moreover, recent studies have emphasised the role of microRNAs in negative
regulation of NLR gene expression (De Vries et al., 2015; Zhang et al., 20106). Lastly,
NLRs don’t evolve in isolation—they function in the context of the plant and coevolve

with other plant components (Baggs et al., 2020).

1.4.5.1 Intramolecular interactions

Functional studies of closely related genes have helped to dissect the intramolecular
interactions constraining NLR evolution. One example comes from potato, which carries
two highly similar homologues Rx1 and GpaZ2 that diversified to confer resistance against
the potato virus X and the potato cyst nematode, Globodera pallida, respectively
(Van Der Vossen et al., 2000). Sequence exchange between these homologues revealed
that mismatch between the WHD domain and the N-terminal part of the LRR results
in loss-of-activity or spontaneous cell death (Rairdan and Moffett, 2006; Slootweg et al.,
2013). Nonetheless, both Rx1 and Gpa2 have retained their capacity to function with
their NRC mates (Wu et al.,, 2017). A similar observation was made for Rp7-D27, which
is derived from an intragenic recombination between Rp7-D and Rp7-dp2 (Smith et al.,
2010; Smith and Hulbert, 2005; Wang et al., 2015). In contrast to the ‘parental’ genes,
Rp71-D21 causes a ‘lesion mimic’ phenotype manifested by spontaneous HR, which
is further enhanced by pathogen inoculation. Both examples highlight functional
and biophysical constraints shaping the intramolecular evolution of plant NLRs and
the importance of coordinated sequence changes—coevolution—across NLR structure

and sequence.

1.4.5.2 Genetic incompatibility

NLRs and other immunity-related proteins are frequently involved in hybrid
necrosis, also known as Bateson-Dobzhansky-Muller-type incompatibility, in which
epistatic interactions of two or more loci can have deleterious effects on plant fitness

(Alcazar et al., 2009; Bomblies et al., 2007; Bomblies and Weigel, 2007; Chae et al., 20106;
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Deng et al,, 2019; Yamamoto et al., 2010). Perhaps the most prominent examples
of hybrid incompatibilities have come from a systemic hybrid screen of Arabidopsis
accessions that yielded over a hundred cases of necrosis (Chae et al., 2014). Remarkably,
many of the incompatibilities were repeatedly linked to highly polymorphic NLR clusters,
including well-known RPP resistance loci encoding genes mediating disease resistance
to H. arabidopsidis (Bomblies et al., 2007; Chae et al., 2014; Prigozhin and Krasileva, 2020).
Follow-up studies revealed that spontaneous cell death phenotype for a number
of hybrids was due to incompatible intermolecular interactions between divergent alleles
of NLRs or other disease-related molecules, such as RPW8-like proteins (Barragan et al.,
2019; Li et al., 2020). Furthermore, biochemical analysis of the mismatch between the
RPP7 and HR4 proteins linked the autoimmunity to NLR activation and resistosome
formation; in the proposed model, HR4 interferes with RPP7 self-inhibition leading to
formation of higher-order complex and cell death ( Li et al., 2020). Although, there is
some evidence indicating that certain incompatible alleles may exist in geographically
isolated populations, thereby reducing the risk of lethal hybrids, there are also cases where
such alleles coexist at low frequencies in the same population (Barragan et al., 2020;
Todesco et al., 2014).

Noteworthy, gene incompatibilities are not restricted to necrosis and can sometimes
result in suppression of resistance, which is a common phenomenon in plant breeding
(Hurni et al.,, 2014). Introgression of rye P8 gene is ineffective in conferring race-specific
resistance against wheat powdery mildew, B. graminis, in wheat lines that carry Pm§
homologue Pw3. The repression was linked to the formation of a PM3-PMS8
heterocomplex, which presumably prevents activation of PMS8. In Arabidopsis,
inappropriate sensor/helper combinations of homologous NLR pairs RRS1/RPS4 and
RRS1B/RRS4B fail to trigger immune response, possibly as a result of weaker association
between mismatched partners (Saucet et al., 2015). It is remarkable that NLR genetic
incompatibility has been observed within populations of the same species or, like in the
case of RRS1/RPS4, in the same genome, highlighting the extremely dynamic nature
of NLR evolution.
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1.5 Mechanistic approaches to the study of evolution of plant—

microbe interactions

Plant-microbe systems are remarkable in their evolutionary dynamics that can
be studied across multiple timescales (Upson et al., 2018). Nonetheless, the mechanistic
research in the field of plant—microbe interaction is often conducted without a robust
phylogenetic and ecological framework and without the appreciation of how those
systems came to be. Conversely, evolutionary research often fails to integrate
the incredible range of molecular mechanisms and models that continue to emerge
in the field. As a consequence, interdisciplinary studies linking mechanistic molecular and
evolutionary approaches have rarely been conducted, but the trend 7s beginning to change.

Questions about biochemical drivers of adaptation can be addressed by
reconstructing the evolutionary trajectories of the proteins of interest (Dean and
Thornton, 2007; Harms and Thornton, 2013). Using phylogenetic techniques and
algorithms for ancestral sequence reconstruction it is now possible to statistically infer
ancestral sequences, which can then be synthesized, expressed, and experimentally studied
in the context of modern sequences (Figure 1.1) (Ashkenazy et al.,, 2012; Cohen and
Pupko, 2011; Pupko et al., 2000). Ancestral sequence reconstruction has been particularly
fruitful in enzymology, providing insights into the mechanisms of functional divergence
and molecular adaptation (Nguyen et al., 2017; Parrent et al., 2009). In the field
of plant—microbe interactions, resurrection of the cystatin-like protease inhibitor EPIC1
has helped deepen our understanding of effector specialisation and adaptive evolution
of the oomycete pathogen Phytophthora mirabilis following a host jump (Dong et al., 2014).
More recently, characterisation of the extinct Tin2 effector was used to challenge
hypothetical models of its evolution, revealing that the function of the present-day Us#ilago
maydis Tin2, which appears to contribute to the pathogenic lifestyle of this species,
is evolutionarily derived (Tanaka et al., 2019; Zess et al., 2019). Both studies have shown
that experimental analyses of an ancestral effector can transcend phylogenetic inference
to yield more accurate evolutionary models (Dong et al., 2014; Tanaka et al., 2019; Zess

etal, 2019).
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Figure 1.1 Schematic of ancestral protein reconstruction

Statistical approximations of ancestral sequences at the internal nodes of the phylogenetic tree are
computationally inferred based on sequence alignment and phylogenetic relationship of modern
sequences. Ancestral proteins can be ‘resurrected’ by synthesising the genes encoding predicted
proteins. These resurrected proteins can then be functionally characterised, for instance by using
biochemistry methods. By means of reconstructing the evolutionary trajectory of a sequence and
characterising ancestors from different nodes it is possible to correlate shifts in protein phenotype
with a specific genotype and time interval. Figure adapted from: Harms and Thornton, 2013.

1.6 Effectors of plant pathogens

Plant pathogen effectors are small secreted molecules that modulate host processes
to promote colonisation and pathogen growth (Franceschetti et al., 2017; Hogenhout
et al., 2009). Despite being encoded by pathogen genomes, effectors function in the
context of the plant and exhibit marked adaptations towards plant proteins and
physiological processes. They carry an incredible diversity of functions, which include but
are not limited to, suppression of plant immunity, inhibition of plant enzymes, modulating
gene expression, and rerouting of nutrients (Win et al., 2012). Some exhibit enzymatic
activity, while others bind host proteins to modulate their activities. Some are translocated
inside the plant cell and others function in the apoplastic space.

Effectors frequently converge on the same host pathways, whether they originate
from a single pathogen or from phylogenetically unrelated ones. An example of functional
redundancy comes from P. syringae, where four phylogenetically unrelated effectors deploy
distinct strategies to target the same Arabidopsis protein RIN4 (Grant et al., 2006). Other
examples include AVR-Pik, AVR-Pia, and AVR1-CO39 from M. oryzae. Each of these
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effectors bind rice proteins with an HMA domain (Césari et al., 2013; De la Concepcion
et al., 2020, 2018; Guo et al., 2018; Kanzaki et al., 2012; Magbool et al., 2015; Ortiz et al.,
2017). Although the precise identity of their host targets remains obscure, all three are
thought to bind HMA-containing proteins in order to promote infection. Similarly, two
bacterial effectors AvrRps4 and PopP2 appear to target Arabidopsis WRKY transcription
factors, even though they derive from different bacterial pathogens, P. syringae and
R. solanacearnm, respectively (Heidrich et al., 2013; Sarris et al., 2015).

One of the hallmarks of pathogen effectors is that they tend to share little
or no sequence similarity to each other or to other known proteins. The three-dimensional
structures of effector proteins have, however, revealed unexpected similarities between
phylogenetically unrelated effectors (Franceschetti et al., 2017). One example comes from
members of the RXLR effector family from oomycetes that carry a characteristic fold
defined by consensus sequence motifs W, Y, and L (Boutemy et al., 2011; He et al., 2019;
Win et al., 2012). These WY- or LWY-domains can occur as single units or in tandem
repeats (He et al., 2019; Raffaele and Kamoun, 2012). In Phytophthora spp. around 44%
of all RXLR effectors contain at least one WY-domain (Boutemy et al, 2011).
The aforementioned AVR-Pik, AVR-Pia, and AVR1-CO39 as well as AvtPiz-t from
M. oryzae belong to another structurally conserved class of effectors, termed MAX
effectors (for Magnaporthe Avrs and ToxB-like) (de Guillen et al., 2015). MAX proteins
fold into a six-stranded P-sandwich with two antiparallel B-sheets, which form
an extended surface-exposed area. In M. oryzae and in the related species M. grisea, between
5 to 10% of the entire effector repertoire is predicted to adapt a MAX fold (de Guillen et
al., 2015; Petit-Houdenot et al., 2020). It is remarkable that the same structure is also
shared with the host-selective toxin ToxB from Pyrengphora tritici-repentis, despite being
derived from a phylogenetically distant pathogen and having no apparent sequence
similarities (de Guillen et al., 2015). de Guillen et al. proposed that MAX proteins likely
expanded through diversifying rather than convergent evolution, inviting the possibility
that this unique fold provides a flexible platform to evolve different activities, while
maintaining structural integrity.

Plant hosts are continuously shaping pathogen evolution, driving recurrent and
sustained changes within microbial genomes that are particularly evident in effector

repertoires (Upson et al., 2018). Effectors are under dual selection pressure: the pressure
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to adapt to host targets and the pressure to evade detection by plant immune receptors.
As a result, they carry extreme signatures of positive selection, manifested by high rates
of nonsynonymous substitutions relative to synonymous changes (Allen et al., 2004;
Dodds et al., 2006; Huang et al., 2014; Raffaele et al., 2010). Positively selected sites often
map to regions that underpin effector’s activity or surface-exposed residues mediating
interaction with immune receptors (Huang et al., 2014; Liu et al., 2005; Yoshida et al.,
2009). In addition to high sequence divergence levels, pathogen effectors experience
frequent presence/absence polymorphisms (Fouché et al., 2018). Effector repertoires
have also been linked to host specificity, with many well-documented examples
in Magnaporthe oryzae, including PWL effector family (Kang et al., 1995) and more recently
PWT3 and PWT4 effectors, whose losses facilitated the host jump from Lo/um to wheat

and subsequent emergence of wheat blast (Inoue et al., 2017).

1.7 Rice-rice blast interaction as a model system for studying

NLR-effector coevolution

The ascomycete fungus Magnaporthe oryzae (anamorph Pyricularia oryzae) is a causal
agent of blast disease of cereals. The host range of M. oryzae spans across two major grass
lineages: the PACMAD clade (for Panicoideae, Arundinoideae, Chloridoideae,
Micrairoideae, Aristidoideae, and Danthonioideae) comprising of maize and sorghum,
and the BOP clade (for Bambusoideae, Oryzoideae, and Pooideae) that includes
agronomically important crops, such as rice, wheat, and barley. In total, blast fungus
infects nearly 50 different grass species and can cause 10-30% yield losses annually
(Talbot, 2003). Despite being a multihost pathogen, M. oryzae forms genetically distinct
lineages that tend to be specialised towards a limited number of hosts
(Gladieux et al., 2018). Rice-infecting isolates belong to a monophyletic lineage of M.
oryzae that is thought to have originated from isolates infecting foxtail millet (Sezaria spp.)
following a host jump dated at around 7,000-9,000 years ago (Couch et al., 2005;
Gladieux et al., 2018; Latorre et al., 2020; Yoshida et al., 2016). This jump to domesticated
rice is commonly attributed to extensive gains and losses of genes associated with

transposable elements and nucleotide polymorphisms (Yoshida et al., 2016).
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Notably, effectors are encoded by genes that most frequently exhibit
presence/absence polymorphisms or elevated rates of nonsynonymous substitutions
relative to synonymous mutations attributed to host specialisation (Yoshida et al., 2016).
One of the best-characterized examples is the AVR-Pik effector. AVR-Pik is widely
present across different rice-infecting isolates, but not in other M. oryzae lineages,
suggesting the possibility that it might have contributed to specialization of M. oryzae
on rice (Langner et al., 2020; Latorre et al., 2020; Yoshida et al., 2016). In addition,
AVR-Pik is a striking example of effector adaptation imposed by an NLR. Allelic variants
of AVR-Pik carry only five amino acid replacements, but no synonymous changes
(Huang et al., 2014; Kanzaki et al., 2012; Longya et al., 2019; Yoshida et al., 2009).
It is astonishing that all nonsynonymous mutations map to regions in the protein structure
that are located at the binding interface with the cognate immune receptor Pik-1,
indicating the adaptive nature of those polymorphisms (De la Concepcion et al., 2020,
2018; Longya et al., 2019; Magbool et al., 2015). Likewise, the integrated HMA domain
responsible for effector recognition is the most diversified region among Pik-1 allelic
variants, consistent with the view that the receptor is under strong selection imposed by
the AVR-Pik effector (Biatas et al., 2018; Costanzo and Jia, 2010; De la Concepcion et al.,
2020; Zhai et al., 2014). Interestingly, the most ancient of the AVR-Pik alleles, AVR-PikD,
is recognised by all Pik-1 variants characterised to date, whereas the most recent effector
allele, AVR-PikC, evades recognition by all known Pik-1 alleles, possibly reflecting the
coevolutionary arms race between these M. oryzea effectors and rice NLRs (Figure 1.2)
(Bialas et al., 2018; Kanzaki et al., 2012). This work focused on using the Pik-1-AVR-Pik
interaction as a model system for studying coevolution between plants and plant
pathogens and provide a broader understanding of the mechanisms of adaptation and

diversification of plant NLRs across multiple timescales.
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Figure 1.2 The Magnaporthe oryzae effector AVR-Pik has evolved through an arms race
with the rice immune receptor Pik.

The ancient allele of AVR-Pik effector, AVR-PikD, is recognized by the Pikp immune receptor
allele (blue). AVR-PikD likely evaded detection by Pikp through the introduction
of a nonsynonymous nucleotide polymorphism that led to emergence of the AVR-PikE allele.
The selection pressure imposed by Pik* (purple) and Pikm (yellow) alleles led to further
nonsynonymous substitutions and the emergence of AVR-PikA and AVR-PikC alleles. The
nucleotide polymorphisms driven by the recognition specificity of the rice immune receptors are
shown in bold. Figure adapted from: Bialas et al., 2018.

1.8 Aims of this thesis

The main objective of this thesis was to reconstruct the evolutionary history of the
Pik-1 and Pik-2 immune receptors of rice and test hypotheses about adaptive evolution
of the Pik-1-integrated HMA domain. This work utilises a rich genetic diversity
of the Pik-1/Pik-2 genes in grasses as an experimental system for studying the long-term
evolution of these NLRs. Phylogenetic and computational analyses revealed that Pik-1
and Pik-2 likely derived from a single ancestral gene pair that emerged before the radiation
of the BOP and the PACMAD clades (Chapter 3). Furthermore, by looking at the
presence/absence polymorphisms of the HMA domain within the Pik-1 homologues,
I was able to determine that the HMA integration predates speciation of Oryzinae and
has since been under strong diversifying selection. Next, I aimed to understand whether
historical emergence of the HMA integration and its diversification within the Pik-1
receptor are a direct adaptation to the rice blast effector AVR-PikD, and to what extent
the evolutionary trajectories of Pik-HMAs have been driven by this effector. To challenge
these questions, I performed ancestral sequence reconstruction combined with
resurrection and functional characterisation of the extinct HMA. Using both in planta and

in vitro experiments, I discovered that different allelic variants of Pik-1—Pikp-1 and
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Pikm-1—convergently evolved to recognise AVR-PikD (Chapters 4 and 5). Using
biophysical approaches, I functionally characterised two regions in the Pik-1 HMA that
independently evolved towards AVR-PikD binding from the weaker ancestral state.
In both cases the HMA domain only recently acquired the capacity to bind the
AVR-PIkD effector with high affinity, indicating that for most of its evolutionary history
the HMA was not subject to selecti pressure imposed by this blast effector. In addition,
although Pikp-1 and Pikm-1 receptors evolved to produce a similar phenotypic outcome,
they underwent different evolutionary trajectories to do so. This work gives new insights
into our understanding of the Pik immune system and provides an example of a robust

evolutionary framework for studying mechanisms of protein adaptation.

44



Chapter 2: Materials and Methods

2.1 Phylogenetic analyses

2.1.1 Identification and phylogenetic analysis of CC-NLRs from grasses

NLR-parser (Steuernagel et al., 2015) was used to identify the NLR sequences from
the predicted protein databases of eight representative grass species, Brachypodium
distachyon, Oryza brachyantha, Oryza sativa, Sorghum bicolor, Triticum aestivum, Zea mays
(downloaded from Ensembl Plants collection), and Hordeum vulgare and Setaria italica
(downloaded from Phytozome v12.1 collection), listed in Table 2.1. NLR sequences that
were longer than 750 amino acid were screened for features of the NB-ARC and LRR
domains, defined by PF00931, PF00560, PF07725, PF13306, and PF13855 pfam models,
using HMMER 3.2b2 (Eddy, 1998); signatures of the coiled-coil domain were identified
using ‘motif16’ and ‘motif17” defined in NLR-parser. Protein sequences of NLRs that
contained at least two of the above features were aligned using MUSCLE v2.8.31
(Edgar, 2004). The proteins comprising of fewer than 60 amino acids N- and C-terminally
of the NB-ARC domain, relative to the NB-ARC domain of Pikp-2 (Magbool et al., 2015),
were removed, as were sequences with less than 50% coverage across the alignment.
The dataset was further filtered so that for each gene there was only one representative
protein isoform —with the exception of sequences from Brachypodium distachyon
and Sorghum bicolor that didn’t carry gene identifiers. Filtering resulted in a final list of 3,062
CC-NLRs that were amended with 35 known and functionally characterized NLR-type
resistance proteins from grasses, added for the reference (Table 2.2).

The amino acid sequences corresponding to the NB-ARC domain of the identified
NLRs were aligned using MUSCLE v2.8.31 (Edgar, 2004). The alignment positions with
more than 30% data missing were removed from the alignment using QKphylogeny
(Moscou, 2019). This revealed a final alignment of 241-amino acids, which was used
for a phylogenetic analysis. A maximum likelihood (ML) phylogenetic tree was calculated
using RAXML v8.2.11 (Stamatakis, 2014) with bootstrap values (Felsenstein, 1985) based
on 1000 iterations and best-scoring JTT likelthood model (Jones et al., 1992) selected by
automatic protein model assignment using the ML criterion. Best ML tree was mid-point

rooted and visualized using Interactive Tree of Life (iToL) tool v5.5.1 (Letunic and Bork,
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2007). The relationships of 28 and 38 proteins that grouped with rice Pikp-1 and Pikp-2,
respectively, were further validated. Genetic loci and gene coordinates for each of those
NLRs were inspected and, if required, manually reannotated; identifiers of manually
reannotated genes were amended with “n’ suffix. For each gene, one splice version was
selected and aligned using MUSCLE v2.8.31 (Edgar, 2004). The maximum likelihood
phylogenetic trees of Pik-l1-related and Pik-2—related NLRs were calculated based
on positions within the NB-ARC domain, for which more than 70% of data were
present—957 and 1218 nucleotides for Pik-1 and Pik-2, respectively. The trees were
generated using RAXML v8.2.11 (Stamatakis, 2014) with bootstrap values (Felsenstein,
1985) based on 1000 iterations and GTRGAMMA substitution model (Tavaré, 1986).
Best ML trees were manually rooted based on previously observed relationships and

visualized using Interactive Tree of Life (iToL) tool v5.5.1 (Letunic and Bork, 2007).

Table 2.1 List of plant datasets

Species Cultivar Version ::::sn;?c:rn number Source
Brachypodium Bd21 v3.0 GCA_000005505.4  Ensembl Plants
distachyon

Dactylis glomerats Dgl vi GCA_007115705.1 NCBI

Hordeum vulgare Morex v2 GCA_901482405.1 Phytozome v12.1
Leersia perrieri * vi4 GCA_000325765.3  Ensembl Plants
Oryza barthii B88 vi GCA_003020155.1 Ensembl Plants
Oryza brachyantha IRGC101232 v1.4b GCA_000231095.2  Ensembl Plants
Oryza glaberrima * vi GCA_000147395.2 Ensembl Plants
Oryza glumaepatula * v1.5 GCA_000576495.1 Ensembl Plants
Oryza longistaminata * v1.0 GCA_000789195.1 Ensembl Plants
Oryza nivara * v1.0 GCA_000576065.1 Ensembl Plants
Oryza punctata * vi.2 GCA_000573905.1 Ensembl Plants
Oryza rufipogon OR_W1943  v1 GCA_000817225.1 Ensembl Plants
Oryza sativa Nipponbare IRGSP-1.0 GCA_001433935.1 Ensembl Plants
Setaria italica Yugu1 v2.2 AGNK01000000.1 Phytozome v12.1
Sorghum bicolor BTx623 v3 GCA_000003195.3  Ensembl Plants
Triticum aestivum IWGSC v1.0 GCA_900519105.1 Ensembl Plants
Zea mays B73 v4 GCA_000005005.6  Ensembl Plants
Zizania latifolia * vi GCA_000418225.1 NCBI

*information not provided
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Table 2.2 List of known and functionally characterized NLR-type resistance proteins

from grasses used as reference sequences

Gene Accession number Species Reference

MLA10 AY266445.1 Hordeum vulgare Halterman and Wise, 2004
RGA1-A KT725812.1 Secale cereale Mago et al., 2015
Os11gRGA5 AB604627.1 Oryza sativa Okuyama et al., 2011
Os11gRGA4 AB604622.1 Oryza sativa Okuyama et al., 2011
Piz-t DQ352040.1 Oryza sativa Zhou et al., 2006

Pi-ta AF207842.1 Oryza sativa Bryan et al., 2000

Rpg5 EU883792.1 Hordeum vulgare Brueggeman et al., 2008
LR10 AY270157 1 Triticum aestivum Feuillet et al., 2003

Yr10 AF1491121 Triticum aestivum Liu et al., 2014

Pib AB013448.1 Oryza sativa Wang et al., 1999

Pi9 DQ285630.1 Oryza sativa Qu et al., 2006

Rp1-D XM_008664205.2 Zea mays Collins et al., 1999

Xa1 AB002266.1 Oryza sativa Yoshimura et al., 1998
Pm8 KF572030.1 Triticum aestivum Hurni et al., 2013

Pm3 GU230859.1 Triticum aestivum Bhullar et al., 2010
Rdg2-a HM124452.1 Hordeum vulgare Bulgarelli et al., 2010
Lr21 FJ876280.1 Triticum aestivum Huang et al., 2009

Pit AB379815.1 Oryza sativa Hayashi and Yoshida, 2009
Pi5-1 EU869185.1 Oryza sativa Lee et al., 2009

Pi5-2 EU869186.1 Oryza sativa Lee et al., 2009

Pid3 KX791058.1 Oryza sativa Shang et al., 2009

Sr45 LN883757.1 Triticum aestivum Steuernagel et al., 2016
Sr22 LN883743.1 Triticum aestivum Steuernagel et al., 2016
Lr22a KY064064.1 Triticum aestivum Thind et al., 2017

Pik-1 HMO048900_1 Oryza sativa Zhai et al., 2011

Pik-2 ADZ48538.1 Oryza sativa Zhai et al., 2011

Pikh-1 HQ662330_1 Oryza sativa Costanzo and Jia, 2010b
Pikh-2 AET36550.1 Oryza sativa Costanzo and Jia, 2010b
Pikm-1 AB462324 1 Oryza sativa Ashikawa et al., 2008a
Pikm-2 BAG72135.1 Oryza sativa Ashikawa et al., 2008a
Piks-1 HQ662329_1 Oryza sativa Jia et al., 2009

Piks-2 AET36548.1 Oryza sativa Jia et al., 2009

Pikp-1 HM035360.1 Oryza sativa Yuan et al., 2011

Pikp-2 ADV58351.1 Oryza sativa Yuan et al., 2011

2.1.2 Identification and phylogenetic analysis of Pik-1 and Pik-2

homologues

Coding sequences of representative Pik-7 and Pik-2 genes were used to identify Pik

homologues from cDNA databases of Oryza barthii, Oryza longistaminata, Oryza punctata,
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Oryza glumeapatula, Oryza glaberrima, Oryza rufipogon, Oryza nivara, Leersia pererrii, Zigania
latifolia, and Dactylis glomerata, listed in Table 2.1, using BLAST v2.3.0 (Altschul et al.,
1990). For each sequence with BLASTN E-value cutoff <0.01, genetic loci and gene
coordinates were inspected and, if necessary, manually reannotated; identifiers of
manually reannotated genes were amended with “n’ suffix. Because the Pik-7 and Pik-2
genes are known to be genetically linked, each P& locus was further examined for
signatures of unpredicted Pk gene candidates. Next, coding sequences of the Pik-1 and
Pik-2 candidate homologues were aligned using MUSCLE v2.8.31 (Edgar, 2004). Poorly
aligned sequences were manually removed from the alignhment and excluded from further
analysis. The phylogenetic trees were calculated based on positions within the NB-ARC
domain, for which more than 70% of data was present—927 and 1239 nucleotides of 46
Pik-1 and 54 Pik-2 candidates, respectively. Maximum likelihood phylogenetic trees were
calculated using RAXML v8.2.11 (Stamatakis, 2014) with bootstrap values based on 1000
iterations (Felsenstein, 1985) and GTRGAMMA substitution model (Tavaré, 1986). Best
ML trees were manually rooted according to previously observed relationship and

visualized using Interactive Tree of Life (iToL) tool v5.5.1 (Letunic and Bork, 2007).

2.2 Molecular evolution methods

2.2.1 Phylogenetic analyses of rice HMA domains and ancestral sequence

reconstruction

Selected non-integrated HMA sequences from Oryza sativa and Oryza brachyantha were
obtained from our collaborators at the Iwate Biotechnology Research Center (Kitakami,
Japan; unpublished data) and by BLASTP search (Altschul et al., 1990) using Pikp-1 HMA
(Pikp-HMA) as a query, respectively. Amino acid and nucleotide alignments were
generated using MUSCLE (Edgar, 2004). Neighbour joining (NJ) clustering method
(Saitou and Nei, 1987) was used for constructing protein-based or codon-based trees
based on JTT (Jones et al., 1992) or Maximum Composite Likelihood substitution models
(Tamura and Kumar, 2002), respectively, using 1000 bootstrap test (Felsenstein, 1985),
as implemented in MEGA X (Kumar et al,, 2018). Maximum likelihood trees were
calculated using JTT (Jones et al., 1992) or GTR (Tavaré, 19806) substitution models as
implemented in MEGA X software.
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Three independent protein sequence alignments, generated with MUSCLE
(Edgar, 2004), were used for ancestral sequence reconstruction (Table 2.3). Joint and
marginal ancestral sequence reconstructions were performed with FastML software
(Ashkenazy et al., 2012) using JTT substitution model (Jones et al., 1992), gamma
distribution, and 90% probability cut-off to prefer ancestral indel over a character. The
reconstruction was performed based on neighbour joining trees (Saitou and Nei, 1987)
built with 100 iteration bootstrap method (Felsenstein, 1985). Sequences after marginal

reconstruction including indels were used for further analyses.

Table 2.3 HMA sequences used for building phylogenetic trees and ancestral sequence
reconstruction (ASR)

Pik used for
Description on the tree  Species Accession number . ol ASR
integrated
Il 1
.. PCR from NIG
.barthii_W0042 . barthii
O-barthii_W00 O. barthii accession no. W0042 y non y
PCR from NIG
.barthii_W164 . barthii
ChIEHI Y (02 eEil] accession no. W1643 y non i
PCR from NIG
O.punctata_W1408 O. punctata accession no. W1408 y nn vy
.. .. PCR from NIG
O.barthii_W0698 O. barthii accession no. W0698 y nn vy
PCR from NIG
O.granulata_W0067B O. granulata accession no. y nn vy
WO0067(B)
O.longistaminata_ O. lonaistaminata PCR from NIG nn
W0643 - fong accession no. W0643  ” y
L L PCR from NIG
O.officinalis_W0614 O. officinalis accession no. W0614 y n n y
PCR from NIG
L tata_W1514 ) tat.
SRS LA O. punctata accession no. W1514 y ey
PCR from NIG
rufi w2 . rufi
O.rufipogon_W2003 O. rufipogon accession no. W2003 Y nnoy
. , PCR from NIG
O.minuta_W1328 O. minuta accession no. W1328 y n n y
LOC102699268 O. brachyantha LOC102699268 y y vy y
OBART11G23150 O. barthii OBART11G23150 y nn vy
Olongi_KN541092.1 O. longistaminata ~ KN541092.1 y nn vy
OPUNC11G19550 O. punctata OPUNC11G19550 y nn vy
OsPikp-1 O. sativa HMO035360.1 y y vy y
OsPik-1 O. sativa HM048900_1 y y 'y y
OsPikh-1 O. sativa HQ662330_1 y y vy y
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Table 2.3 HMA sequences used for building phylogenetic trees and ancestral sequence

reconstruction (ASR) (continued)

Pike used for
Description on the tree  Species Accession number . ASR
integrated

Il Il
OsPiks-1 O. sativa HQ662329_1 y y ¥y |y
OsPikm-1 O. sativa AB462324.1 y y Vv y
Ob_LOC102708959 O. brachyantha LOC102708959 n ny 'y
Ob_LOC102709146 O. brachyantha LOC102709146 n ny vy
Ob_LOC102714171 O. brachyantha LOC102714171 n ny vy
Ob_LOC102716957 O. brachyantha LOC102716957 n ny vy
Ob_LOC102717220 O. brachyantha LOC102717220 n ny vy
Os_LOC_0s049g39360 O. sativa LOC_0Os04g39360 n y Vv Yy
Os_LOC_0s049g39370 O. sativa LOC_0Os04g39370 n y Vv Yy
0s04g0469000_01 O. sativa 0s04g0469000_01 n y vy y
0s02g0585200 O. sativa 0s02g0585200 n y Vv Yy
0s02g0584800_01 O. sativa 0s02g0584800_01 n y vy y
0s02g0584700_01 O. sativa 0s02g0584700_01 n y vy y
0s04g0469300_01 O. sativa 0s04g0469300_01 n y vy y
0s02g0585100 O. sativa 0s02g0585100 n y Vv ¥y
0s02g0584600 O. sativa 0s02g0584600 n y vy y
OSJNBa0060P14.7 01  O. sativa OO1SJNBa°°6OP1 47— vy oy
Os04g0464100_01 O. sativa 0s04g0464100_01 n y vy y
0s02g0582600 O. sativa 0s02g0582600 n

I, I, Il — different ancestral sequence predictions; y: yes; n: no.

2.2.2 Testing for selection

The rates of synonymous (ds) and nonsynonymous (d) nucleotide substitutions per
site in pairwise comparisons of protein-coding DNA sequences were estimated using
the Yang and Nielsen (2000) method under realistic evolutionary models, as implemented
in the YNOO program in the PAML v4.9j package (Yang, 1997). The coding sequence
alignments, which were used for the analysis, were generated using MUSCLE v2.8.31
(Edgar, 2004); unless stated otherwise, only positions that showed over 70% coverage
across the alighment were used for the analyses.

For selection across the sites of the HMA domain, site models were implemented
using the CODEML program in the PAML v4.9j software package (Yang, 1997). The
three null models, MO (one-ratio), M1 (nearly neutral), M7 (beta), and three alternative

models, M3 (selection), M2 (discrete), M8 (beta & w), were tested as recommended by
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Yang et al. (2000), and their likelihoods were calculated with the likelihood ratio test.
Twice the difference in log likelihood ratio between a null model and an alternative model
was compared with the chi-squared (y°) distribution; the degrees of freedom were
calculated from the difference in the numbers of parameters estimated from the model
pairs. The naive empirical Bayes (NEB) (Yang, 2000; Yang and Nielsen, 1998) or the
Bayes empirical Bayes (BEB) (Yang, 2005) were used to infer the posterior probabilities
for site classes and to identify amino acids under positive selection. Raw data were
extracted and visualized using the ggp/or2 R v3.6.3 package (Ginestet, 2011). Maximum
likelihood phylogenetic tree used for the analysis was built with bootstrap values
(Felsenstein, 1985) from 1000 iterations using MEGA X software (Kumar et al., 2018),
based on coding-sequence alignment, generated with MUSCLE v2.8.31 (Edgar, 2004).

2.3 Molecular biology methods

2.3.1 Golden Gate cloning

Golden Gate assembly was carried out using a protocol modified from literature
(Weber et al., 2011). The level O restriction-ligation reaction was set up by mixing the
following: 100 ng of each insert and level 0 acceptor; 2 U (unit) of Bpi (Thermo Fisher
Scientific); 4 U T4 DNA ligase (Invitrogen); 1XBSA (NEB) in T4 DNA ligase buffer
(Invitrogen), to a final volume of 20 pL. The level 1 restriction-ligation reaction consisted
of a mix of: 100 ng of each level 0 module and binary vector; 2 U of BszI-HF (NEB);
4 U T4 DNA ligase (Invitrogen); 1XBSA (NEB) in T4 DNA ligase buffer (Invitrogen),

to a final volume of 20 plL.. The reaction was incubated for 30 seconds at 37°C, followed
by 26 cycles of 5 minutes at 37°C, 5 minutes at 20°C and 10 minutes at 50°C, and finally
10 minutes at 80°C. Afterwards, the reaction was transformed into subclocloning

efficiency DH5a chemically competent cells (Invitrogen).
2.3.2 In-Fusion cloning

In-Fusion reactions (Clontech) were performed by mixing 0.5 pL. of 5XIn-Fusion

HD enzyme mix (Clontech), 100 ng of linearized vector, 10 ng of insert, and dH.0
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to a total volume of 5 uL, followed by incubation at 50°C for 15 minutes. Next, the

reactions were transformed into Stellar chemically competent cells (Clontech).

2.3.3 Traditional cloning

Traditional cloning was performed using CutSmart® restriction enzymes from NEB
(New England Biolab) and T4 DNA ligase supplied by Invitrogen, following the
manufacturer’s instructions. The digested fragments were purified using Zymoclean Gel
DNA Recovery Kit (Zymo Research). The ligation reaction was conducted at room
temperature overnight. One Shot TOP10 chemically competent E. co/i cells (Invitrogen)

were then transformed with the reaction.

2.3.4 Cloning from genomic DNA

Cloning from genomic DNA was performed by PCR using Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific) following the manufacturers’ instructions.
Fragments of the expected size were purified for an agarose gel and cloned into Zero

Blunt® TOPO® plasmid (Thermo Fisher Scientific).

2.3.5 Bacterial transformation

Transformations of E. /i One Shot TOP10 (Invitrogen), subcloning efficiency
DHb5a chemically competent cells (Invitrogen), or Stellar chemically competent cells

(Clontech) were conducted following the manufacturers’ instructions. In brief, competent

cells were mixed with ligation products and incubated on ice for up to 30 minutes. Cells
were subjected to heat shock by incubation at 42°C for 30 seconds, immediately followed
by incubation on ice for 2 minutes. Afterwards, 250 uLL of SOC medium (Invitrogen) was
added to the cells and the mixture was incubated, with constant agitation, at 37°C for
40 minutes. The cells were transferred on agar plates with lysogeny broth (LB) medium
with the approptiate antibiotics (kanamycin 50 pg/ml, spectinomycin 50 pg/mlL,
ot carbenicillin 100 pg/mL) and incubated overnight at 37°C.

Electrocompetent _Agrobacterium  tumefaciens cells, strain GV3101:pMP90, were

transformed using an electroporation cuvette with a width of 1 mm and an electroporator
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(Biorad) using the following settings: voltage = 1.8 kV, resistance = 200 €, capacitance
= 25 uF. Immediately after electroporation, 500 pL. of LB medium was added to the cells,
which were then incubated at 28°C for 40 minutes, with constant agitation. The cells were
plated on LB agar plates with the appropriate antibiotics (kanamycin 50 pg/mL and
rifampicin 100 pg/mlL; spectinomycin 50 pg/ml and rifampicin 100 pg/mL; or
carbenicillin 100 pg/mL and rifampicin 100 pg/mL) and incubated at 28°C for

approximately 48 hours.

2.3.6 PCR product purification, colony PCR, and plasmid preparation

PCR products were purified using a Zymoclean Gel DNA Recovery Kit (Zymo
Research). Colony PCR was performed using DreamTaq DNA polymerase following the
manufacturer’s instructions (Thermo Fisher Scientific). Plasmid extraction was carried out

using QIAprep Spin Miniprep Kit according to the manufacturer’s instructions (Qiagen).

2.4 Plant material

Wild type Nicotiana benthamiana plants were grown in a controlled growth chamber

with 22-25°C, 45-65% humidity, and 16/8-hour light/datk cycle.

2.5 Cloning

2.5.1 Identification and cloning of Pzk-1 and Pik-2 from Oryza brachyantha

Genomic DNA materials of 16 Oryza brachyantha accessions were ordered from Wild
Rice Collection ‘Oryzabase’ (Table 2.4) (Kurata and Yamazaki, 2006). The accessions
were first screened for deletion within the Pz&-2 gene, present in a reference genome of
Oryza brachyantha (Chen et al., 2013). Selected accessions were used to amplify full-length
Pif-1 and Pik-2 genes using primers designed based on Oryza brachyantha genome sequence
(Table 2.5). The PCRs were run on 2% agarose gels to check amplification and product
size against positive controls. Fragments of the expected size were further gel purified,

cloned into Zero Blunt® TOPO® plasmid (Thermo Fisher Scientific), and sequenced.
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Table 2.4 List of Oryza brachyantha accessions

Accession Country of origin Used for Pik-2 cloning Used for Pik-1 cloning
Wo0654 Sierra Leone Full-length Full-length
W0655 Sierra Leone Not sequenced Full-length
W0656 Guinea Fragment Not amplified
w1057 Guinea Fragment Not amplified
w1401 Sierra Leone Fragment Not amplified
W1402 Sierra Leone Fragment Not amplified
w1403 Sierra Leone Not sequenced Not amplified
w1404 Sierra Leone Full-length Full-length
W1405 Sierra Leone Full-length Full-length
W1407(B) Mali Full-length Full-length
W1703 Mali Full-length Full-length
W1705 Mali Full-length Full-length
w1706 Chad Fragment Not amplified
w1708 Cameroun Fragment Not amplified
w1711 Cameroun Fragment Not amplified
w1712 Cameroun Fragment Not amplified

Coding sequence of O/Pik-1 (accession number: LOC102699268) was synthesised
as a level 0 module for Golden Gate cloning (Weber et al., 2011) by GENEWIZ. Using
this module, expression construct featuring an N-terminal tag was generated by Golden
Gate assembly with pICSL12008 (35S + € promoter, TSL SynBio), pICSL30007
(N-terminal 6XHA, TSLSynBio), and pICH41414 (35S terminator, TSL SynBio), into
the binary vector pICH47732 (Addgene no. 48001). All constructs were verified by DNA
sequencing. Sequences of primers used for O/Pik-1 and OAPik-2 identification

and cloning are listed in Table 2.4.

2.5.2 Identification and cloning of the Pik-1-integrated HMA domains

from wild rice relatives

Genomic DNA materials of one to three accessions of 18 wild rice species—Oryza
australiensis, Oryza barthii, Oryza brachyantha, Oryza eichingers, Oryza glumaepatula, Oryza
grandiglumis, Oryza grannlata, Oryza latifolia, Oryza longiglumis, Oryza longistaminata, Oryza
meridionalis, Oryza meyeriana, Oryza minuta, Oryza officinalis, Oryza punctata, Oryza rhizomatis,
Oryza ridleyi, Oryza rufipogon—were ordered from Wild Rice Collection ‘Oryzabase’ (Kurata
and Yamazaki, 2006) and used for amplification of the Pik-1 integrated HMA (Table 2.6).
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forward and reverse

The 5"AGGGAGCAATGATGCTTCACGA-3,
“TTCTCTGGCAACCGTTGTTTTGC-5, primers were designed using the alignment
of the OsPikp-1 and OBRAC11G13570.1 sequences and used in PCR. The amplicons
were run on 2% agarose gels to check amplification and product sizes against positive
controls. Fragments of 450-720 bp in size were gel-purified, cloned into Zero Blunt®
TOPO® plasmid (Thermo Fisher Scientific), and sequenced using M13 universal primers
(Thermo Fisher Scientific). Genotyping was performed twice and only sequences that did

not show ambiguity between sequencing runs were selected for further analyses.

Table 2.5 List of primers used for Pik-1 and Pik-2 cloning

Usage in this

Primer name Sequence (5'-3") study Reference
ObPik2_del_F TGAAGCAGATCCGAGACATAGCCT Screening for This study
deletion
ObPik2_del_R TACCCTGCTCCTGATTGCTGACT Screening for This study
deletion
ObPik-2_gene_F1 GTCCACGCTTGATCTGAACTGT Pik-2 cloning This study
ObPik-2_gene_R2 TGTGGCACCATAATTATAGCAATCCC  Pik-2 cloning This study
ObPik-1_gene_F1 GGCACCTGGCACTAACTAGGTA Pik-1 cloning This study
ObPik-1_gene_R TCAACGCAAAAGGGGATCCGA Pik-1 cloning This study
ObPik-1_gene_F2 GATGCTCCTTGGCTTCTTTICTTG Pik-1 sequencing This study
ObPik-1_gene_R1 GAGTTCAAGTTCTACGTCGGCC Pik-1 sequencing This study
ObPik-1_gene_F3 GTTTTCCTCACGTCCAGAGTCTG Pik-1 sequencing  This study
ObPik-1_gene_F4 CTCATTATCTTCTAGGTCCAACACTCG Pik-1 sequencing  This study
ObPik-1_gene_F5 CAGACGACCCCTTTCGATTCTG Pik-1 sequencing  This study
ObPik-1_gene_F6 GGAATGGACTTTCTGATGACTTCCC Pik-1 sequencing This study
ObPik-1_gene_F7  ATATACATATACTGCAAGCCTTTGCAA Pik-1 sequencing  This study
G
ObPik-1_gene_F8 GTCATATAATTCTTTGGCAACCGTTGT Pik-1 sequencing This study
c
ObPik-1_gene_F9 TGTCAACGATCCCTCCATGTT Pik-1 sequencing This study
ObPik-1_gene_R TCAACGCAAAAGGGGATCCGA Pik-1 sequencing This study
ObPik-2_gene_F2 CCATTGCCACAGCATTGTACAG Pik-2 sequencing This study
ObPik-2_gene_F3 TCCTCTTGATCGACGATATTTGGTC Pik-2 sequencing This study
ObPik-2_gene_F4 GATACTGGATTGTTGTTACAATGATTT Pik-2 sequencing  This study
G
ObPik-2_gene_F5 CACCAAGCAATAAAGTCCGTCG Pik-2 sequencing This study
ObPik-2_gene_F6 CAAGAAAAAGGTAAAGGCGCAATGAA Pik-2 sequencing  This study

*size depends on accession
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Table 2.6 List of wild rice accessions

Accession number Species Genome Country of origin
Wo0008 Oryza australiensis EE Australia (SE Canberra)
w1628 Oryza australiensis EE Australia (N)
W1643 Oryza barthii AA Botswana
W1605 Oryza barthii AA Nigeria
w0042 Oryza barthii AA NA

w0698 Oryza barthii AA Guinea
w0654 Oryza brachyantha FF Sierra Leone
w1526 Oryza eichingeri CcC Uganda
w1171 Oryza glumaepatula AA Cuba

w2203 Oryza glumaepatula AA Brasil (S)
W1480(B) Oryza grandiglumis CCDD Brasil (N)
Wo0005 Oryza granulata GG Sri Lanka
W0067(B) Oryza granulata GG Thailand
Wo0542 Oryza latifolia CCDD Mexico
W1539 Oryza latifolia CCDD Argentina (N)
w1228 Oryza longiglumis HHJJ Indonesia
w1504 Oryza longistaminata AA Tanzania
w1540 Oryza longistaminata AA Republic of Congo
w0643 Oryza longistaminata AA The Gambia
W2081 Oryza meridionalis AA Australia (N)
w2112 Oryza meridionalis AA Australia (NE)
w1354 Oryza meyeriana GG Malaysia
w1328 Oryza minuta BBCC Philippines
Wo614 Oryza officinalis CcC Myanmar
w1200 Oryza officinalis CcC Philippines
w1408 Oryza punctata BBCC Nigeria
w1514 Oryza punctata BBCC Kenya

w1808 Oryza rhizomatis CcC Sri Lanka
Wo001 Oryza ridleyi HHJJ Thailand
W2035 Oryza ridleyi HHJJ Philippines
w2003 Oryza rufipogon AA India (SW)
w1715 Oryza rufipogon AA Chin (Beijing)

2.5.3 Cloning of AVR-PikD

AVR-PikD, previously cloned by Magbool et al. (2015), was amplified from
pDONR221 plasmid using primers listed in Table 2.7; the reverse primer was used
to introduce C-terminal FLAG tag. The PCR product was purified and digested with Pacl

and No# restriction enzymes, according to manufacturer’s instructions (NEB). Following
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another round of purification, the PCR product was ligated with linearized pTRBO
destination vector (Lindbo, 2007), generating AVR-PikD:FLAG expression construct;

the construct was verified by DNA sequencing.

Table 2.7 List of primers used for AVR-PikD cloning

Primer name Sequence (5'-3') Reference

AVRPikD_Pacl F GGTTAATTAACCATGGAAACGGGTAATAAATACATTGAAAA This study
ACGTG

AVRPikD_FLAG_ AAGCGGCCGCTCATTTATCGTCATCGTCCTTATAATCAGC  This study

Notl_R TGCTGCAGCGTCGAGGTCATGGTCCTTATAGTCTCCGTCA

TGGTCCTTATAATCGAAGCCCGGACGTTTTTTACCC

2.5.4 Cloning of OsPikp-1

Sequences of primers used for Pik-1 cloning are listed in Table 2.8. The rice
Pikp-1, previously cloned by Magbool et al. (2015), was amplified from
pCambial300:Ascl plasmid and domesticated to remove internal Bsal and Bpil restriction
enzyme recognition sites. Domestication was performed using site-directed mutagenesis
by inverse PCR with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific).
The amplicons were purified and assembled using Golden Gate method (Weber et al.,
2011) in the level 0 pICH41308 destination vector (The Sainsbury Laboratory [TSL]
SynBio) for follow-up Golden Gate cloning. The N-terminally tagged HA:Pikp-1
expression construct was generated by Golden Gate assembly with pICSL12008
(35S + Q promoter, TSL SynBio), pICSL30007 (N-terminal 6XHA, TSL SynBio), and
pICH41414 (35S terminator, TSL SynBio) modules, into the binary vector pICH47732
(Addgene no. 48001). Using the same set of Golden Gate modules, Pikp-1r2;r mutant,
which was generated in the Banfield lab at the John Innes Centre (Norwich, UK), was
subcloned into the same binary vector, generating N-terminally tagged HA:Pikp-1g2s0r

expression construct. All constructs were verified by DNA sequencing,.

2.5.5 Cloning of OsPik-1:ancHMA fusions

In order to generate Pikp-1:ancHMA fusions, individual domains of Pikp-1 were
amplified and cloned into pCR8/GW/D4TOPO (Invitrogen) plasmid as level 0 modules.
Such modules were used in Golden Gate assembly (Weber et al., 2011) with ancHMA
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variants, pICSL12008 (35S + € promoter, TSL SynBio), pICSL30007 (N-terminal
6XHA, TSLSynBio), pICH41414 (35S terminator, TSL SynBio), and pICH47732 binary
vector (Addgene no. 48001), generating Pikp-1:ancHMA expression constructs featuring
N-terminal HA tag. The ancestral HMA variants—corresponding to 186—260 residues of
the full-length Pikp-1—had been synthesised as level 0 modules for Golden Gate cloning
by GENEWIZ (South Plainfield, NJ, USA).

To enable faster cloning of subsequent Pikp-1:ancHMA fusions, two Golden Gate
level O acceptor plasmids, p41308-PikpN and p41308-PikpC, were generated by The
Sainsbury Laboratory SynBio team (Norwich, UK); the acceptors allowed HMA insertion
in a single Golden Gate level 0 reaction, generating full-length Pikp-1 construct with
or without a stop codon, respectively. The ancestral HMA mutants—ancHMA avmennb,
ancHMA+y, ancHMAp;, ancHMA vk, and the single mutants within the LVKIE region
of the ancHMA—were synthetized by GENEWIZ (South Plainfield, NJ, USA)
and subcloned into p41308-PikpN and p41308-PikpC plasmids for follow-up cloning.
Two of the ancHMA mutants, ancHMAwqve and ancHMA vk, were generated using
site-directed mutagenesis by inverse PCR with Phusion High-Fidelity DNA Polymerase
(Thermo Fisher Scientific) and cloned into the same acceptor plasmids. Using the
p41308-PikpN modules, HA:Pikp-1:ancHMA expression constructs were generated
by Golden Gate assembly with pICSL12008 (35S + € promoter, TSL SynBio),
pICSL30007 (N-terminal 6XHA, TSL SynBio), and pICH41414 (35S terminator, TSL
SynBio) into the binary vector pICH47732 (Addgene no. 48001). To generate
C-terminally tagged expression constructs, the p41308-PikpC modules were assembled
with pICSL13004 (Mas promoter, TSL SynBio), pICSL50001 (C-terminal HF, TSL
SynBio), and pICH77901 (Mas terminator, TSL SynBio), by Golden Gate method into
the same binary vector. All constructs were verified by DNA sequencing.

To generate Pikm-1:ancHMA fusions, ancHMA N2-I, ancHMAgwvke, ancHMArgg,
ancHMAsrsn, ancHMAvy, and ancHMAwppm were synthesised by GENEWIZ (South
Plainfield, NJ, USA) as Golden Gate modules. The ancHMAgrwvank mutant was generated
by amplification and fusion of the N-terminus of ancHMAgwvke construct and the
C-terminus of N2-I ancHMA variant. All ancHMA constructs corresponded to 187-264
residues of the full-length Pikm-1 protein and were subsequently assembled with
p41308-PikmN (TSL SynBio) or p41308-PikmC (TSL SynBio) level 0 acceptors
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to generate Pikm-1:ancHMA fusions with or without a stop codon, respectively. Obtained

modules were then used to generate Pikm-1:ancHMA expression constructs, featuring

either N-terminal HA of C-terminal HF tags, by Golden Gate assembly using the same

set of modules as previously used for Pikp-1 and pICH47732 binary vector; constructs

were verified by DNA sequencing. Sequences of primers used for cloning OsPik-1 fusions

are listed in Table 2.8.

Table 2.8 List of primers used for Golden Gate cloning of Pik-1 constructs

Primer name Sequence Usage in this study Reference

Pikp1_level0_F GGTCTCTAATGGAGGCGGCTGCC  Golden Gate cloning This study
ATGGCCGTAA and domestication

Pikpi_dom_1_R GGTCTCTGTCCAAGGTACCTCACT Golden Gate cloning This study
CTGAGGCTTAACTGTTCGCATA and domestication

Pikp1_dom_1_F GGTCTCTGGACTCAAGGGAACGC  Golden Gate cloning This study
GGATCCGAAAG and domestication

Pikpi_dom_2_ R GGTCTCTTCCTCATGGAAGGCTAT Golden Gate cloning This study
CCTTGGCACCC and domestication

Pikp1_dom_2_F GGTCTCTAGGACGCCATGCCCAA Golden Gate cloning This study
CCTCAAGCTTC and domestication

Pikp1_level0_R GGTCTCTAAGCCTAGCTAGTAGTT  Golden Gate cloning This study
TCTGTTTGAATTTCAATATCTGCTA  and domestication
cTCcG

OsCC_lev0_F AAGGTCTCTAATGGAGGCGGCTG  Golden Gate cloning This study
CCATGG Pikp-1:ancHMA

OsCC_GGTA_lev AAGGTCTCTTACCTGTCTTTCTGA Golden Gate cloning This study

0OR GCGGGAAATGC Pikp-1:ancHMA

OsNB_CAAG_lev AAGGTCTCTCAAGAATAAAGATGT  Golden Gate cloning This study

0_F GAAGGAGACGACGCC Pikp-1:ancHMA

OsNB_lev0_R AAGGTCTCTAAAGTAACCTTCTGC  Golden Gate cloning This study
TTCTTTCTCTTCCGACAC Pikp-1:ancHMA

OsLRR_lev0_R AAGGTCTCTAAGCCTAGCTAGTAG Golden Gate cloning This study
TTTCTGTTTGAATTTCAATATCTG Pikp-1:ancHMA

OsLRR_lev0_F AAGGTCTCTCTTTGGCGAGCTTAT  Golden Gate cloning This study
TAACAGAGGATGGATTACG Pikp-1:ancHMA

mEM- AAGAAGACATCAGAATAATGGGAG Golden Gate cloning This study

ANK_Nterm_F GTGAAATG ancHMAEmank

mEM- TTGAAGACATAGGTCACCGGCGAT Golden Gate cloning This study

ANK_Nterm_R TGCAAC ancHMAEemank

mEM- AAGAAGACATACCTCAGGGACCAG Golden Gate cloning This study

ANK_Cterm_F GTTGTG ancHMAEmank

mEM- TTGAAGACATCATCCTTGTTGGCC  Golden Gate cloning This study

ANK_Cterm_R G ancHMAEemank

N2_IVQVE_Nter_ AAGAAGACATGACCGGTATGAAGC ancHMA site-directed  This study

F

AAAAAATCG

mutagenesis
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Table 2.8 List of primers used for Golden Gate cloning of Pik-1 constructs (continued)

Primer name Sequence Usage in this study Reference
N2_IVQVE_Nter_ TTGAAGACATAGGTCACCGACGAT ancHMA site-directed  This study
R TGCAACC mutagenesis
N2_IVQVE_Cter_ AAGAAGACATACCTCAGGGACCAG ancHMA site-directed  This study
F GTTGAGGTG mutagenesis
N2_IVQVE_Cter_ TTGAAGACATCATCTTTGTTGGCC  ancHMA site-directed  This study
R TGGC mutagenesis
N2_LVKIV_Nter_  TTGAAGACATCTCTTAGATCACCTA ancHMA site-directed  This study
R CGAGTGCAACC mutagenesis
N2_LVKIV_Cter  TTGAAGACATAGAGACAAGATAGT ancHMA site-directed  This study
F GGTGGTCGGTG mutagenesis

2.5.6 HMA cloning for in vitro studies

The ancHMA mutants were amplified from Golden Gate level 0 modules using
primers listed in Table 2.9 and cloned into pOPINM vector featuring N-terminal 6XHis
and MBP tags, using In-Fusion cloning (Berrow et al., 2007); the constructs were verified

by DNA sequencing.

2.6 Biochemistry and biophysics methods

2.6.1 In planta transient protein expression

Transient gene expression in planta was conducted by delivering T-DNA constructs
within Agrobacterium tumefaciens strain GV3101:pMP90 into Nicotiana benthamiana leaves
as described before (Win et al., 2011). Briefly, overnight cultures of A. fumefaciens carrying
expression vector of appropriate constructs were mixed in 1:1 ratio and diluted
in agroinfiltration buffer (10 mM 2-[N-morpholine|-ethanesulfonic acid [MES], 10 mM
MgCl,, and 150 pM acetosyringone, pH 5.6) to a final OD600 of 0.3, unless stated
otherwise. Upper leaves of 4-5-weeks-old N. benthamiana plants were agroinfiltrated, and

the leaf tissue was collected 3 days after infiltration.
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Table 2.9 List of primers used for ancHMA cloning for in vitro studies

Primer name Sequence Usage in this Reference
study
AB_N2 _pOPINM_0_  ATGGTCTAGAAAGCTTTAGCTGACC In-Fusion cloning  This study
R TGCAACAACTCCGCG of ancHMA
AB_E230R_pOPINM ATGGTCTAGAAAGCTTTAGCTGACC In-Fusion cloning  This study
_O0R TGCAGCAACTCCGC of ancHMA
AB_Pikp_opt_pOPIN ATGGTCTAGAAAGCTTTACGAGACT In-Fusion cloning This study
M_ O R TGCAGCAGTTCCGCATC of ancHMA
AB_N12_pOPINM_F AAGTTCTGTTTCAGGGCCCGGGTAT In-Fusion cloning This study
GAAGCAAAAAATCGTGATCAAGGTT  of ancHMA
cce
AB_Pikp_opt_pOPIN ATGGTCTAGAAAGCTTTAGGTCTGA In-Fusion cloning This study
M_+2_F AACAAAAAATCGTTATCAAAGTCGC  of ancHMA
AATGG
AB_N2- AAGTTCTGTTTCAGGGCCCGGGAG In-Fusion cloning This study
for_m_5_pOPIN_F GTATGAAGCAAAAAATCGTGATC of ancHMA
AB_N2- ATGGTCTAGAAAGCTTTAACCCTTG  In-Fusion cloning This study
for_m_5_pOPIN_R TTGGCCTGGC of ancHMA
AB_N2- AAGTTCTGTTTCAGGGCCCGGGAG In-Fusion cloning This study
EMVKE_pOPIN_F GTGAAATGCAAAAAATCGTGATC of ancHMA
AB_N2- ATGGTCTAGAAAGCTTTAACCTTCCT In-Fusion cloning This study
EMVNK_pOPIN_R TTACCTGGCTGAC of ancHMA

2.6.2 Plant total protein extraction

Total protein extraction was carried out as described previously (Win et al., 2011).

Briefly, N. benthamiana leaf tissue was ground into a powder in liquid nitrogen using

a mortar and pestle. Leaf powder was mixed at 3:1 ratio (w/v) with ice-cold extraction
buffer GTEN (10% [w/v] glycerol; 25 mM Tris-HCL, pH 7.5; 1 mM EDTA; 300 mM
NaCl) supplemented with 2% (w/v) PVPP, 10 mM dithiothreitol (DTT), 1% (v/v)

protease inhibitor cocktail (Sigma), and 0.2% (v/v) Nonidet P-40. After centrifugation

at 6000xg at 4°C for 20—30 minutes, the supernatant was transferred to a fresh tube and

centrifuged again in the same conditions. The supernatant was passed through 0.45 M

filter, resulting in the total protein extract. For SDS-PAGE electrophoresis, the protein

extract was mixed with protein loading dye (4Xfinal concentration: 200 mM Tris-HCI,

pH 6.8; 2.5% [v/v] glycerol; 0.2% [w/v] bromophenol blue; 4% [w/v] SDS) and

incubated at 95°C for 10 minutes before electrophoresis.
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2.6.3 Co-immunoprecipitation

Co-immunoprecipitation was performed as previously described (Win et al., 2011)
using affinity chromatography with Anti-HA Affinity Matrix (Roche). The
immunoprecipitation was performed by adding 30 uL of beads, unless stated otherwise,
to 4-5 mL of total protein extract, and mixing the extract on a rotary mixer at 4°C. After
1-1.5-hour incubation the sample was centrifuged at 800X g at 4°C for 1 min and washed
as followed: supernatant was discarded, the resin was resuspended in 1 mL of the IP
buffer (GTEN supplemented with Nonidet P-40). Washing step was repeated five times.
After the last wash, the remaining liquid was aspirated using a needle attached to a 1 mL
syringe; the beads were resuspended in 30 pL of 1.5Xloading dye with 10 mM DTT and

eluted by incubating at 70°C for 10 minutes.

2.6.4 SGS-PAGE electrophoresis

For Western blot analysis, the SDS-PAGE electrophoresis was performed
in Tris-glycine buffer (25 mM Tris; 250 mM glycine, pH 8.3; 0.1% [w/v] SDS)
for approximately two hours at 120 V using commercial 4-20% SDS-PAGE gels
(Bio-Rad). For in vitro analysis, commercial 16% RunBlue™ TEO-Tricin SDS gels
(Expedeon) were used for electrophoresis in RunBlue™ SDS Running Buffer (Expedeon)
for approximately 40 minutes at 150 V. PageRuler or PageRulerPlus (Fermentas) were

used as protein size markers.

2.6.5 Immunoblot analysis

Following, SDS-PAGE electrophoresis, the proteins were transferred onto
a polyvinylidene difluoride (PVDF) membrane using a Trans-Blot Turbo transfer system
according to the manufacturer’s instructions (Bio-Rad). The membrane was blocked with
5% milk in the TBST (Tris-buffered saline with 1% Tween 20) buffer for minimum
of 30 minutes and probed with appropriate antisera. HA-probe (F-7) horseradish
peroxidase (HRP)-conjugated (Santa Cruz Biotech) was used for a single-step detection
of HA tag. FLAG detection was carried using monoclonal ANTI-FLAG® M2 (Sigma)
and anti-mouse HRP-conjugated antibodies in a two-step FLAG detection. A two-step

detection of Myc was performed using anti-Myc (A-14, Santa Cruz Biotechnology) and
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anti-rabbit HRP-conjugated antibodies. Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific) were used for detection. Membranes were imaged using ImageQuant
LAS 4000 luminescent imager (GE Healthcare Life Sciences). Equal loading was checked
by staining PVDF membranes with Pierce Reversible Protein Stain Kit (Thermo Fisher
Scientific), homemade Ponceau S stain (Ponceau S in 1% [v/v] acetic acid), or homemade

Coomassie Blue Staining solution (10% acetic acid and 50% methanol).

2.6.6 Heterologous protein production and purification

For surface plasmon resonance analysis, heterologous protein production and
purification were performed as previously described (De la Concepcion et al., 2018).
Briefly, pOPINM constructs encoding HMAs were produced in E. /i SHuffle cells
(Lobstein et al., 2012). The cells were grown as pre-cultures in 100 mL volumes of LB
media at 37°C overnight with constant agitation; the pre-cultures were used
for inoculation 1 L volumes of auto-induction media (Studier, 2005), which were grown
at 30°C for 4-6 hours before induction at 18°C overnight. The cells were harvested
by 15-minute centrifugation at 5,500Xg and re-suspended in A1 buffer (50 mM Tris-HCI,
pH 7.5; 5% [v/v] glycerol; 500 mM NaCl; 50 mM glycine; 20 mM imidazole; and
EDTA-free protease inhibitor [Rosche]), and lysed by sonification for 4 minutes in pulses
(1 second on, 3 seconds off). The lysate was clarified by centrifugation at 18,000Xg
for 20 minutes at 4°C and used for protein tandem purification by immobilized metal
affinity chromatography and gel filtration IMAC-GF). The samples were injected onto
a Ni*'"NTA column (GE Healthcare) connected to AKTA Pure purification system
(GE Healthcare). Proteins were step-eluted with elution buffer (A1 supplemented with
500 mM imidazole) and eluted His-tagged proteins were applied to Superdex 75 26/60
gel filtration column (GE Healthcare) pre-equilibrated with A2 buffer (20 mM HEPES,
pH 7.5, 150 mM NaCl) augmented with 1 mM Tris(2-carboxyethy)phosphine
hydrochloride (TCEP). To remove purification tags, proteins were treated with
3C protease at 10 pg/mg protein and incubated overnight at 4°C; the tag capture was
carried out by tandem Ni**-NTA and MBP-Trap HP columns (GE Healthcare).

The flow-through, concentrated as appropriate, was injected onto Superdex 75 26/60 gel
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filtration column for final purification and buffer exchange into A2 buffer augmented
with 1 mM TCEP. AVR-PikD effector with non-cleavable C-terminal 6XHis tag was
produced and purified as previously described (Magbool et al., 2015).

For crystallisation, ancHMA, ancHMAivke, and ancHMAgpwvke encoded
in pOPINM, as well as AVR-PikD expressed in pOPINE vector, were grown and
harvested as described above. Following initial protein purification by IMAC-GF and
removal of the solubility tags, the ancHMA—AVR-PikD protein pairs were combined and
subsequently treated as single samples for the final gel filtration purification
in A2 buffer. The concentration of proteins was measured by protein absorbance
at 205 nm or by colorimetric method using Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific) according to manufacturer’s instructions. The purity of the proteins was
accessed by running the samples on the 16% SDS-PAGE gels and staining with

™

InstantBlue™ (Expedeon). Protein intact masses were determined by LC-MS performed

by The Sainsbury Laboratory core Proteomics facilities (Norwich, UK).

2.6.7 Surface plasmon resonance

Surface plasmon resonance (SPR) experiments determining binding within the
LVKIE and EMVKE regions were performed in SPR buffer 1 (50 mM HEPES, pH 7.5;
300 mM NaCl; and 0.1% Tween 20) and SPR buffer 2 (50 mM HEPES, pH 7.5; 820 mM
NaCl; and 0.1% Tween 20), respectively, at 25°C using Biacore T200 (GE Healthare),
unless stated otherwise. A multicycle kinetics approach was used to study the interaction
between 6xHis-tagged AVR-PikD (ligand) immobilised on the Series S Sensor Chip NTA
(GE Healthcare) and the HMA constructs (analytes) flowed over the effector at a flow
rate of 30 uL./min. For each kinetic cycle, the chip was washed with the SPR buffer and
activated with 30 pL. of 0.5 mM NiCl prior immobilisation of AVR-PikD. The HMA
proteins in different concentrations (ranging from 0 to 600 nM, depending on the
construct) were injected over both reference and sample cells for 360 s, and dissociation
was recorded for further 120 s, unless stated otherwise. Between each cycle the sensor
chip was regenerated with 30 uL. of 0.35 M EDTA. To correct for bulk refractive index
changes or machine errors, the response for each measurement was subtracted by the
response in the reference cell and the response in buffer-only run. Steady state

or kinetics-based affinity for HMA binding to immobilised AVR-PikD was determined
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from multi-cycle kinetics curves using the Biacore Insight Evaluation Software
(GE Healthcare). For the kinetics-based method the association/dissociation constants
(Kp) was calculated with a one-to-one model.

Due to insufficient quality of data, it was not possible to determine the Kp for some
of the interactions. In order to compare level of binding for those constructs, the
side-by-side multicycle kinetics was performed for Pikp— and Pikm—ancHMA constructs
at 50 nM, 200 nM, and 400 nM concentrations, using 120 s contact time and 120 s
disassociation time. The theoretical maximum responses (Rm.) normalized for the
amount of ligand immobilized on the chip were calculated and the level of binding was
expressed as a percentage of Rumux (Y0Rma). Each experiment was repeated a minimum
of two times, with similar results. The data were visualised using ggp/oz2 R package

(Ginestet, 2011).

2.6.8 Crystallisation and data collection

All crystallisation screens were performed at 18°C using a sitting-drop vapour
diffusion technique. Drops composed of 0.3 ul. of protein solution and 0.3 pL
of reservoir solution were set up in MRC 96-well crystallisation plates (Molecular
Dimensions), which were dispensed using an Oryx Nano or an Oryx8 robot (Douglas
Instruments). Screenings with microseeding were performed by dispensing 0.2 ul.
of protein solution, 0.1 pL. of seed stock, and 0.3 pL of reservoir solution. Seed stocks
were prepared by placing crystals in 50 pL. of reservoir solution with a single glass bead
and crashing the crystals by mixing for approximately 2 minutes using a vortex mixer. The
crystal growth was monitored using The Minstrel Desktop Crystal Imaging System
(Rikagu). Grown crystals were transferred into precipitation solution augmented with
25% (v/v) cryoprotectant—ethylene glycol or glycerol—and flash-cooled in liquid
nitrogen using LithoLoops (Molecular Dimensions). The X-ray datasets were collected
at the Diamond Light Source using beamline DLS-i04 (Didcot, UK).

Crystals of ancHMArvkie/AVR-PikD were grown using putified protein
at concentration of ~20 mg/mlL. Three different crystallisation screens wete used: PEGs
Suite (Qiagen), Morpheus® (Molecular Dimensions), and KISS (in house, Table A.1.1).
The crystals of the complex grew after 24-48 houts in well E2 (20% [w/v] PEG 3350;

0.2 M ammonium sulphate; sodium acetate, pH 4) of the KISS screen, and in wells G11
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(20% [w/v] PEG 3350, 0.2 M ammonium sulphate) and H7 (20% [w/v] PEG 3350,
0.2 M ammonium phosphate) of the PEGs Suite screen. Based on the screen results,
optimisation of crystallisation conditions was set up as shown in Figure A.l1.1
The X-ray datasets for 11 crystals from three precipitation conditions (condition 1: ~15%
[w/v] PEG 3350, 0.1 M ammonium sulphate, and acetate [pH 4]; condition 2: ~15%
[w/v] PEG 3350, 0.2 M ammonium sulphate; condition 3: ~15% [w/v] PEG 3350,
0.2 M tri-sodium citrate) were collected. Crystals used for structure resolution appeared
in 14.41% (w/v) PEG 3350 and 0.2 M tri-sodium citrate, and were frozen using 25%
ethylene glycol.

Crystallisation screens of the ancHMAgwvke/AVR-PikD complex were performed
with purified protein at concentrations of 21 mg/ml., 19 mg/mL, or 10.5 mg/mL, and
the following 96-well plate screens: PEGs Suite (Qiagen), Morpheus® (Molecular
Dimensions), KISS (in house, Table A.1.1), Structure (Molecular Dimensions), and
JCSG-plus  (Molecular Dimensions) as well as custom optimisation conditions
(Figure A.1.1). Four crystals, which were sent for X-ray data collection, were grown using
protein at concentration of 21 mg/mL in H5 well (20% [w/v] PEG 3350, 0.2 M
potassium phosphate) of the PEGs Suite screen, and frozen in liquid nitrogen with 25%
(v/v) ethylene glycol cryoprotectant.

For the ancHMA/AVR-PikD complex two alternative ancHMA constructs were
used, ancHMA (corresponding to 186-258 residues of the full-length Pikp-1) or
ancHMA+5 (corresponding to 186—263 residues of the full-length Pikp-1). Crystallisation
screens were performed using: PEGs Suite (Qiagen), Morpheus® (Molecular
Dimensions), KISS (in house, Table A.1.1), Structure (Molecular Dimensions), JCSG-
plus (Molecular Dimensions), and PGA (Molecular Dimensions) screens, and purified
protein of concentration ranging from 7.7 to 18 mg/mL. Crystallisation conditions were
further expanded using the most promising precipitants as shown in Figure A.1.1. To
promote crystal growth, Structure (Molecular Dimensions) and Morpheus (Molecular
Dimensions) screens were dispensed with 3.5 mg/mL of protein with addition of seed
stock of ancHMAvkie/AVR-PikD crystals. Irregular crystals were grown in wells Al
(30% [w/v] PEG 3350; 0.1 M sodium acetate, pH 4.0), E3 (30% [w/v] PEG 3350; 0.2 M
ammonium sulphate; 0.1 M sodium acetate, pH 4.0), F3 (30% [w/v] PEG 3350; 0.1 M
ammonium sulphate; 0.1 M HEPES, pH 7.0) of the KISS screen, and well A4 of the
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Morpheus screen composed of: 0.06 M divalents (0.3 M magnesium chloride hexahydrate,
0.3 M calcium chloride dihydrate); 0.1 M buffer system 1 (1 M imidazole; MES
monohydrate [acid]), pH 6.5; 50% (v/v) precipitant mix 4 (25% [v/v] MPD, 25% [v/v]
PEG 1000, 25% [v/v] PEG 3350). None of the above crystals diffracted in X-ray

diffraction experiment.

2.6.9 Structure solution

The X-ray datasets were processed using the dial xia2 pipeline (Winter, 2010) and
AIMLESS (Evans and Murshudov, 2013) implemented in CCP4i2 graphical user interface
(Potterton et al., 2018). The crystal structures were solved by molecular replacement using
PHASER (McCoy et al., 2007). To solve the structure of the ancHMAvkir/ AVR-PikD
complex, coordinates of AVR-PikD and a monomer of Pikp-HMA (PDB accession 6fu9)
were used. Th obtained structure was refined by iterative rounds of manual rebuilding
and refinement with COOT (Emsley et al.,, 2010) and REFMAC5 (Murshudov et al,,
2011), respectively; the structure was accessed with the tools provided in COOT and

MolProbity (Chen et al., 2010) and visualised using CCP4MG software (Winn et al., 2011).

2.6.10 Homology modelling

Homology modelling of ancHMA structure in complex with AVR-PikD was built
using SWISS-MODEL (Waterhouse et al., 2018) using coordinates of Pikm-HMA—
AVR-PIkD structure (PDB accession 6g10) as a template.

2.7 Cell death assay

Expression constructs and conditions used for cell death assay are listed
in Table 2.10. Transient expression in Nicotiana benthamiana leaves was conducted
as previously described (Bos et al., 2000). Briefly, GV3101::pM90 _Agrobacterinm tumefaciens
strains carrying the appropriate expression vectors were mixed and re-suspended in
infiltration buffer (10 mM 2-[N-morpholine]-ethanesulfonic acid [MES]; 10 mM MgCl;
and 150 pM acetosyringone, pH 5.06) to a desired density. Upper leaves of 4—-5-week-old
Nicotiana benthamiana plants were used for infiltration. The hypersensitive response (HR),

cell death, was scored 5 days after agroinfiltration, unless stated otherwise, using
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previously published scale (Segretin et al., 2014) modified to range from 0 (no visible

necrosis) to 7 (confluent necrosis).

Table 2.10 List of constructs used in cell death assays

Protein name Tag Vector Concentration Reference
backbone (OD600)

Pikp-1 6xHA (N-term) pICH77732  0.15 This study

Pikp-1* 6xHA (N-term) pICH77732  0.15 This study

Pikp-2 3xMyc (C-term) pCambia  0.15 Magbool et al.,

2015

AVR-PikD 3xFLAG (C-term) pTRBO 0.15 This study
AVRbIb2 3xFLAG (C-term) pTRBO 0.15 Bozkurt et al., 2011

. 6xHis/ 3xFLAG (HF) De la Concepcion
- ICH47742 4
Pikp-1 (C-term) pIC 0 etal, 2018
) 6xHis/ 3xFLAG (HF) .
-1* . This st
Pikp-1 (C-term) pICH47732 0.4 is study
Pikp-2 6xHA (C-term) ICH47751 0.4 De la Concepcion
P P ' etal., 2018
. De la Concepcion
AVR-PikD 4xMyc (N-term) pICH47732 0.6 etal, 2018
Win and Kamoun
B301 A ’
P19 NA pCB30 0 9003
. 6xHis/ 3xFLAG De la Concepcion
Pikm-1 ICH47742 4
fm (C-term) pIC 0 etal, 2018
6xHis/ 3xFLAG
ikm-1* . This st
Pikm-1 (C-term) pICH47732 0.4 is study
De | i
Pikm-2 6xHA (C-term) pICH47751 0.4 e la Concepcion

etal., 2018

*mutants and fusions
NA: not applicable
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Chapter 3: The HMA integration into Pik-1 predates

the emergence of Oryzinae

3.1 Introduction

Plants have evolved nucleotide-binding leucine rich repeat (NLR) intracellular
immune receptors to defend themselves against invading pathogens (Jacob et al., 2013;
Kourelis and van der Hoorn, 2018). Although the majority of NLRs bear a broadly
conserved modular domain architecture (Duxbury et al., 2020; Jones et al., 2016), a subset
contain noncanonical so called integrated domains (IDs) that are thought to mediate
recognition of pathogen effectors. Despite the fact that NLR-IDs form anywhere
between 3 to 10% of all plant NLRs (Kroj et al., 2016; Sarris et al., 2016), our knowledge
about their emergence and subsequent evolution remains sparse.

Several NLR-IDs appear to have lost the ability to autonomously activate defence
response (Césari et al.,, 2014b; Zdrzalek et al., 2020). As a consequence, they often
function in pairs, where NLR-ID serves as a sensor detecting pathogen effectors and its
partner acts as a helper, or executor, that mediates activation of immune signalling
(Adachi et al., 2019b; Bonardi et al., 2011; Feehan et al., 2020). There are now many
examples of such NLR pairs, namely RRS1/RPS4 from Arabidopsis thaliana (Saucet et al.,
2015) and Pik-1/Pik-2 (Ashikawa et al., 2008), Pii-1/Pii-2 (Fujisaki et al., 2017), and
RGA4/RGA5 (the Pia locus) (Césati et al., 2014b; Okuyama et al., 2011) from rice.
These—and many other, not yet characterised, NLR pairs (Bailey et al., 2018)—are
encoded by two adjacent genes in a head-to-head orientation. Conceivably, such genetic
linkage provides an evolutionary advantage by facilitating co-segregation, coevolution,
and transcriptional coregulation of functionally linked genes (Baggs et al., 2017; Griebel
et al., 2014). Genetic linkage may also reduce the genetic load caused by autoimmunity,
especially for NLR pairs that function though negative regulation (Wu et al., 2017).

Rice Pik-1 and Pik-2 proteins are a well-known pair of CC-NLR receptors. Pik-1 acts
as a sensor that binds the AVR-Pik effector of the rice blast fungus via
the Pik-l1-integrated HMA domain, and Pik-2 is required for activation of immune
response upon effector recognition (Magbool et al., 2015; Zdrzalek et al., 2020). The

genetic locus encoding Pik-1 and Pik-2 resistance proteins has been extensively studied
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for over a decade. The pair was initially cloned by map-based cloning from Tsuyuake rice
(Ashikawa et al., 2008), and has since been shown to occur in allelic variants, which
include Pikp, Pikm, Piks, Pikh, and Pik*, to name a few (Costanzo and Jia, 2010;
Jia et al., 2009; Wang et al., 2009; Yuan et al., 2011; Zhai et al., 2011). The Pik alleles
exhibit high levels of polymorphisms, located primarily within its integrated HMA domain
(Biatas et al., 2018; Costanzo and Jia, 2010; Kanzaki et al., 2012). Numerous studies
exploring the genetic diversity of Pik revealed that pathogen recognition spectra can
be traced to antagonistic molecular interactions of Pik alleles with allelic variants of the
cognate AVR-Pik effector (De la Concepcion et al., 2020, 2018; Kanzaki et al., 2012; Li
et al, 2019; Longya et al, 2019; Wang et al, 2009). This suggests that these
polymorphisms likely emerged as a result of accelerated arms race with the rice blast
fungus (Bialas et al., 2018; Kanzaki et al., 2012).

As with many other NLR receptor genes (Choi et al., 2016; Christopoulou et al.,
2015; Jupe et al, 2012), the Pik locus occupies a diverse NLR gene cluster located
on the long arm of chromosome 11. This cluster carries signatures of frequent
rearrangements evident by presence/absence polymorphisms and gene duplications
(Rice Chromosomes 11 and 12 Sequencing Consortia, 2005; Stein et al., 2018; Wang et
al., 2009). The Pik locus itself also appears to have undergone multiple segmental
duplication and rearrangement events that led to emergence of numerous paralogues
present across certain rice accessions (Mizuno et al., 2020; Xiahong et al., 2011). Distinct
genomic structure of the Pi& locus in Nipponbare and Kusabue/K60 cultivars represents
a well-documented example of haplotype variation that stemmed from genomic
rearrangements (Ashikawa et al., 2008; Yuan et al., 2011; Zhai et al., 2011). The N- and
K-type Pik—named after their parental cultivars, Nipponbare and K60, respectively—
constitute intraspecific haplotypes present in a genetic pool of wild and cultivated rice
(Zhai et al., 2011). Interestingly, while the K-type receptors mediate resistance against
the AVR-Pik effectors, the N-type haplotypes are not known to detect AVR-Pik or any
other effectors (Kanzaki et al., 2012; Magbool et al., 2015; Zhai et al., 2011). This is likely
a consequence of indels present in the HMA region of the N-type Pik-1 haplotypes when
compared to the HMA domains present in the K-type Pik alleles. Finally, long-term
maintenance of haplotype variation at the P/ locus might be indicative of balancing

selection imposed on this locus, as proposed for a number of NLR genes
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(Brabham et al.,, 2017; Huang et al., 2009; Kanzaki et al., 2012; Karasov et al., 2014;
Koenig et al., 2019; Wu et al., 2017).

Despite high levels of polymorphisms, the chromosomal region encompassing the
Pif locus also displays a certain degree of collinearity across Oryzinae tribe
(Stein et al., 2018). In fact, the Pz& genes have been found in syntenic regions in Oryzinae
species, including Oryza brachyantha and Leersia perreri, suggesting that Pik-1 and Pik-2
comprise an ancient NLR pair that emerged long before rice domestication. Given this
rich genetic diversity, the Pi& genes can serve as a unique experimental system for studying
the long-term evolution of NLR receptors, in particular NLR-IDs. In this chapter,
I investigated the extent to which the Pik-1/Pik-2 genes are conserved across distantly
related grass (Poaceae) species, focusing on two major grass lineages: the PACMAD clade
(for Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and
Danthonioideae) comprising of maize, foxtail millet, and sorghum, and the BOP clade
(for Bambusoideae, Oryzoideae, and Pooideae) that includes agronomically important
crops, such as rice, wheat, and barley. I examined the genomic architecture of the Pik
locus across selected grass species and explored potential coevolution of Pik-1 and Pik-2
receptors. Furthermore, I used the Pik-1-integrated HMA domain as an evolutionary
footprint to unravel the evolutionary history of the Pik receptors and develop hypotheses
about the selective forces that shaped their evolution. In particular, I looked at signatures
of selection across selected domains of Pik proteins and discovered that the integrated
HMA domain stood out by displaying elevated rates of nonsynonymous substitutions
relative to synonymous changes. This is indicative of positive selection, which likely

reflects a history of evolutionary arms race with pathogen effectors.

3.2 Results and discussion

3.2.1 Pik orthologues are widely present across distantly related grass
species
To understand the diversity of the Pz&-7 and Pik-2 genes across the Poaceae family,
I performed a phylogenetic analysis of the entire repertoire of CC-type NLR proteins

(predicted NLRome) from eight representative grass species. I used NLR-Parser

(Steuernagel et al., 2015) to identify sequences of putative NLRs from publicly available
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protein databases of Zea mays, Sorghum bicolor, Setaria italica, Triticum aestivum, Hordeum
vulgare, Brachypodinm distachyon, Oryza brachyantha, and Oryza sativa, and, following rigorous
filtering steps (described in Chapter 2), I compiled a list of 3,062 putative CC-NLRs,
amended with known and functionally characterized NLR-type proteins from grasses
(Table 2.2), including Pikp, Pikm, Piks, Pikh, and Pik* alleles of Pik-1 and Pik-2. Next,
I constructed a maximum likelihood phylogenetic tree based on the protein sequences
of the NB-ARC domain of the recovered CC-NLRs and discovered that Pik-1 and Pik-2
sequences fell into two phylogenetically unrelated, but well-supported, clades
(Figure A.2.1 A). Among Pik-1- and Pik-2—related sequences I detected representatives
from different, often distantly related, grass species, including members of Pooideae and
Panicoideae subfamilies. I propose that the identified clades consist of Pik-1 and Pik-2
orthologues from a diversity of grass species.

In order to determine the topologies within those clades, I performed additional
phylogenetic analyses using codon-based sequence alignments of Pik-1 and Pik-2 clade
members. Both Pik-1 and Pik-2 phylogenetic trees, calculated using the maximum
likelihood method, revealed the relationships within those clades (Figure A.2.1 B).

I noted that Pik-2 from Oryza brachyantha, the closest homologue of the OsPik-2
alleles, was N-terminally truncated as a result of a 47-bp deletion within its 5'-region
(Figure A.2.2 A). To determine whether Oryza brachyantha population carries a full-length
Pik-2 gene, I genotyped additional O. brachyantha accessions (Figure A.2.2 B; Table 2.4).
I successfully amplified and sequenced six additional full-length ObPik-2 genes, none
of which carried the deletion present in the reference genome. I further amplified
full-length ObPik-1 genes from the selected accessions (Table 2.4), confirming that the
both full-length Pik-2 as well as Pik-1 are present in this species.

Following on these results, I expanded the search of Pik orthologues to additional
species, focusing mainly on members of the Oryzoideae subfamily (Table 2.1). Using
recurrent BLAST searches combined with manual gene annotation and phylogenetic
analyses, I was able to identify additional Pik-related NLRs resulting in a total of 41 and
44 Pik-1 and Pik-2 sequences, respectively (Figure 3.1). Altogether, the Pik orthologues
were widely present across distant grass species. The majority of species within the
Oryzinae tribe contained single copies of Pik-1 and Pik-2 per accession, whereas members

of the Pooideae and Panicoideae subfamilies frequently encoded multiple Pik-1 or Pik-2
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homologues, with wheat carrying as many as nine and ten Pi&-7 and Pik-2 genes,
respectively. Both Pik-1 and Pik-2 from the Oryza genus formed two subclades,
corresponding to two haplotypes identified at the Pz locus: N-type and K-type, named
after Nipponbare and Kusabue/K60 rice cultivars, respectively (Ashikawa et al., 2008;
Yuan et al,, 2011; Zhai et al.,, 2011) (Figure A.2.3). Consistently with previous reports,
my phylogenetic analyses demonstrated that the N- and K-type Piké genes have been
maintained through speciation and co-exist as haplotypes in different Oryza species.

To conclude, I discovered that Pik-1 and Pik-2 orthologues are present across a wide
range of grasses, including members of the Oryzoideae as well as Pooideae and the
Panicoideae subfamilies. I noted that Pi& genes display marked copy number variations
across species. While in the majority of species Pik-1 and Pik-2 are typically encoded
by single-copy genes, some, like wheat, occur in expanded phylogenetic clusters. In the
following sections, I described various features observed across different Pik orthologues
such as genetic linkage of Pik genes (Section 3.2.2), presence/absence of the
Pik-1-integrated HMA domain (Section 3.2.3), and the conclusions that can be drawn

from these observations.

3.2.2 The Pik-1/Pik-2 gene pair likely emerged early in the evolution

of the Poaceae family
3.2.2.1 Genetic linkage of the Pk gene pair predates Oryzinae speciation

Pik-1 and Pik-2 constitute a well-known example of functionally and genetically
linked NLR pair. In rice the Pikp-1 and Pikp-2 genes are located in head-to-head
orientation at a single locus on the long arm of chromosome 11, and their coding
sequences are separated by only ~2.5-kb-long region (Ashikawa et al., 2008; Yuan et al.,
2011). To determine whether this genetic linkage is conserved among Pik orthologues
in grasses, I examined the genetic loci of retrieved Pik-7 and Pik-2 genes
(Figure 3.2; Table A.2.1). The overwhelming majority of species, in which both genes
were present, carried at least one Pik pair with adjacent Pik-7 and Pik-2 genes
in head-to-head orientation. Although the size of the genes and their intergenic regions
varied significantly between species, they exhibited largely conserved gene model. Most

of the Pik-2 orthologues featured one intron in their NB-ARC region while the Pik-7
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genes typically carried one or—for the genes featuring the HMA domain—two introns.
In addition, in species that carry multiple copies of Pik-7 or Pik-2, the copies were typically
located in close proximity or, as in wheat, in large NLR-rich gene clusters (Figure A.2.4;

Table A.2.2).

OsPikp-1 OsPikp-2

OBART11G23150 OBART11G23160
O/ KN541092.1 2 OPUNC11G19560
OPUNC11G19550.n O/ KN541092.1
ObW1703 ObW1703
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ObW1705 ObW1705
0OB11G27420.n 0OB11G27420
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Figure 3.1 The Pik-1/Pik-2 orthologues ate distributed across diverse species of grasses

The maximum likelihood (ML) phylogenetic trees of Pik-1 (left) and Pik-2 (right) homologues.
The trees were calculated from 927- and 1239-nucleotides-long codon-based alignments,
respectively, using RAxML v8.2.11 (Stamatakis, 2014), 1000 bootstrap method (Felsenstein,
1985), and GTRGAMMA substitution model (Tavaré, 1986). Best ML trees were manually rooted
using the selected clades (marked with grey circle) as outgroups. The bootstrap values above 70
are indicated with grey triangles at the base of respective clades; the support values for the relevant
nodes are depicted with numbers. The scale bars indicate the evolutionary distance based on
nucleotide substitution rate. The HMA integration clade is shown in pink. Genetically linked genes
are linked with lines, with colours indicating plant subfamily: Oryzoideae (purple), Poodieae (dark
green), and Panicoideae (light green); the continuous lines represent linkage in head-to-head
orientation, the dashed line indicates linkage in tail-to-tail orientation. The interactive trees are
publicly available at: https://itol.embl.de/tree/14915519290329341598279392 for Pik-1 and
https://itol.embl.de/tree/14915519290161451596745134 for Pik-2.
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Pik-1 and Pik-2 occupy a phylogenetically heterogeneous NLR gene cluster that
shows notable collinearity across genomes of wild rice species (Mizuno et al., 2020;
Stein et al., 2018). Here, I identified genetically linked Pik orthologues in more distantly
related species, including wheat (Triticum aestivum) and foxtail millet (Setaria italica),
demonstrating that the conservation of the Pz locus goes beyond Oryzoideae subfamily.
These results suggest that Pik-1 and Pik-2 are encoded by a pair of ancient genes that
emerged early in Poaceae evolution, presumably before the divergence of the BOP and
PACMAD clades, estimated for anywhere between 50 to 100 MYA (Hodkinson, 2018).
Since then the genes have been maintained through speciation of the Poaceae family

as a genetically linked pair and can now be found in a wide range of grass species.
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Figure 3.2 Many of the Pi&-7 and Pik-2 genes in grasses are genetically linked
in head-to-head orientation

The schematic of the Pik locus in selected species. The schematic gene models of Pi&-7 (blue) and
Pif-2 (grey) are shown. The integrated HMA domain is marked with pink. The coordinates of the
regions presented in this figure are summarised in Table A.2.1. Os: O. sativa, Oniva: O. nivara,
Oglunr: O. glumacepatula, OF O. longistaminata, Opunc: O. punctata, Ob: O. brachyantha, Lp: L. perrier,
Ta: T. aestivum, Dg: D. glomerata, Si: S. italica, Sb: 8. bicolor.
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3.2.2.2 Genetically linked Pik-1 and Pik-2 have a shared evolutionary history

Given that genomic rearrangements have been reported at the Pi& locus (Mizuno et
al., 2020; Stein et al., 2018), one cannot exclude the possibility that genetic linkage of the
Pik-1/Pik-2 pair emerged more than once and is a remnant of rearrangement events.
I reasoned that if the gene pair have remained genetically linked over a long evolutionary
period, then they should have the same molecular age (as determined by the rate
of synonymous substitutions or ). To gain insights into the evolutionary dynamics
between genetically linked Pik-1 and Pik-2 receptors, I compared ds rates of linked Pk
genes. For the analysis, I selected representative Pik-1 and Pik-2 NLRs that are genetically
linked in head-to-head orientation from each species. I pPik orthologues were excluded
from the analysis due to their unusual gene models (Figure 3.2). Next, I assessed rates
of synonymous substitutions (¢) within the coding sequences of the NB-ARC domain
of the selected genes using the method of Yang and Nielsen (2000). This method
calculates substitution rates based on pairwise comparison between two given sequences.
The rates were calculated separately for Pik-1 and Pik-2 and cross-referenced such that
the pairwise values for Pik-1 were compared to the respective values for cognate Pik-2
(Table A.2.3). The comparisons revealed strong positive cotrelation of drates (R* = 0.87)
(Figure 3.3 A, C) that was significantly higher than observed by chance, as calculated
from random Pik-1-Pik-2 cross-referencing (Figure A.2.5 A). The comparisons between
sequences from different subfamilies overall showed the weakest correlation, with the
corresponding s values often displaying less than 70% similarity, whereas genes from the
same taxonomic rank typically showed higher s similarity. Simultaneously, I calculated
and compared the rates of nonsynonymous substitutions (k) among the NB-ARC
domains of Pik-1 and Pik-2 sequences, and also discovered significant correlation of dy
rates (R* = 0.88) across Pik pairs ( Figure 3.3 B, C; Figure A.2.5 B).

To conclude, the correlation of rates of synonymous substitutions (¢) provides
independent evidence that Pik-7 and Pik-2 have been coevolving, sharing a similar
evolutionary history for the last 50 to 100 million years—before the split of the BOP and
PACMAD clades (Hodkinson, 2018).
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Figure 3.3 Genetically linked Pik-1 and Pik-2 show signatures of shared evolutionary

history

Comparisons of pairwise ds (A) and dv (B) rates calculated for the Pik-1 and Pik-2 receptors. The
synonymous (ds) and nonsynonymous (di) rates were calculated using Yang and Nielsen method
(Yang and Nielsen, 2000) based on 972- and 1269-nt-long codon-based alignments of the »

77



Figure 3.3 Genetically linked Pik-1 and Pik-2 show signatures of shared evolutionary
history (continued)

NB-ARC domains of Pik-1 and Pik-2, respectively; only positions that showed over 70% coverage
across the alignhment were used for the analysis. The comparisons were categorised to reflect
species divergence (shapes) and colour-coded to illustrate percentage similarity of the values of ds
or dn (%o similarity). Coefficient of determination (R?) was calculated for each dataset using
R v3.6.3 package. (C) The pairwise comparisons of ds (lower-left panel, marked with purple line)
and dn (upper-right panel, marked with grey line) rates presented as a heatmap. The comparisons
were ordered based on the Pik-1 phylogenetic relationship, shown on the left. The list of genes
used for the pairwise compatisons is summarised in Table A.2.3.

3.2.3 The HMA integration predates the emergence of Oryzinae

To better understand the evolutionary history of the Pik-1 sensor NLR, I looked for
signatures of the HMA integration among its orthologues. Remarkably, I found that the
HMA domain was not always present in the Pz-7 genes. The HMA-containing
homologues clustered into a single well-supported clade (herein called the integration
clade), whereas the sequences without the integration were located at the branches basal
to the integration clade (Figure 3.1). With the exception of I pPik-1 (Leersia perrieri), all
members of the integration clade carried the HMA domain in the same position—
between the CC and NB-ARC domains of the Pik-1 receptor—and featured an intron
within the HMA (Figure 3.2). This indicates that these integrated HMAs were most likely
derived from a single integration event.

Leveraging this information, I generated a multiple sequence alignment of selected
Pik-1 orthologues to estimate the HMA integration position (Figure A.2.6). In particular,
I focused on comparison of representative members of the integration clade and their
closest relatives from Sefaria italica and Sorghum bicolar lacking the HMA domain. Based on
this comparison, I concluded that the integration site most likely falls between the KLL
residues at the N-terminus and KTV at the C-terminus (corresponding to residues
161-163 and 284286 of Pikp-1); however, the exact boundaries of the integration might
be slightly different, given the high sequence divergence near the integration site among
more distantly related orthologues. Interestingly, the integration site encompasses a wider
region than that of functionally characterised HMA domains (De la Concepcion et al.,
2020, 2018; Magbool et al., 2015), with around 20 additional amino acids (23 and 21

in Pikp-1) on each side of the annotated HMA domain. It’s possible that those residues
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act as flexible linkers that help to accommodate the HMA domain within the NLR
three-dimensional structure and ensure proper domain cooperation.

To estimate when Pik-1 acquired the HMA domain, I compared the phylogeny
of plant species included in this study with the presence/absence of the HMA
as determined by the Pik-1 phylogenetic tree (Figure 3.4). I found that orthologues from
the Oryza genus accounted for the majority of Pik-1-HMA fusions. In fact, all orthologues
of Pik-1 in Oryza have the HMA domain. This suggests that the integration
unambiguously predates the speciation of this genus. Although I failed to detect
a full-length HMA integration in L. perrieri, IpPik-1 carries at least 15 amino acids
characteristic of the HMA integration site (Figure A.2.6), indicating that the fusion
probably occurred before the speciation of Oryzinae and was subsequently lost in Leersia
perrieri. In contrast, the vast majority of examined Pik-1 from the Poodieae and
Panicoideae subfamilies lack the HMA domain. The only integration in these taxonomic
groups was detected in one, out of total of nine, Pik-1 paralogue of wheat. This
observation may indicate that the Pik-1-HMA fusion emerged prior to radiation of the
BOP and PACMAD clades, 100-50 MYA (Hodkinson, 2018). In this scenario, Pik-1
acquired the HMA following gene duplication, then while both of those ancient
paralogues have been maintained to present day in wheat, only one of them has been
retained in other species, leading to HMA presence/absence polymorphisms observed
in grasses. However, it is also possible that the integration occurred much later and that
the newly emerged Pik-1-HMA gene transferred to wheat through introgression from
rice progenitors. Taken together, these results clearly indicate that HMA integration
predates diversification of Oryzinae, with the possibility of it being much more ancient
than Oryzinae itself. Future research should address this question, for example
by comparing the molecular age of the Pik-7 genes to the divergence dates of the species

in question.
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Figure 3.4 The HMA integration into Pik-1 predates the emergence of Oryzinae

Summary of the Pik-1 and Pik-2 homologues identified from different plant species included in
this study. The phylogenetic tree was generated using the TimeTree tool (Kumar et al., 2017). The
number of pairs correspond to the number of Pik-7/Pik-2 genes in head-to-head orientation
separated by intergenic region of various length. (*) The species harbours a truncated gene
between Pik-1 and Pik-2. (*) The species has likely lost the HMA.

3.2.4 The integrated HMA domain carries signatures of positive selection

3.2.4.1 The Pik-1-integrated HMA domain displays elevated dn/ds ratio indicative

of positive selection

In rice, the Pik-1-integrated HMA domain exhibits higher levels of polymorphisms
compared with canonical domains of Pik-1 and Pik-2 (Costanzo and Jia, 2010; Kanzaki
et al., 2012), which implies that the HMA is under positive selection. To characterise the
selection pressures underlying HMA diversification following the integration, I examined
molecular signatures of selection within the integration clade. Wheat Pik-1-HMA
homologue was excluded from the analysis due to extreme sequence divergence relative
to Oryza orthologues, which precluded generating reliable sequence alignment. Based on
phylogenetic relationship, the remaining sequences were assigned into K- and N-type
sequences and analysed separately. To test for molecular signatures of selection,

I calculated rates of synonymous () and nonsynonymous (d\) substitutions across the
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coding sequences of the HMA domain. I discovered that /v was greater than ds in 96 out
of 115 pairwise sequence compatisons (86/105 for K- and 10/10 for N-type HMAs)
(Figure 3.5 A, C-D), providing evidence that strong positive selection has indeed acted
on the integrated HMA domain. A total of 19 of those cases displayed ds = 0, all of which
involved closely related sequences. To test if this phenomenon was specific to the HMA
domain, I further calculated dv and 4 rates for the NB-ARC domain of the same set of
genes and discovered that out of total of 115 pairwise sequence comparisons only nine
displayed di greater than ds (Figure 3.5 B, C-D); however, all of these showed ds = 0,
and were therefore inconclusive. A comparison of the ¢y and ds rates between the HMA
and NB-ARC domains, further highlighted the elevated rates of nonsynonymous
substitutions within the integrated HMA domain relative to the NB-ARC
(Figure 3.5 E-F).

Overall, these results demonstrate that the integrated HMA exhibits strong
signatures of positive selection, in sharp contrast to the NB-ARC domain. I hypothesize
that this strong HMA diversification is driven by antagonistic molecular interaction with
pathogen effectors, such as AVR-Pik—related effectors from Magnaporthe oryzae, which
have been shown to interact with a number of K-type Pik-1-integrated HMAs from rice
(De la Concepcion et al., 2020, 2018; Magbool et al., 2015). Notably, the Nipponbare rice
cultivar, which encodes N-type Pik, is susceptible to Magnaporthe oryzae strains carrying the
AVR-Pik effector alleles (Kanzaki et al., 2012; Magbool et al., 2015; Zhai et al., 2011),
suggesting that the mechanisms underpinning the diversification are different in the
N- and K-type receptors.

To date, no resistance has been mapped to the Pi& locus of the Nipponbare cultivar
of rice, inviting the question about the determinants of sequence diversifications of the
N-type Pik-1—-integrated HMA domains. It’s interesting to speculate that, given marked
sequence polymorphism compared with K-type HMAs, N-type Pik lost the ability
to recognise pathogen effectors and is therefore under relaxed selection. However, in this
scenario one would expect signatures of relaxed selection distributed somewhat evenly
across the whole length of the gene, which does not seem to be the case—unlike the
HMA, the NB-ARC domain of the N-type genes does not display elevated rates of dx/ds
(Figure 3.5 B, C). Whether N-type Pi& confer resistance to different, yet unknown,
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effectors, and if HMA diversification in those genes led to sub- or neofunctionalization

remains to be explored.
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Figure 3.5 The integrated HMA domain expetiences elevated rates of dx/ds compared
with the NB-ARC domain of Pik-1 (continued on the next page)
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Figure 3.5 The integrated HMA domain experiences elevated rates of dk/ds compared
with the NB-ARC domain of Pik-1 (continued)

(A=B) Pairwise comparison of nucleotide substitution rates within the HMA integration clade for
the HMA (A) and NB-ARC (B) domains were calculated using Yang and Nielsen method
(Yang and Nielsen, 2000). The diagonal line (dashed) indicates dx = ds meaning neutral selection;
points above this line indicate positive (diversifying) selection with ¢v/ds > 1.0, whereas points
below represent negative (purifying) selection with dn/ds < 1.0. The points are colour-coded
to indicate du/ds ratio; NA: the ratio was not calculated because s = 0. The pairwise comparisons
were performed for the K-type (circles) and N-type (triangles) Pik-1 sequences separately.
(C-D) To highlight the differences between the du/ds ratios for the HMA and NB-ARC domains
the rates were plotted as heatmaps corresponding to N- (C) and K-type (D) Pik-1 sequences.
(E-F) Pairwise comparison of dx (E) and ds (F) rates between the HMA and NB-ARC domains
of Pik-1.

3.2.4.2 Identification of amino acids within the integrated HMA domain that are

likely under positive selection

Positive selection typically acts only on particular amino acids within the protein.
Therefore, I aimed to detect individual sites that experienced positive selection within the
integrated HMA domain using different codon substitution models for heterogeneous
selection at amino acid sites. For the analysis, I focused on the K-type HMA domain,
which likely coevolved with the AVR-Pik effectors. To capture more genetic diversity
of the K-type Pik-1—-integrated HMAs, I first genotyped additional wild rice species for
presence of the integration. Based on the available Pz&-7 sequences from O. sativa and
O. brachyantha 1 designed primers flanking the HMA interaction, and used PCR
amplification to detect the HMA domain in wild rice accessions. I was able to detect the
HMA integration in 21 accessions from 13 species (Table A.2.4); ten of those showed
sufficient coverage across the entire functional region of the HMA and were included in
the analysis (Figure 3.6 A). To detect patterns of selection within the integrated HMA,
I applied three paits of maximum likelihood (ML) models of codon substitution: M3/MO,
M2/M1, and M8/M7 (Yang et al., 2000). All three pairwise tests confirmed that the
selection varied across different sites within the HMA (Figure 3.6 B). As indicated by
posterior probabilities, the tests identified signatures of positive selection at the same sites,
although with different confidence levels (Figure 3.6 C). Many of those were located
at well-characterised effector-binding interfaces, including positions 228 and 261, which

have been shown to mediate interactions with AVR-Pik in Pikp- and Pikm-1, respectively
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(De la Concepcion et al., 2018; Magbool et al., 2015). On average, residues located in the
unstructured regions of the HMA (loops) showed the highest probabilities of positive

selection. To date, however, the function of these residues remains elusive.
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Figure 3.6 Residues within the integrated HMA domain are likely to have experienced
positive selection

(A) The neighbour joining tree of the HMA domain calculated using the JTT substitution model
(Jones et al., 1992) and bootstrap method with 100 iterations test (Felsenstein, 1985). Alignment
of 98 amino acids of integrated HMAs was generated with MUSCLE (Edgar, 2004). Bootstrap
values above 65% were shown at the base of respective clades. The scale bar marks the
evolutionary distance based on number of base substitutions per site. (*) A branch corresponding
to non-integrated HMAs was manually added to the tree to indicate an outgroup, which was used
for tree calculation but not for calculating the selection probabilities. The entire tree is presented
in Figure 4.1. (B) Results from codon substitution models for heterogeneous selection at amino
acid sites (upper panel) and likelihood ratio test (bottom panel). (C) Posterior probabilities for site
classes estimated under the beta & w (M8) model inferred using Bayes empirical Bayes (BEB)
(Yang, 2005). The amino acids with higher values of posterior probability are more likely to be
under positive selection. The stars indicate potentially positively selected sites: (*) PP>50%, (**)
PP>95%, (***¥) PP>99%. The amino acid sequence and the protein model showed below the plot
correspond to Pikp-1. The effector-interaction interfaces are marked in shades of purple.
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As a control for these analyses, I performed the same tests on the NB-ARC domain
of the K-type Pik-1 sequences. The discrete model suggested that dx/ds varied among
different amino acid sites (Figure A.2.7); nevertheless, other tests failed to detect
signatures of positive selection. Based on these results, I concluded that, consistent with
my previous findings, there is no evidence that the NB-ARC domain of Pik-1 as a whole

is subject to positive selection, unlike the HMA domain.

3.3 Conclusions

In this chapter, I uncovered the genetic diversity of the Pik-1 and Pik-2 NLRs in
grasses. I discovered that Pz& genes are present in a wide panel of Poeaceae species,
including members of the Oryzoideae as well as the Pooideae and the Panicoideae
subfamilies. In the majority of cases the Pz& genes are genetically linked in head-to-head
orientation and their homologues harbour similar gene model. In addition, the Pik-1 and
Pik-2 homologues show hallmarks of shared evolutionary history, which suggests that
they derived from a single ancestral pair that emerged before the radiation of the BOP
and PACMAD clades. By looking at the presence/absence of the HMA domain within
the Pik-1 orthologues, I was able to determine that the HMA integration likely predates
speciation of Oryzinae, with the possibility of it being much more ancient than Oryzinae
itself. Regardless of the exact integration date, it appears that the Pik-1/Pik-2 pair existed
prior the integration, which contradicts current dogma that the recruitment of a helper
NLR is most likely a consequence of an emergence of an NLR sensor with extraneous
domain. These findings shed new light on our understanding of evolution and emergence
of NLR-IDs. Finally, I confirmed that the HMA domain of Pik-1 stands out by being
under strong diversifying selection, likely driven by interactions with pathogen effectors
following the integration. Future studies should investigate whether Pik orthologues, with
or without the HMA integration, functionally and mechanistically overlap to mediate

resistance against the rice blast fungus or other pathogens.
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Chapter 4: Pikp-1 evolved towards high affinity
binding to the AVR-PikD effector from the rice
blast fungus

4.1 Introduction

Nucleotide-binding domain leucine-rich repeat-containing (NLR) proteins
constitute an ancient class of intracellular immune receptors that confer innate immunity
in plants and animals (Dodds and Rathjen, 2010; Jones et al., 2016). The majority of plant
NLRs share a conserved modular architecture, consisting of varying N-terminal,
NB-ARC, and LRR domains (Takken and Goverse, 2012). A subset of them, however,
carry unconventional domains known as integrated domains (IDs) (Kroj et al., 2016;
Sarris et al., 2016). Many IDs are thought to have derived from effector-associated host
proteins—also called effector operative targets—and act as baits for effector recognition
within NLRs.

To date, the molecular basis of effector recognition and activation of immune
response has been studied for only a handful of NLR-IDs. Studies of Arabidopsis
RRS1-R revealed that its integrated WRKY domain can recognise AvrRps4 from
Psendomonas syringae through binding and PopP2 from Ralstonia solanacearnm by acting as
a substrate for its enzymatic activity (Heidrich et al., 2013; Sarris et al., 2015). The HMA
domains of the RGA5 and Pik-1 receptors of rice mediate recognition of the blast
effectors AVR-Pia/AVR1-CO39 and AVR-Pik, respectively, via direct binding (Césari et
al., 2013; De la Concepcion et al., 2020, 2018; Guo et al., 2018; Magbool et al., 2015; Ortiz
etal., 2017). In the case of RGA5, simultaneous interaction with the RGA5-HMA domain
as well as other parts of the RGA5 receptor is seemingly required for immunity activation
(Ortiz et al., 2017). Similarly, effector binding is not sufficient to activate Pik-mediated
immune response. Studies dissecting recognition specificity of Pik-1 alleles demonstrated
that the HMA domain of the Pikp-1 allele (Pikp-HMA) is able to bind three allelic variants
of the AVR-Pik effector—AVR-PikA, AVR-PikD, and AVR-PikE—yet, somewhat
surprisingly, only interaction with AVR-PikD leads to immune response and resistance
(De la Concepcion et al, 2018; Kanzaki et al, 2012; Magbool et al., 2015). This
discrepancy has been linked to the binding affinity between the HMA and the effector;
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interaction with the AVR-PikA and AVR-PikE alleles is at least ten times weaker than
that of AVR-PikD, indicating that strong binding to the effector is essential
for Pik-mediated immune response (De la Concepcion et al., 2018; Magbool et al., 2015).
The Pikm-1 and Pikh-1 alleles, on the contrary, exhibit much tighter interaction with these
effectors, thus recognising and conferring resistance to all three of them
(De la Concepcion et al., 2020, 2018). These discoveries have been successfully utilised
for structure-guided receptor engineering that resulted in the Pikp-1 mutant with broader
effector recognition spectrum (De la Concepcion et al., 2019).

Undoubtedly, new advancements in biophysics and biochemistry have accelerated
research on NLR-IDs providing invaluable information that could be used to dissect
the mechanisms of their function and help in generating receptors with new recognition
specifies, as illustrated by research on the Pik-1 receptors (De la Concepcion et al., 2019).
The mechanisms underlying effector recognition by the Pik-1-integrated HMA domain
have been well-characterised using plethora of methods, including structural biology,
in vitro interaction studies, in planta co-immunoprecipitation, cell death assays in Nicotiana
benthamiana leaves, rice infection assays, and others (De la Concepcion et al., 2020, 2019,
2018; Kanzaki et al., 2012; Magbool et al., 2015). However, despite these advancements,
there are still gaps in our understating of the system, in particular in the context of Pik
evolution. For instance, what has the evolutionary trajectory of the HMA domain been
following its integration into an NLR protein? Can we identify the adaptive mutations
that enabled recognition of the AVR-Pik effectors and estimate their emergence time?
Are there any other selection pressures that have shaped HMA evolution besides effector
binding?

In recent years, leveraging evolutionary information to dissect protein function has
gained growing interest (Dean and Thornton, 2007; Harms and Thornton, 2013;
Thornton, 2004). After decades of parallel research, molecular evolution and biochemistry
are starting to be used in conjunction to unravel the molecular basis of protein function
within an evolutionary framework. An understanding of how proteins came to be the way
they are—how evolution has shaped protein properties and how those properties have
affected protein evolutionary trajectories—can inform mechanistic understanding
of protein function. After all, protein evolution has been a massive billion-years-old

experiment and it seems only natural to seek to understand this experiment.
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One approach to study molecular evolution is ancestral protein reconstruction, which
in combination with biochemistry has been successfully applied for a great number
of proteins, including enzymes (Kaltenbach et al., 2018; Nguyen et al., 2017), haemoglobin
(Pillai et al., 2020), antigen receptors (Rouet et al., 2017; Voordeckers et al., 2012),
hormone receptors (Bridgham, 2006; Ortlund et al., 2007), influenza virus coat protein
(Su et al, 2015), and more recently plant pathogen effectors (Dong et al., 2014
Tanaka et al., 2019) (Figure 1.1).

Despite the wealth of knowledge about mechanisms governing effector recognition
by the Pik-1-integrated HMA domain, we know very little about its evolutionary history.
The research summarised herein stems from the model in which Pik-1 and AVR-Pik have
evolved through an arms race—a tight interplay shaping the evolution of both parties—
as they both carry signatures of rapid evolution (Figure 1.2) (Bialas et al., 2018; Kanzaki
et al., 2012). Allelic variants of AVR-Pik carry only five amino acid replacements, but no
synonymous changes (Huang et al., 2014; Kanzaki et al., 2012; Li et al., 2019; Longya
et al., 2019; Yoshida et al., 2009). Remarkably, all nonsynonymous mutations map to
regions located at the binding interface with the HMA domain of Pik-1, indicating the
adaptive nature of those polymorphisms (De la Concepcion et al., 2020, 2018; Longya
et al., 2019; Magbool et al., 2015). Conversely, the integrated HMA is the most
polymorphic region among rice Pik-1 receptors (Bialas et al., 2018; Costanzo and ]Jia,
2010; Zhai et al., 2014) and shows strong signatures of positive selection as demonstrated
in the previous chapter (Chapter 3).

In this chapter, I aimed to test hypotheses about adaptive evolution of the
Pikp-1-integrated HMA domain (Pikp-HMA) and bridge the gap between mechanistic
and evolutionary understanding of the Pik immune system. The central question I pursue
in this chapter is whether historical emergence of the HMA integration and its
diversification within Pikp-1 are a direct adaptation to the most ancient of the AVR-Pik
alleles, AVR-PikD, and to what extent the evolutionary trajectory of Pikp-HMA has been
driven by this effector. I hypothesised that the evolutionary path of Pikp-HMA must have
been shaped by effector recognition but also by constraints posed by other components
of the Pikp complex, such as other domains of the Pikp-1 or Pikp-2 proteins. To challenge
these questions, I performed ancestral sequence reconstruction coupled with resurrection

and functional characterisation of the extinct ancestral HMA. Using established
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biophysics  and  biochemistry = methods, such as  crystallography  and
co-immunoprecipitation, I elucidated how historical mutations have altered the HMA
properties in the context of effector recognition and immune response activation, and
identified key molecular adaptations towards AVR-PikD binding. This work provides
an example of a robust evolutionary framework for studying mechanisms of protein

adaptation.

4.2 Results and Discussion

4.2.1 Ancestral sequence recontraction of the Pikp-1—-integrated HMA

domain

To understand the evolutionary trajectory of the Pik-1-integrated HMA domain,
I reconstructed ancestral HMA sequences at the early stages of rice speciation based on
representative phylogenetic tree of the K-type integrated HMA domains. As an outgroup
I selected sequences of HMA domains of the heavy metal-associated isoprenylated plant
proteins (HIPPs)—hereafter called non-integrated HMAs—from Oryza sativa and Oryza
brachyantha (De Abreu-Neto et al., 2013). Determining fine phylogenetic relationships
using short sequences of rapidly evolving genes can be particularly challenging
as characterised by low bootstrap support for some of the branches. Thus, to perform
the reconstruction, 1 first tested different phylogenetic methods and focused on nodes
that were well-supported in both the neighbor noining and maximum likelihood
phylogenies generated from a codon-base alignment (Figure A.3.1). Selected nodes were
located at the base of the phylogenies and corresponded to the early stages of rice
diversification. Next, I performed the ancestral sequence prediction based on protein
sequence alignment, using FastML software (Ashkenazy et al., 2012), which has been
previously shown to infer ancestral sequences with high accuracy (Randall et al., 2016).
Multiple reconstructions yielded multiple plausible ancestral HMA (ancHMA) variants.
To ensure maximum accuracy and to reduce the possibility of incorrect prediction,
I selected six representative sequences for further studies (Figure 4.1). The selected
ancestral sequences were inferred with strong support; the mean and median posterior

probabilities (PP) for all nodes were greater than 93% and 99%, respectively; over 78%,
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83%, 79%, 80%, and 90% of sites within I-N2, I-N6, II-N11, II-N12, III-N11, and
ITI-N12 variants, respectively, had PP greater that 95%.

Comparative sequence analysis of the ancestral HMAs to the modern HMA domains
revealed polymorphism hotspots (Figure A.3.2), many of which were located at the
effector-binding interfaces (De la Concepcion et al., 2018). This observation suggests that
the ability to perceive pathogen effectors has likely been under positive selection.
Moreover, there is marked sequence diversity located in the heavy metal-binding motif
MxCxxC, characteristic for members of heavy metal-binding protein family
(De Abreu-Neto et al., 2013; DeSilva et al., 2002). The motif is degenerated in the panel
of present-day Pik HMAs, such as Pikp-HMA, whereas inferred ancHMA variants
contained potentially active MxSxxC or MxSxxS motifs (Figure 4.1) (Banci et al., 2008).
Although it remains to be determined whether the ancHMAs—or any of the
non-integrated HMA-containing proteins of rice for that matter—can interact with heavy
metals, it is tempting to speculate that following the integration the HMA domain lost
the ability to bind metals, either as a result of neutral drift or because it interfered with
cither effector recognition or immune response activation. Both the phylogenetic analysis
and the sequence comparison highlight that following the integration the HMA domains
of Pik-1 underwent different evolutionary pathways from their non-integrated relatives,

presumably due to different evolutionary constraints.

4.2.2 The HMA domain of Pikp-1 evolved from weak to strong interaction
with the AVR-PikD effector

Building on the fact that strong binding to the effector is required for Pik-mediated
immune response (De la Concepcion et al., 2020, 2019, 2018; Magbool et al., 2015),
I hypothesised that the HMA domain of Pikp-1 evolved towards high binding affinity
to the AVR-PikD effector from a weaker ancestral state. To test this hypothesis,
I resurrected the six ancHMA variants by synthesising their predicted sequences and
incorporating them into the Pikp-1 receptor—generating Pikp-1:1-N2, Pikp-1:I-N6, Pikp-
1:II-N11, Pikp-1:1I-N12, Pikp-1:III-N11, and Pikp-1:I1I1I-N12 fusions—and tested their
association with AVR-PikD in in planta co-immunoprecipitation (co-IP) experiments
(Figure A.3.3 A). The western blot analysis revealed that the ancHMA variants exhibited
a range of association strength with AVR-PikD (Figure A.3.3 B). Even so, in every case
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the association was consistently weaker than that of the present-day Pikp-1, indicating
that binding strength has indeed changed over the course of the Pikp-HMA evolutionary
history. For further studies, I selected the I-N2 ancHMA wvariant, hereafter called
ancHMA, which is the last common ancestor of Pik*-1, Pikp-1, Pikh-1, Piks-1, and

Pikm-1 alleles of rice.
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Figure 4.1 Ancestral sequence reconstruction yielded multiple plausible ancHMA
sequences (continued)

(A) Representative neighbour joining phylogenetic tree of the HMA domain. The tree was built
using JTT substitution model (Jones et al., 1992) and bootstrap method with 100 iterations
(Felsenstein, 1985). Alighment of 98 amino acids of integrated (blue) and non-integrated (grey)
HMAs was generated with MUSCLE (Edgar, 2004). Bootstrap values above 65% are shown
at the base of respective clades. Nodes for which the ancestral sequence reconstruction was
performed are marked with arrowheads. The scale bar indicates the evolutionary distance based
on number of base substitutions per site. (B) Protein sequence alignment of representative
ancestral HMA predictions. Amino acid sites for which sequence prediction was not performed
are replaced with asterisks (*). The probabilities of the marginal reconstruction for I-N2 sequence
are marked with coloured boxes. An arrowhead indicates the length of the construct used
in further studies.

4.2.3 The LVKIE region of the Pikp-HMA domain determines AVR-PikD
binding with high affinity

Next, I aimed to investigate which of the structural regions in the HMA encompasses
adaptive mutations towards AVR-PikD binding. By synthesising sequence and structural
information, I identified four polymorphic regions between the ancestral and modern
Pikp-HMA (Figure 4.2 A-B). 1 sequentially replaced each of these regions in
Pikp-1:ancHMA with the corresponding region from Pikp-HMA. Altogether, I obtained
a suite of four chimeric HMAs—ancHMAnmonnp, ancHMArvie, ancHMAry,
ancHMAp,—and assayed these for gain-of-binding to AVR-PikD in planta
co-immunoprecipitation (co-IP) experiments. Among tested constructs only the
Pikp-1:ancHMA¢vkr chimera associated with the effector at the levels that were similar
to Pikp-1 (Figure 4.2 C; Figure A.3.4), indicating that residues in the LVKIE region are
critical for enhanced effector binding.

Remarkably, the LVKIE region is located at the effector-binding interface, termed
interface 2, where lysine (Lys-228) and glutamic acid (Glu-230) residues mediate the
interaction between Pikp-HMA and AVR-PikD through hydrogen bonds or salt bridges
(De la Concepcion et al., 2018; Magbool et al., 2015). Amino acids at position 228 have
also been assigned as a diagnostic marker for Pik breeding in rice (Costanzo and Jia, 2010).
Interestingly, besides the LVKIE residues, ancHMAyvkir is identical to ancHMA, which
implies that the integrated HMA domain can accommodate mutations outside

of the effector-binding interface without affecting the receptor’s ability to bind the ligand.
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Figure 4.2 The integrated HMA domain of Pikp-1 evolved to interact with AVR-PikD
with high affinity in the LVKIE region

(A) Protein sequence alighment showing the Pikp—ancHMA swap chimeras. The amino acid
sequences of ancHMA, Pikp-HMA, and chimeras are aligned, with protein model above
corresponding to the Pikp-HMA structure. The colour-coded rectangles correspond to
polymorphic regions used for chimeric swaps. (B) Schematic representation of Pikp-HMA (blue)
in complex with AVR-PikD (pink), with polymorphic regions between the Pikp-HMA and the
ancHMA colour-coded as in the panel A. (C) The LVKIE substitutions in the ancestral HMA
restore binding to AVR-PikD in the co-immunoprecipitation (co-IP) experiment. Association
of FLAG-tagged AVR-PikD with HA-tagged Pikp-1, Pikp-1r230r, Pikp-l:ancHMA, and
Pikp-1:ancHMA chimeras, labelled above, was tested in in planta co-IP. Wild type (WT) Pikp-1
and Pikp-1g230r were used as positive and negative controls, respectively. Proteins obtained by
co-immunoprecipitation with HA beads (HA-IP) and total protein extracts (Input) were
immunoblotted with the appropriate antisera labelled on the left. Rubisco loading control was
performed using Pierce™ staining. Arrowheads indicate expected band sizes. Results from three
independent biological replicates of this experiment are shown in Figure A.3.4.

4.2.4 The Pikp-1 HMA domain only recently evolved to bind the
AVR-PikD effector at high affinity

4.2.4.1 Two substitutions in the Pikp-HMA increased in planta association with
AVR-PikD

To understand the mechanism by which LVKIE region facilitates the recognition
of the AVR-PikD effector and the evolutionary trajectory of the binding, I set out to
reconstruct the evolutionary history of this region. Probability-based ancestral sequence

reconstruction, combined with hand-curation, was performed based on protein sequence
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alignhment and a representative phylogeny of 19 K-type integrated HMA domains, where
ancHMA was separated from Pikp-HMA by five internal nodes (Figure 4.1). I identified
three most ancient substitutions at the resolution of single amino acids—isoleucine 221
to leucin (Ile-221-Leu), followed by glutamine 228 to lysine (Gln-228-Lys), followed by
valine 229 to isoleucine (Val-229-Ile) (Figure 4.3 A). Discerning the order of the two
most recent substitutions, alanine 222 to valine (Ala-222-Val) and valine 230 to glutamic
acid (Val-230-Glu), was not possible. I generated ancHMA mutants by consecutively
introducing historical substitutions into their respective ancestral backgrounds, generating
ancHMAaqvv, ancHMAakvy, and ancHMA¢ kv, as well as two plausible alternative
states between LAKIV and LVKIE—ancHMA ki and ancHMArvkiy. To determine the
extent to which each of the historical mutations contributed to change in effector binding,
I cloned the ancHMA mutants into Pikp-1 background and assayed them for AVR-PikD
binding in planta. Initial results showed low accumulation level of Pikp-1:ancHMArvkiy
mutant, preventing meaningful interpretation of results obtained using this protein
(Figure A.3.5), hence, I excluded it from further analysis; the remaining constructs
accumulated to similar levels. In co-IP experiments, Pikp-1:ancHMAvkir exhibited the
strongest association with AVR-PikD followed by Pikp-1:ancHMA; ki, which displayed
intermediate phenotype (Figure 4.3 B; Figure A.3.6). The remaining mutants did not
show gain-of-binding to AVR-PikD when compared to ancHMA, indicating that the two
most recent mutations, Ala-222-Val and Val-230-Glu, were instrumental in the HMA

evolution towards AVR-PikD binding at high affinity.

4.2.4.2 Two substitutions in the Pikp-HMA increased in vitro association with

AVR-PikD

To quantify how historical substitutions in the LVKIE region contributed to
enhancement in binding to AVR-PikD, I carried out site-by-site surface plasmon
resonance (SPR) experiment, using the AVR-PikD protein and the full set of the ancHMA
mutants (cloned to match the residues Gly-186—Ser-258 of the full-length Pikp-1, which
have previously been successfully used in vitro [Magbool et al., 2015]). All proteins were
purified from E. /i overexpression lines by two-step purification method (Figure A.3.7).
Binding was measured by monitoring the relative response, following AVR-PikD

immobilization on the NTA-sensor chip and injection of the ancHMA proteins at three
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different concentrations. To capture binding dynamics, I recorded the response at two
timepoints: at the end of HMA injection (‘binding’) and 15 seconds post-injection
(‘binding stability’) (Figure A.3.8 A). I normalized the response units to the theoretical
maximum response (Rmax) and expressed the results as a percentage of Ruax (Y0Rmax), which
gave a relative indication of binding strength. AncHMA vk established the strongest
interaction with AVR-PikD at levels similar to Pikp-HMA, followed by ancHMA ki,
then ancHMAraqvv, ancHMA a1y, and ancHMA, which showed weak interaction; I did
not record any significant binding for ancHMAakvy (Figure 4.3 C; Figure A.3.8 B).
To estimate association/dissociation constant (Kp) for strong binders I monitored
their interaction with AVR-PikD for extended concentration range (Figure 4.3 D;
Figure A.3.9 A-B). The Kp values, calculated using one-to-one kinetics interaction
model, ranged from 37.8 nM to 42.9 nM for ancHMAvkr (Figure A.3.9 A-B).
AncHMA ke bound to the effector with higher Kp, although this result was not
successfully replicated due to insufficient data quality in one of the replicates. Despite lack
of unspecific binding to the reference cell the positive control, Pikp-HMA, exhibited
signal drop following the initial association phase, which precluded performing reliable
Kb calculation based on kinetics interaction model. To circumvent these challenges,
I calculated steady state affinity based on basic theory model, which can tolerate more
data irregularities than kinetics-based models. Consistently with previous results,
Pikp-HMA and ancHMAvkie showed comparable binding strength to AVR-PikD
(114-157 nM and 147-159 nM, respectively), followed by slightly weaker affinity recorded
for ancHMA ke (423-493 nM) (Figure 4.3 D; Figure A.3.9 C-D). Due to insufficient
data quality for some of the experiments and the overall error associated with the method
the absolute Kp values should be interpreted with caution. Despite this, the overall
patterns across the experiments were consistent, with Pikp-HMA and ancHMAvkr
displaying the highest binding affinity towards AVR-PikD, followed by ancHMAakis.
Altogether, I demonstrated that the two most recent substitutions enhanced HMA

binding to the AVR-PikD effector in vitro.
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Figure 4.3 The Pikp-1 HMA domain only recently evolved the ability to bind the
AVR-PIkD effector at high affinity

(A) Schematic representation of the neighbour joining phylogenetic tree of the HMA domain
from different Oryza species. The scale bar indicates the evolutionary distance based on number
of base substitutions per site. Historical mutations in the LVKIE region acquired over the course
of the Pikp-HMA evolution are shown next to the appropriate nodes. The mutations are colour-
coded to match the ancestral (green) and present-day (blue) states. (B) Co-immunoprecipitation
experiment illustrating in planta association of AVR-PikD with HA-tagged Pikp-1 and
Pikp-1:ancHMA constructs, labelled above. The wild type (WT) HA:Pikp-1 and HA:Pikp-1r230r
constructs were used as positive and negative controls, respectively. Proteins obtained by co-
immunoprecipitation using HA resin (HA-IP) and total protein extracts (Input) were
immunoblotted with the appropriate antisera labelled on the right. Loading control, featuring
rubisco, was performed using Pierce™ staining. The arrowheads signify expected band sizes. The
replicates of the experiment are shown in Figure A.3.6. (C) Plot illustrating calculated percentage
of the theoretical maximum response (%Rmax) values for interaction of HMA analytes, labelled
below, with HIS:AVR-PikD ligand determined using surface plasmon resonance (SPR). %Rmax
was normalized for the amount of ligand immobilized on the NTA-sensor chip. The chart
summarises results obtained for HMA analytes at 400 nM concentration from three independent
experiments with two internal repeats, with all the data points represented as diamonds or circles.»
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Figure 4.3 The Pikp-1 HMA domain only recently evolved the ability to bind the
AVR-PIkD effector at high affinity (continued)

Three different concentrations of the analytes (400 nM, 200 nM, 50 nM) were tested; results for
the 200 nM and 50 nM concentrations are shown in Figure A.3.8 B. Average A%Rmax (*) values
represent absolute differences between values for ‘binding’ and ‘biding stability’ calculated from
average values for each sample. Statistical differences among the samples were analysed with
Tukey’s honest significant difference (HSD) test (p < 0.01). P-values for all pairwise comparisons
are presented in Table A.3.2. (D) The SPR multicycle kinetics sonsograms for association and
dissociation of the AVR-PikD and HMA proteins. His-tagged AVR-PikD was immobilised on
the sample cell, giving a response level of 157 * 15 response units (RU). Steady state affinity
biding curves were derived from multicycle kinetics sensograms. The replicates of the experiment
and calculated Kp values are presented in Figure A.3.9.

4.2.4.3 Synthesis of the co-IP and SPR results

I was able to demonstrate that two substitutions in Pikp-HMA were critical for high
affinity binding to AVR-PikD. In both co-IP and SPR experiments ancHMA displayed
low affinity towards the effector, which was enhanced by Ala-222-Val and Val-230-Glu
mutations.

In general, I observed a clear correlation between the co-IP and SPR experiments.
Considering that co-IP experiments were performed using full-length proteins while SPR
using only the HMA domains, this correlation implies that HMA alone is able
to recapitulate effector binding preferences of the Pik-1 receptor. This is consistent with
previous findings that have demonstrated that the HMA domains of Pikp-1 and Pikm-1
underly specificity and effector recognition profile (De la Concepcion et al., 2018;
Magbool et al., 2015). Notably, I observed differences in in planta and in vitro association
strength between AVR-PikD and ancHMApakie. The difference between the two
methods could be due to assay sensitivity, with SPR being able to detect small changes
in binding. Alternatively, it’s possible that other domains of Pik-1 can somehow modulate
the binding, for example by restricting access to the HMA effector-binding interface.
Similar discrepancies have previously been observed for Pikm-1-AVR-PikC interaction
(De la Concepcion et al., 2020, 2019).

Taken together, these data demonstrate that for most of its evolutionary history
Pikp-HMA had not been subject to selection pressure imposed by the AVR-PikD
effector. I propose a model, in which the integrated HMA domain served as a bait

for recognition of a different effector before it evolved new recognition specificity
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towards AVR-PikD. Elevated mutation rates and strong signatures of selection precluded
rigorous and accurate estimation of evolutionary divergence times of the integrated
HMAs, however, there is wealth of evidence that indirectly suggests recent emergence
of the LVKIE adaptations. Firstly, in the panel of 19 integrated HMA sequences collected
in this study LVKIE is unique to only two of them, OsPikp-1 and OsPikh-1
(Figure A.3.2). Both Pikp-1 and Pikh-1 derived from domesticated rice, cloned from K60
japonica and Tetep indica cultivars, respectively (Jia et al., 2009; Wang et al., 2009).
In addition, their genes are highly similar to each other; out of total of three
polymorphisms, there is only one synonymous substitution that distinguishes their nearly
3,500-bp-long coding sequences. (For comparison, OsPikp-1 differs from OsPikm-1 from
Tsuyake cultivar by 29 and 59 synonymous and non-synonymous substitutions,
respectively.) All of the above provides indirect evidence that the Ala-222-Val and
Val-230-Glu mutations indeed arose fairly recently, and it’s interesting to speculate that

their emergence coincided with the host jump of the blast fungus on domesticated rice.

4.2.5 Ala-222-Val and Val-230-Glu substitutions are sufficient to increase

binding affinity towards the AVR-PikD effector

The role of historical contingency has been an important topic debated in the field
of molecular evolution (Blount et al., 2018). Neutral mutations with no apparent effect
on protein function might—and in fact very often do—fundamentally change protein
evolutionary trajectory; some of them are thought to play a central role in evolution
by permitting function-switching substitutions, hence the name permissive mutations
(Harms and Thornton, 2013, 2010; Ortlund et al., 2007; Starr et al., 2017; Starr and
Thornton, 2016). To investigate the role of contingency in the evolutionary history of the
Pikp-1-integrated HMA domain, I tested the importance of early historical substitutions
in the LVKIE region on effector binding strength. I incorporated Ala-222-Val and
Val-230-Glu mutations into ancHMA, generating Pikp:ancHMAwqve construct, and
examined effector binding in co-IP experiments (Figure A.3.10). Pikp:ancHMAwqve
showed much stronger association with AVR-PikD than Pikp:ancHMA, however, I was
unable to directly compare its association to Pikp:ancHMArvkie due to uneven protein

accumulation levels.
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These results demonstrate that Ala-222-Val and Val-230-Glu substitutions were
sufficient to increase binding affinity towards the AVR-PikD effector, although one can’t
exclude the possibility that prior mutations had an additive effect on this interaction, not
visible in co-IP. Another possibility, not addressed with this experiment, is that historical
substitutions affected global protein structure rather than effector contact points.
Permissive mutations have been shown to increase protein evolvability by increasing
protein stability or folding (Harms and Thornton, 2010; Ortlund et al., 2007; Starr et al.,
2017). It’s interesting that Pikp:ancHMAwqve accumulation was reduced compared
to Pikp:ancHMAvkis, which may imply that gain-of-binding mutation had destabilising
effect on the receptor and were historically contingent on the prior substitutions.
Introducing gain-of-binding mutations into ancestral state of an entire Pikp-1 protein may

shed light on the relevance of permissive mutations on Pikp-1 structure and function.

4.2.6 Structural determinants of binding

To understand the structural basis of gain-of-binding, I set out to determine
co-crystal structures of the ancHMA and ancHMAvkir domains in complexes with
AVR-PikD. Following heterologous protein overexpression in E. /i and two-step
purification, I conducted a variety of commercially available crystallisation screens and
optimisations. Obtained crystals were tested for X-ray diffraction at Diamond Light
Source (Didcot, UK). Crystallisation screens resulted only in irregular crystals of ancHMA
with AVR-PikD, which did not diffract under X-ray beam (data not shown). The best
crystal of the ancHMAvkir—AVR-PikD complex (purified and crystallised with assistance
of Mauricio P Contreras, TSL) diffracted to 1.32 A resolution. The structure was solved
by molecular replacement using AVR-PikD structure in complex with Pikp-HMA
as a template (De la Concepcion et al., 2018) and refined by iterative rounds of manual
rebuilding and refinement with help from David Lawson from the John Innes Centre
Crystallography Platform (Norwich, UK).

The ancHMAvkir—AVR-PikD complex adopts a similar overall fold to previously
published structures of Pikp-HMA and Pikm-HMA in complexes with the AVR-Pik
effectors (Figure 4.4 A; Table A.3.3). The complex constitutes a single effector
molecule, positioned as in other published structures, and two HMA molecules; HMA

dimerization is most likely an artefact of protein expression and in vitro purification and
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is not biologically relevant (Magbool et al., 2015). The core HMA structure is composed
of two a-helices, involved in HMA homodimerization, and four antiparallel $-strands,
located on the opposite site, which form an extensive effector-binding interface.
The interface buries 19% of total solvent-accessible surface area of the HMA and
is dominated by hydrogen bonds formed between the two peptides or water molecules
coordinated at the interface. Direct interaction between the HMArvkir and AVR-PikD
is mediated by nine residues on each side, with the main contributions derived from
Ser-218, Glu-230, Lys-228, and Asp-224. Side chain hydroxyl groups of serine 218 and
glutamic acid 230 form hydrogen bonds or salt bridges with AVR-PikD"**; lysine 228
forms a salt bridge with AVR-PikD** through side chain nitrogen; aspattic acid 224
forms two salt bridges/hydrogen bonds with AVR-PikD*&*,

Failed crystallisation trials for the ancHMA—AVR-PikD complex precluded direct
comparison of the LVKIE region between ancHMA and ancHMA vk To gain insights
into the structural determinants of effector binding in this region, I performed homology
modelling and generated a model of the ancHMA in complex with AVR-PikD. I further
validated modelled interactions by examining a published structure of Pikm-HMA
(De la Concepcion et al., 2018), whose interface 2 is identical to the interface 2 present in
ancHMA. As expected, ancHMA was predicted to adopt a similar fold and interact with
the effector through the same interface as its ancHMArvkie derivative (Figure A.3.11).
Close inspection of the structures revealed that, in contrast to Glu-230 of ancHMA vk,
much smaller valine located at the structurally equivalent position in ancHMA
and Pikm-HMA fails to form a hydrogen bond with AVR-PikD"** (Figure 4.4 B).
Although this histidine is still coordinated by conserved Ser-218, loss of hydrogen bond
at position 230 most likely results in substantial reduction in ancHMA—-AVR-PikD
association strength, as observed in in vitro and in planta binding experiments (Figure
4.3). The impact of other mutations in the LVKIE region is not immediately apparent.
This is in line with results from the SPR experiments, which showed that those
substitutions have no or only a marginal effect on binding in vitro. The Ala-222-Val
mutation did, however, cause a clear enhancement of association with the effector in co-
IP experiment. Why? One may speculate that it might increase binding robustness and

improve the interaction in the context of the full-length NLR.
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Figure 4.4 Val-230-Glu mutation within the LVKIE region of the ancHMA enhances
interaction with AVR-PikD through hydrogen bond formation

(A) Schematic representation of the structure of ancHMArvkie with the AVR-PikD effector. The
molecules are shown as ribbons with selected side chains presented as sticks and labelled; the
colours of the residue labels match colours of the respective molecules. The molecular surfaces
of the AVR-PikD (pink) and LVKIE residues (blue) within ancHMArvkig are also shown. Dashed
lines represent hydrogen or disulfate bonds formed between the two molecules. (B) Close-up
views of the interaction interface 2 of ancHMArvkie (green and blue), ancHMA (green), and
Pikm-HMA (purple) showcasing differences in binding to AVR-PikD (pink). The selected
residues involved in binding are labelled with labels matching the colours of the corresponding
molecules. The LVKIE residues ate labelled with single-letter amino acid symbols—Ile/Leu-221
1/L), Ala/Val-222 (A/V), Gln/Lys-228 (Q/K), Val/Ile-229 (V/I), Val/Glu-230 (V/E)
for ancHMA /ancHMAvkig; and le-222 (I), Ala-223 (A), Gln-231 (Q), Val-232 (V), Val-233 (V)
for Pikm-HMA. Dashed lines represent hydrogen or disulfate bonds formed between the two
molecules.

4.2.7 High binding affinity to AVR-PikD accounts for the ability to trigger

an immune response
4.2.7.1 The Pikp-1:ancHMA fusions are autoactive in Pikp-2—dependent manner

To test if effector binding by Pikp-1:ancHMA is sufficient to trigger an immune

response, I performed hypersensitive response (HR) experiment by transiently
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co-expressing each of the Pikp-l:ancHMA fusions with AVR-PikD and Pikp-2
in Nicotiana benthamiana. 1 discovered that all Pikp-1:ancHMA variants were autoactive and
triggered spontaneous cell death in the absence of the effector (Figure 4.5;
Figure A.3.12; Figure A.3.13). Notably, the presence of Pikp-2 partner was required for

autoactivity, which is consistent with previously published results (Zdrzalek et al., 2020).
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Figure 4.5 The Pikp-1:ancHMA fusion is autoactive in Pikp-2—dependent manner

Wild type (WT) Pikp-1 and Pikp-l:ancHMA (ancHMA) were transiently co-expressed with
AVR-PikD (D)/AVRbIb2 and Pikp-2/empty vector (ev). AVRbIb2, an effector from the potato
blight pathogen Phytophthora infestans, and the empty vector were used as negative controls.
(A) Photos of representative Nicotiana benthamiana leaves infiltrated with appropriate constructs
(labelled on the left) photographed five days after infiltration under UV (left) and day light (right).
(B) Hypersensitive response (HR) was scored at five days post-agroinfiltration. The results are
presented as a dot plot, where a size of a dot is proportional to the number of samples with the
same score (count) within the same biological replicate. The experiment was independently
repeated at least three times with 22-24 internal replicates; the columns within tested conditions
(labelled on the bottom) correspond to results from different biological replicates. Significant
differences between the conditions are indicated with asterisk (*). The details of statistical analysis
are presented in Figure A.3.13. The experiment was performed with different variants of
plausible ancHMA sequences summarised in Figure A.3.12.

4.2.7.2 Amino acid substitutions in the 31-al and a2—34 loops of the
Pikp-HMA domain abolish the autoactivity phenotype
Next, I used previously generated fusions with chimeras of the ancHMA—
ancHMA aveeann, ancHMAryvke, ancHMAp, ancHMAy—as a proxy to delimitate the
region responsible for the autoactivity phenotype of Pikp-l:ancHMA. I tested these

fusions for loss-of-function in HR assay by transient co-expression with Pikp-2
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in Nicotiana benthamiana (Figure 4.6; Figure A.3.14; Figure A.3.15). Among these,
Pikp-1:ancHMA aneGanD, but no other mutant, showed complete loss-of-autoactivity.
This phenotype was not due to protein instability or low protein abundance

(Figure A.3.4), suggesting that the AMEGNND region, located in the f1-al and

0.2—34 loops of the Pikp-HMA domain, underpins Pikp-1:ancHMA autoactivity.
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Figure 4.6 Mutations within the AMEGNND region abolish ancHMA-triggered
autoactivity

Cell death assay after transient co-expression of Pikp-l:ancHMA oo with AVR-PikD/
AVRbIb2 and Pikp-2/ev. AVRbIb2 and the empty vector (ev) were used as negative controls.
(A) Representative Nicotiana benthamiana leaves infiltrated with appropriate constructs (labelled
next to the infiltration spot) were photographed five days after infiltration under UV (left) and
day light (right). (B) Hypersensitive response (HR) was scored five days after agroinfiltration.
The results are presented as a dot plot where the size of a dot is proportional to the number
of samples with the same score (count) within the same biological replicate. The experiment was
independently repeated at least four times with 24-206 internal replicates; the dot columns within
tested conditions (labelled on the bottom) present results from different replicates. Significant
differences between the conditions are shown with asterisk (*). The details of statistical analysis
are summarised in Figure A.3.15.

4.2.7.3 Strong binding to the effector results in Pik-mediated cell death

To investigate the link between AVR-PikD binding and immune response,
I performed HR assay in IN. benthamiana leaves using Pikp-1:ancHMA mutants in the
LVKIE region. Leveraging the information about autoactivity determinants, I first
removed autoactivity by introducing AMEGNND mutations into these constructs
(Figure 4.7 A), henceforth called Pikp-l:ancHMAviie*, Pikp-l:ancHMApakie®,
Pikp-T:ancHMApakwv®, Pikp-l:ancHMArsqvv*. None of resulting mutants triggered
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spontaneous cell death when transiently co-expressed with Pikp-2 (Figure 4.7 B).
Co-expression with AVR-PikD revealed that the strength of binding directly correlated
with the strength of HR: Pikp-l:ancHMA*, Pikp-l:ancHMApakw*, and
Pikp-1:ancHMApasqvv* failed to elicit immune signalling; Pikp-1:ancHMAvkie* showed
strong cell death phenotype; whereas the response triggered by the intermediate binder
Pikp-T:ancHMApakie* was slightly, yet significantly, reduced when compared to
Pikp-1:ancHMAvkie* (Figure 4.7;Figure A.3.16). All proteins accumulated at similar
levels in western blot analysis (Figure A.3.17). Overall, these results indicate that
adaptations of the HMA domain towards strong effector binding enabled
effector-dependent activation of immune signalling and robust immune response.

The above results are in agreement with previous studies showing that only high
affinity interaction with the effector accounts for Pikp-mediated immune response
(De 1a Concepcion et al., 2020, 2019, 2018; Magbool et al., 2015). Furthermore, there
is an indication that the strength of effector binding may have a quantitative effect on the
strength of immune response, as illustrated by Pikp-l:ancHMApak* and
Pikp-1:ancHMAvkie*. Visual scoring of the intensity of HR has been shown to capture
the quantitative differences in cell death severity (De la Concepcion et al., 2019), still,
it remains a semi-quantitative method and more accurate measurements would be
necessary to confirm observed differences.

The mechanism underlying NLR activation upon effector binding and the extent
to which the binding affinity contributes to immune response have been a subject
of debate (Bialas et al., 2018). Binding above a certain threshold could be important either
to guarantee the right amount of effector-bound NLR molecules to trigger immune
response or for inducing conformational changes necessary for NLR activation. It is
important to note, though, that overexpression of NLR and effector proteins in a model
plant such as N. benthamiana may not fully reflect rice—rice blast interaction in nature.
Future studies might bridge this gap and reveal if the differences in the strength
of immune response affect Pikp-mediated resistance. Would Pikp-1:ancHMAaki*
mediate resistance towards Magnaporthe oryzae carrying AVR-PikD? If so, would the
resistance be weaker? Taken together, these data suggest that Ala-222-Val and Val-230-
Glu mutations derived as a result of Pikp-HMA adaptation to the AVR-PikD effector and

were critical for effector recognition and subsequent Pikp-1-mediated immune response.
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Figure 4.7 Pikp-1:ancHMAvkie* and Pikp-1:ancHMAakie* mediate immune response
to the AVR-PikD effector

(A) Schematic representation of the strategy used for removing autoavtivity from the
Pikp-1:ancHMA fusions. The mutated regions are presented with arrowheads. (B) Representative
images of cell death assay after transient co-expression of the Pikp-1:ancHMA* mutants, featuring
HF tag—Pikp—l :al‘lCHMALVKIE*, Pikp—l :ancHMALAKIE*, Pikp—l :ancHMALAKlv*,
Pikp—l:ancHMALAKW*, Pikp—l:ancHMALAvi*, Pikp—1:anCHMAIAvi*—With AVR-PikD.
Empty vector (ev) was used as a negative control. All constructs were co-expressed with the gene
silencing suppressor p19 (Win and Kamoun, 2003). The leaves were photographed five days after
infiltration under day light (left) and UV light (right). (C) Hypersensitive response (HR) was scored
at five days post-agroinfiltration. The results are presented as dot plots, where a size of a dot is
proportional to the number of samples with the same score (count) within the same biological
replicate. The experiment was independently repeated at least three times with 23-24 internal
replicates; the columns within tested conditions (labelled on the bottom) correspond to results
from different biological replicates. Significant differences between selected conditions are
marked with asterisk (*). The details of statistical analysis are summarised in Figure A.3.17.

4.3 Conclusions

In conclusion, both in planta and in vitro experiments indicated that the integrated
HMA domain of Pikp-1 has evolved a higher binding affinity to the AVR-PikD effector
from a weaker ancestral state. Not only did I demonstrate that the mutations

at the effector-binding interface 2 have been essential for increasing the strength
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of the interaction between HMA and AVR-PikD, but I was also able to pinpoint how
individual mutations acquired by the Pikp-HMA domain contributed to change
in effector binding and the strength of subsequent immune response. These results
revealed that the Pikp-HMA domain only recently acquired the capacity to bind
AVR-PikD at high affinity. In fact, it appears that for most of its evolutionary history
the HMA domain had not been subject to selection pressure to recognise the AVR-PikD
effector. I propose that the integrated HMA domain recognized different pathogen
effector(s) for millions of years before recently ‘switching’ to AVR-PikD, possibly
following the blast jump to domesticated rice. Furthermore, this work demonstrates that
the synthesis of mechanistic and evolutionary research can provide a robust framework
to study NLR-IDs. Using this line of research, future studies can address a number
of unanswered questions. These include, but are not limited to, the coevolution
of the integrated HMA with other domains of Pikp complex and a potential role that

other blast effectors might have played in the evolution of Pikp-1.
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Chapter 5: AVR-PikD recognition by Pikm-1
evolved through a different path than in Pikp-1—

structural basis of convergent molecular evolution

5.1 Introduction

Frequent changes in effector repertoires of plant pathogens shape the plant immune
system, leading to the emergence of diverse immune receptors that provide robust and
broad-spectrum disease resistance. As a consequence, NLR repertoires and diversification
patterns within NLR genes, are thought to reflect local adaptations to pathogen
populations (Liao et al., 2016). For instance, the P»3 gene mediating resistance
to powdery mildew displays high interspecies diversity between T7iticum aestivum and
T dicoccoides whose distinct evolutionary histories have been proposed to result from
different interactions with specialised pathogen lineages (Sela et al., 2014). Similarly, the
alleles of L locus of flax display differences in recognition specificity of the AvrL.567
effector alleles from flax rust fungus (Dodds et al., 20006), with some L alleles mediating
resistance against unrelated effectors (Dodds et al., 2004).

Extreme patterns of natural selection can lead to independent emergence of similar
phenotypic features in distinct plant populations—a phenomenon known as convergent
evolution. Convergent phenotypes can be produced through similar changes
at the genetic level, or may have different genetic basis (Blount et al., 2018; Losos, 2011;
Rokas and Carroll, 2008; Washburn et al., 2016). Plant—microbe systems are exceptional
in the number of examples of repeated evolution of similar traits, many of which are likely
a result of pathogen-imposed selection (Tamborski and Krasileva, 2020; Upson et al.,
2018). One example comes from phylogenetically unrelated NLR proteins that converged
on similar recognition mechanisms or recognition specificities, like Arabidopsis RPM1
and RPS2, and RPG1-b from soybean, all of which recognise RIN4 perturbations induced
by the AvrB effector from P. syringae (Ashfield et al., 2004; Kessens et al., 2014; Selote and
Kachroo, 2010). Despite these cases, the molecular mechanisms underlying convergent
evolution of effector recognition in NLRs are largely unknown.

As discussed in previous chapters (Chapters 1, and 4), the Pik-1 receptor mediates

resistance to the M. oryzae fungus by direct binding of the AVR-Pik effector via its

107



integrated HMA domain (Kanzaki et al., 2012; Magbool et al., 2015). Both Pik and
AVR-Pik occur in allelic series, with the Pik proteins showing different recognition
specificities against AVR-Pik variants (De la Concepcion et al., 2020, 2018; Kanzaki et al.,
2012; Li et al., 2019; Longya et al., 2019). Studies dissecting the allelic diversity of Pik
revealed that the Pikp allele, from K60 rice cultivar (Wang et al., 2009), can recognise only
the AVR-PikD effector allele, whereas the Pikm allele, from the Tsuyuake cultivar
(Ashikawa et al., 2008), shows much broader recognition spectrum, recognising not only
AVR-PikD but also AVR-PikA and AVR-PikE alleles (De la Concepcion et al., 2018;
Kanzaki et al., 2012). These recognition specificities have been linked to effector binding
affinity (De la Concepcion et al., 2018; Magbool et al., 2015), and are thought to reflect
the ongoing arms race between rice and the rice blast fungus (Bialas et al., 2018; Kanzaki
et al, 2012; Li et al, 2019). This is consistent with the extreme rates of protein
diversification observed within the Pik-1-integrated HMA domain (Chapter 3).
Interestingly, as I showed eatlier, the Pikp-1 and Pikm-1 fall into two phylogenetically
distinct clades of Pik-1 (Chapters 3 and 4) (De la Concepcion et al., 2020; Kanzaki et al.,
2012) and appear to have evolved their effector-recognition specificities independently.
The evolutionary trajectory of the Pikp-HMA domain (Chapter 4) elegantly
illustrates how changes in the environment, such as new pathogen threats, can lead
to rapid adaptations within plant immune receptors. However, sequence comparisons and
the aforementioned phylogenetic analyses indicated that similar phenotypic adaptations
of Pik alleles—namely, recognition of the AVR-PikD effector—seem to have arisen
as a result of different mutational pathways, reminiscent of convergent evolution. In this
chapter, I aimed to test this hypothesis and understand the alternative evolutionary
pathways that led to the emergence of different Pik alleles of rice that recognise the same
blast effectors. Here, I leveraged the experimental framework established for Pikp-HMA
(Chapter 4) and reconstructed the evolutionary trajectory of Pikm-HMA from their last
common ancestor, the ancHMA. Using in vitro and in planta biochemistry methods,
I functionally characterised a region in the Pikm-HMA—different from the one identified
for Pikp-HMA—that evolved towards AVR-PikD binding at high affinity. Together,
these experiments revealed that Pikp and Pikm underwent different evolutionary
pathways to produce similar phenotypic outcome, painting a complex picture of the

dynamics of their evolution at the population level.
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5.2 Results and discussion

5.2.1 The EMVKE region of the integrated HMA of Pikm-1 determines
AVR-PikD binding with high affinity

In the previous chapter (Chapter 4), 1 identified the LVKIE region that
encompasses Pikp-1 adaptive mutations towards AVR-PikD binding and recognition.
Notably, these adaptations are rare among Pik-1 alleles and orthologues in Oryza
(Figure A.3.2), and in most cases this sequence has remained largely unchanged from
the predicted ancestral IAQV'V state. Pikm-1, a Pik-1 allele present in the Tsuyuake rice
cultivar (Ashikawa et al., 2008), is an example of a Pik-1 receptor that carries IAQVV
residues. Despite the absence of the adaptive LVKIE mutations, Pikm-1 binds the
AVR-PikD effector with high affinity and triggers immune response upon effector
recognition (De la Concepcion et al, 2018; Kanzaki et al, 2012). This led to
the hypothesis that the integrated HMA domain of Pikm-1 (Pikm-HMA) has undergone
an evolutionary pathway towards effector recognition different from that of Pikp-HMA,
and that its effector-driven adaptative mutations lay outside of the LVKIE region.

Which Pikm-HMA mutations have enabled AVR-PikD binding? To address this
question, I performed structure-informed sequence comparison of the Pikm-HMA and
ancHMA domains. First, to ensure that the full diversity within the HMA domain was
captured, I amended the ancHMA sequence with a three-amino-acid-long extension,
corresponding to residues 262-264 of the full-length Pikm-1. Although these three
residues are polymorphic in Pikm-HMA they are identical between ancHMA and
Pikp-HMA and were thus previously omitted in the studies concerning Pikp-HMA
(Chapter 4). Next, using sequence and structural information, I identified five
polymorphic regions differentiating the ancestral HMA and modern Pikm-HMA
(Figure 5.1 A-B). To determine, which of those regions underpin AVR-PikD binding,
I first introduced ancHMA into Pikm-1 to create an NLR sensor that mimics the ancestral
state. Next, I sequentially incorporated present-day residues from each of these regions
into the Pikm-1:ancHMA fusion, and tested them for interaction with the effector using
co-immunoprecipitation (co-IP). Among five chimeras tested in this experiment, only
Pikm-1:ancHMAgwmvke associated with AVR-PikD (Figure 5.1 C; Figure A.4.1). I failed
to detect any interaction with the effector for Pikm-l:ancHMA and the remaining

chimeras, whereas Pikm-1:ancHMAvu was unstable, hence results obtained using this
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construct were inconclusive. Overall, these results suggest that Pikm-HMA evolved
towards AVR-PikD recognition through mutations in the EMVKE region that

determines high affinity binding to this effector.
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Figure 5.1 Adaptive mutations towards AVR-PikD binding are located in the EMVKE
region of the HMA domain of Pikm-1

(A) Protein sequence alignment between ancHMA, Pikm-HMA, and Pikm:ancHMA chimeras.
Protein model above the alignment depict Pikm-HMA structure. The colour-coded rectangles
mark polymorphic regions used for chimeric swaps. (B) Schematic representation of the
Pikm-HMA domain (purple) in complex with AVR-PikD (pink), with polymorphic regions
between Pikm-HMA and ancHMA are colour-coded as in panel A. (C) EMVKE substitutions
in the ancestral HMA restore in planta association with AVR-PikD. Co-immunoprecipitation
experiment of FLAG-tagged AVR-PikD with the ancHMA chimeras, featuring HA tag, labeled
above. Wild type (WT) Pikp-1/Pikm-1 and Pikp-1pssr were used as positive and negative
controls, respectively. Proteins obtained by co-immunoprecipitation with HA beads (HA-IP) and
total protein extracts (Input) were immunoblotted with the appropriate antisera labelled on the
right. Rubisco loading control was carried out using Ponceau staining solution. Arrowheads,
shown on the right, indicate expected band sizes. The replicates of the co-IP experiment are
shown in Figure A.4.1.
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Three predominant regions of the HMA-—effector interaction surface, termed
interfaces 1, 2, and 3, have been described for Pik-1 receptors (De la Concepcion et al.,
2018). The EMVKE residues are part of the interfaces 1 and 3, located at the 3-strand 1
(B1) and B-strand 4 (34), respectively. Residues at the interface 3 of Pikm-HMA have been
shown to mediate tight interaction with the AVR-PikD effector—supposedly to
compensate for weak interaction at the interface 2—and to underpin broad
effector-recognition specificity (De la Concepcion et al., 2020, 2019, 2018). Notably,
residues located at all three interfaces show relatively high levels of nonsynonymous
sequence substitutions in comparison to synonymous mutations, with four out of five
sites from the EMVKE region exhibiting moderate or high posterior probability

of positive selection (Chapter 3).

5.2.2 Mutations located at the binding interface 3 enabled Pikm-1
evolution towards AVR-PikD binding

5.2.2.1 Reconstruction of the Pikm-HMA evolutionary pathway towards
AVR-PikD binding

In order to trace the evolutionary trajectory of the Pikm-HMA domain that resulted
in AVR-PikD binding, I reconstructed the mutational history of the EMVKE
effector-binding interface (Figure 5.2 A). The ancestral sequence reconstruction was
performed by combination of manual and probability-based approaches using an amino
acid sequence alignment and a representative phylogenetic tree of the HMA domain,
where Pikm-HMA and ancHMA were separated by four internal nodes (Figure 4.1).
According to the ancestral sequence prediction, the ancestral state of the HMA domain
carried MKANK residues in the EMVKE region. I was able to identify one node that
represents an evolutionary intermediate between the ancestral MKANK and present-day
EMVKE states, namely EMANK, that emerged through MK>EM mutations—
methionine 188 to glutamate (Met-188-Glu) and lysine 189 to methionine (Lys-189-Met).
The ANK>VKE mutations—alanine 261 to valine (Ala-261-Val), asparagine 262
to lysine (Asp-262-Lys), and lysine 263 to glutamate (Lys-263-Glu)—were acquired at the
later timepoint. Given the resolution of the phylogenetic tree, determining the order

of individual mutations was not possible.
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To evaluate the effect of these historical mutations on effector binding, I generated
the ancHMA mutant that recapitulated the predicted step-by-step intermediate state
of the EMVKE region, ancHMAgmank, incorporated this mutant into the HA:Pikm-1
backbone, and tested its in planta association with AVR-PikD (Figure 5.2 B;
Figure A.4.2). Pikm:ancHMAgwvke exhibited strong association with AVR-PikD
in co-IP experiments, consistent with my previous results (Section 5.2.1). In contrast,
Pikm:ancHMAgnank did not show gain-of-binding relative to Pikm:ancHMAwicank. This
suggests that ANK>VKE substitutions were essential for the Pikm-HMA evolution
towards AVR-PikD binding at hight affinity.

5.2.2.2 In vitro validation of differential binding to AVR-PikD across

the Pikm-HMA evolutionary states

Next, I aimed to validate the binding of the step-by-step evolutionary transition
of the EMVKE region in vitro, using the AVR-PikD protein and the full set of the
ancHMA mutants purified from E. o/ overexpression lines (Figure A.4.3).
To encompass full diversity between the ancestral and present-day states of the
Pikm-HMA, I used HMA sequences that consisted of a five—amino acid extension at the
C-terminus compared to the constructs used in studies concerning the evolutionary
trajectory of Pikp-HMA (Chapter 4), herein called ancHMA+5. During the purification
process I noted a shift in elution volume of the ancHMA+5 in complex with AVR-PikD
relative to the elution volume of the ancHMAyvkir—AVR-PikD complex in size-exclusion
chromatography (Figure A.4.4). I inferred that this difference is a result of different
stoichiometries of the ancHMA—AVR-PikD complexes; while ancHMAyvkir—AVR-PikD
formed two-to-one complex (Chapter 4), the constructs with the extension interacted
with the effector at one-to-one ratio.

To validate and quantify the binding of the step-by-step evolutionary transition of
the EMVKE region in the HMA domain, I carried out surface plasmon resonance (SPR)
experiments using the purified proteins (Figure A.4.3). I measured the binding by flowing
the HMA analytes over the AVR-PikD protein immobilised on the NTA-chip and
monitoring relative response (expressed in response units [RUJ). To capture binding
dynamics, I recorded the response at two timepoints: at the end of analyte injection

(‘binding’) and 15 seconds post-injection (‘binding stability’). I calculated the binding
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strength as a percentage of Rimax (Y0Rmax), assuming one-to-one interaction, with the results
normalised against theoretical maximum response (Rumax), which gives relative indication
of binding affinity. Surprisingly, at 400 nM concentration all tested HMA variants bound
to the AVR-PikD effector with similar strength (Figure 5.2 C; Figure A.4.5;
Table A.4.1). However, there were marked differences in the association and dissociation
rates as well as overall binding dynamics between tested constructs. First, despite high
binding values, ancHMA exhibited fast dissociation rates as illustrated by the pattern of
‘binding stability’ (Figure 5.2 C; Figure A.4.5; Table A.4.2) and shape of the curves
(Figure 5.2 D; Figure A.4.6). Second, ancHMAgwvke displayed high values for ‘binding’
and ‘binding stability’, with a gentle slope for association across the concentrations,
indicating tight and stable binding. Finally, ancHMAgmank fell in-between ancHMA and
ancHMAgruank, with stable and relatively strong binding at the top concentration and
moderate binding strength at lower concentrations. The above indicates that ANK>VKE
substitutions ~ were  essential for the Pikm-HMA  evolution  towards
AVR-PIikD binding at hight affinity.

These results could have been validated by calculating association/dissociation
constant (Kp) for HMA—AVR-PikD interaction; unfortunately, due to insufficient data
quality obtained from multicycle kinetics experiments (data not shown), I was not able to

perform rigorous Kp calculations.

5.2.2.3 Synapsis of in planta and in vitro effector binding analyses of ancHMA

mutants

Taking these experiments together, both co-IP and SPR, indicates that the EMVKE
region plays an important role in high affinity binding of the AVR-PikD effector by
Pikm-HMA. I conclude that the mutations within this region arose as an adaptation to
the AVR-PikD effector. The differences between the results obtained by the two
methods—in particular differences in binding between ancHMA and AVR-PikD—could
be due to a number of factors. As discussed before (Chapter 4), these assays differ
in sensitivity and experimental design; in the co-IP experiments HMA is presented in the
context of a full-length protein, whereas the SPR experiments were conducted using the
HMA domain only. It is possible that other domains of the Pikm-1 receptor prevent

transient interaction between ancHMA and AVR-PikD observed in vitro or that such
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interactions simply cannot be captured in co-IP experiments. Differences between in vitro
and in planta results have been previously observed for Pikm-1, which despite moderate
interaction with the AVR-PikC effector in SPR experiments does not associate with this
effector in co-IP (De la Concepcion et al., 2019).

Both the co-IP and SPR results highlight the key role that the ANK>VKE mutations
played in the evolutionary transition of the Pikm-HMA towards strong binding of
AVR-PikD. These results are consistent with previous studies of Pikm-HMA
(De la Concepcion et al., 2018) and other Pikl-integrated HMA domains. For instance,
the NK>KE mutations—corresponding to Lys-262 (K) and Glu-263 (E) of the VKE
residues—have been previously shown to be sufficient to confer broader
effector-recognition spectrum compared to Pikp-1 (De la Concepcion et al., 2019).

Due to discrepancies between the two methods, the role of the most ancient
MK>EM mutations in the evolutionary path of Pikm-HMA remains unclear. Both
residues are part of the interface 1, which is considered a minor component of the
Pikm-HMA—effector interaction, with a side chain of Met-189 contributing
to hydrophobic interactions with AVR-PikD"™* (De la Concepcion et al., 2018).
It is therefore possible that these residues have additive effect on AVR-PikD binding,.
Alternatively, MK>EM mutations could have acted as permissive mutations, opening up
the Pikm-HMA mutational path towards subsequent ANK>VKE mutation. However,
this seems unlikely, given that aforementioned Pikp-1 with expanded effector recognition
was engineered in the MK background (De la Concepcion et al., 2019). Future studies
using ancHMAykvike mutant may provide a definitive answer on the significance of these
early substitutions—if they play a role in binding potentiation or perhaps epistasis.

Interestingly, the EMVKE substitutions are present in only a handful of Pik-1 alleles
and orthologues (Chapter 3), namely Pik*-1 (Zhai et al., 2011), Pikm-1 (Ashikawa et al.,
2008), and Piks-1 (Jia et al., 2009), all of which were cloned from different domesticated
rice cultivars, Kusabue, Tsuyuake, and Katy, respectively. The Pik*-1 and Pikm-1 alleles
have been proposed to be young alleles that emerged following rice domestication
(Kanzaki et al., 2012; Zhai et al., 2011). Indeed, Pikm-1 and Pik*-1 exhibit only eight
amino acid polymorphisms—Ilocated primarily in the HMA region—but no synonymous

changes, further demonstrating that they diverged very recently. This raises the question
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whether the EMVKE polymorphisms arose as an adaptation to the emergence of the rice

blast lineage and its AVR-PikD effector.
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Figure 5.2 ANK>VKE substitutions were essential for Pikm-HMA adaptation towards
high-affinity binding to AVR-PikD

(A) Schematic representation of the neighbour joining tree of the HMA domains from different
Oryza species. The scale bar indicates the evolutionary distance based on number of base
substitutions per site. Historical substitutions in the EMVKE region acquired over the course
of Pikm-HMA evolution are shown next to the corresponding nodes. The mutations are
colour-coded to match the ancestral (green) and present-day (purple) states.
(B) Co-immunoprecipitation experiment illustrating in planta association of FLAG-tagged
AVR-PikD with Pikm-1 and Pikm-1:ancHMA constructs featuring HA tag (labelled above). Wild
type (WT) HA:Pikp-1/HA:Pikm-1 and HA:Pikp-lr2sr constructs were used as positive and
negative controls, respectively. Proteins obtained by co-immunoprecipitation using HA resin
(HA-IP) and total protein extracts (Input) were immunoblotted with the appropriate antisera
depicted on the left. The arrowheads on the left indicate expected band sizes. Rubisco loading
control was performed using Pierce™ staining. The experiment was independently repeated
at least three times; the replicates of the experiment are shown in Figure A.4.2. (C) Plot »
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Figure 5.2 ANK>VKE substitutions were essential for Pikm-HMA adaptation towards
high-affinity binding to AVR-PikD (continued)

illustrating calculated percentage of the theoretical maximum response (YoRmi) values for
interaction of HMA analytes, labelled below, with HIS:AVR-PikD ligand, determined using
Surface Plasmon Resonance (SPR). %0Rmax was calculated assuming one-to-one binding model for
Pikm-HMA and ancHMAs, and two-to-one (HMA-to-effector) for Pikp-1g230r. The values were
normalized for the amount of ligand immobilized on the NTA-chip. The chart summarises results
obtained for HMA analytes at 200 nM concentration from five independent experiments, with
all the data points represented as diamonds (‘binding’) or circles (‘binding stability’). Three
different concentrations of analytes (400 nM, 200 nM, 50 nM) were tested; results for 400 nM and
50 nM concentrations are shown in Figure A.4.5. Average A%Rma (*) values indicate absolute
differences between average values for ,binding’ and ‘biding stability’ for each sample. Statistical
differences among the samples were analysed with Tukey’s honest significant difference (HSD)
test (p < 0.01). P-values for all pairwise comparisons are presented in Table A.4.2. (D) The SPR
sonsograms for association and dissociation of the AVR-PikD and HMA proteins in multicycle
kinetics experiment, corresponding to the data used in the panel C. His-tagged AVR-PikD was
immobilised on the sample cell, giving a response level of 99 * 33 response units (RU).
The replicates of the experiment are presented in Figure A.4.6.

5.2.3 Structural determinants of the gain-of-binding phenotype

To better understand the structural determinants of the evolution of high effector binding
affinity in Pikm-1, I set out to resolve a crystal structure of ancHMAgwvke
in complex with AVR-PikD. Two-step protein purification from E. co/i was performed
by Adeline Harant from The Sainsbury Laboratory (Norwich, UK). Using purified protein
complex, I set up a wide range of commercially available crystallisation screens and
optimisations of promising conditions. Crystals, grown in 20% PEG 3350 and 0.1 M
potassium phosphate, were tested for X-ray diffraction at Diamond Light Source (Didcot,
UK). Although the crystals diffracted to ~1.8 A resolution (data not shown), poor data
quality precluded structure refinement. As an alternative approach, I analysed the
significance of the EMVKE region among previously published structures: Pikm-HMA—
AVR-PikD structure featuring EMVKE polymorphisms and Pikp-HMA—AVR-PikD
carrying LKANK residues reminiscent of the MKANK amino acids present in the
ancHMA (De la Concepcion et al., 2018). In both cases lysin 262 is a major binding
determinant forming hydrogen bonds or salt bridges with AVR-PikD““* and
AVR-PikD**" docking in the HMA-binding pocket (Figure 5.3). The position of the

lysin differ by one amino acid causing slight differences in the conformation of the
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adjacent residues and subsequent alteration of the orientation of the HMA backbone
between those two Pik-HMA domains. As described by De la Concepcion et al. (2018),
this slight change results in a tighter interaction between Pikm-HMA compared to
Pikp-HMA with AVR-PikD. In addition, the EMVKE residues cooperatively facilitate
changes in the electrostatic potential generating an exposed hydrophobic surface in
Pikm-HMA (absent in Pikp-HMA), which might further contribute to interaction with
AVR-PIkD, for instance by complex stabilisation. Notably, the homology model of the
ancHMA in complex with the AVR-PikD effector—built based on structure
of Pikm-HMA (Chapter 4)—failed to predict these minor changes, with the modelled
HMA backbone positioned as in Pikm-HMA and Lys-262 extending away from the
effector. Given that the homology modelling is known to suffer from template-bias and
often fails to correctly predict unstructured regions, I concluded that the modelled
structure for this particular region is most likely incorrect. Indeed, Pikh-HMA and
Pikp-HMA carrying Asn-261-Lys and Lys-262-Glu mutations have been shown to adopt
Pikm-like conformation at the interaction interface 3 (De la Concepcion et al., 2020,
2019), confirming that the lysin residue is a major determinant of the structural
confirmation within this region. I propose that MKANK residues of the ancHMA form
broadly similar interactions with AVR-PikD as those observed for the LKANK residues
present in Pikp-HMA. Pikp/Pikm comparison can therefore serve as a reliable proxy for
dissecting the overall relevance of the evolution of the EMVKE region of the HMA

domain.
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Pikm-HMA-AVR-PikD

= AVR-PikD = ancHMA m negative potential
= Pikp-HMA = Pikm-HMA = positive potential

Figure 5.3 Structural differences between Pikm-HMA and Pikp-HMA within the
EMVKE region.

Schematic representation of Pikm-HMA (purple) and Pikp-HMA (blue) in complexes with the
AVR-PikD effector (pink). The molecules in the left panels are presented as ribbons with selected
side chains shown as sticks and labelled; the colouts of the residue labels match colours of the
respective molecules. The molecular surface of AVR-PikD (pink) is also shown. Dashed lines
stand for hydrogen or disulfate bonds formed between the two molecules. The EMVKE residues
are labelled with single-letter amino acid symbols—GlIn-188 (E), Met-189 (M), Val-260 (V), Lys-
261 (K), and Gln-262 (E) for Pikm-HMA; and Leu-187 (L), Lys-188 (K), Ala-260 (A), Asn-261
(N), and Lys-262 (K) for Pikp-HMA; the ancHMA domain carry methionine (M, green) in the
structurally equivalent position to Leu-187 of Pikp-HMA. The right panels present protein
molecular surfaces, with the surfaces of the HMA molecules coloured according to their
electrostatic potential. Structures adapted from: De la Concepcion et al. 2018.
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5.2.4 Residues located in the 34—al and o2 =34 loops are responsible for

the Pikm:ancHMA autoactivity

To further understand the evolution of the Pikm-1-integrated HMA domain and its
potential evolutionary constraints, I performed hypertensive response (HR) experiments.
I took advantage of the Pikm-l:ancHMA chimeras (ancHMAgyvke, ancHMAger,
ancHMAwppy, ancHMAsrsy, ancHMAvy) generated for the purposes of the co-IP
experiments, and tested their activity by transiently co-expressing each of the constructs
with Pikm-2 in Nicotiana benthamiana. As observed with Pikp-l:ancHMA fusions
(Chapter 4), Pikm-l:ancHMA exhibited strong autoactivity phenotype when
co-expressed with Pikm-2 (Figure 5.4; Figure A.4.7). This autoactivity was
compromised in two of the ancHMA mutants, Pikm-l:ancHMAwppyn and
Pikm-1:ancHMA pre. Western blot analyses indicated that this loss-of-autoactivity was not
due to reduced protein level (Figure A.4.1).

I further co-expressed each of the Pikm-1:ancHMA mutants with both Pikm-2 and
AVR-PikD and discovered that while Pikm-1l:ancHMAgrz was not responsive to
AVR-PIkD, co-expression of Pikm-1:ancHMAwppy with the effector resulted in localised
cell death. The HR triggered by remaining constructs was not affected by the AVR-PikD
effector.

The IVDPM amino acids reside in the parallel loops separating 1 from a1 (81-al)

and o2 from B4 (a2-B4). Remarkably, this region is a structural equivalent of the
AMEGNND region of the Pikp-1 HMA domain, which I showed to compromise the
autoactivity of Pikp-l:ancHMA (Chapter 4). This observation suggests that the
autoactivity phenotype for both the Pikm-1:ancHMA and Pikp-1:ancHMA fusions are
likely induced by a similar mechanism and could involve intra- or intermolecular
interactions with other Pik domains or interactions with metal ions.

Strikingly, Pikm-1:ancHMAwppy triggered HR upon co-expression with AVR-PikD,
despite the fact that I was unable to detect any significant association with these constructs
in the co-IP assays (Figure A.4.1). Considering that the co-IP experiments were
performed in the absence of Pikm-2, it is possible that the helper plays a role in facilitating
the AVR-PikD—Pikm-1 interaction, such as it enables formation of a stable and robust
complex. Notably, despite robust HR, overall strength of association between AVR-PikD

and the full-length Pikm-1 constructs, including wild type Pikm-1, was quite low.
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Figure 5.4 Substitutions within the FFE and IVDPM regions compromise autoactivity
of Pikm-1:ancHMA fusions

Cell death assay after transient co-expression of Pikm-l:ancHMA chimeras with
AVR-PikD/empty vector (ev). Empty vector (ev) was used as a negative control. (A)
Representative Nicotiana benthamiana leaves infiltrated with appropriate constructs (labelled next
to the infiltration spot) were photographed five days after infiltration under day light (left) and
UV light (right). (B) Hypersensitive Response (HR) was scored at five days post-infiltration.
The results are presented as a dot plot where a size of a dot is proportional to the number
of samples (count) with the same score within the same biological replicate. The experiment was
independently repeated at least three times with 21-24 internal replicates; the columns within
tested conditions (labelled on the bottom) correspond to results from different biological
replicates. The differences in HR were analysed and visualised using the estimation methods
(MacLean, 2019) as presented in Figure A.4.7. Statistical significance for selected samples
is marked with asterisk (*¥); ns: not significant. (C) A model of evolution of the Pik-1-integrated
HMA domain (green) with regions comprising of adaptive mutations marked.

To add another level of complexity, Pikm-l:ancHMAgm: also showed
loss-of-autoactivity in the HR assays yet no response to AVR-PikD. The FFE amino acids

are located in close proximity to the IVDPM residues that stretch towards the

120



effector-binding interface. As a consequence, these residues could potentially modulate
effector binding, explaining marked differences between Pikm-l:ancHMArm: and
Pikm-1:ancHMAppy in the HR experiments. Another explanation could come from the
position of the side chains of the mutated residues. The FFE residues face towards the
core structure of the HMA domain, and could therefore impair the overall structure of
the HMA domain, in contrast to the IVDPM mutations where side chains are mainly
surface-exposed.

To sum up, I discovered two adjacent regions within the ancHMA that abolish
Pikm-1:ancHMA autoactivity. Future research should determine the mechanism
underlying Pik activation and the role that the regions identified in this study play in the
autoactivity. Finally, the knowledge gained from these experiments could be leveraged to
address questions about the correlation between the strength of immune response and

effector binding, particularly those mediated by the EMVKE region.

5.3 Conclusions

In this chapter, I reconstructed the evolutionary trajectory of the Pikm-1—integrated
HMA domain and functionally characterised residues responsible for the adaptation
towards high-affinity binding and recognition of the rice blast effector, AVR-PikD. These
results fit well within the context of previous research performed with Pikm-HMA, and
provide a better understanding about the role of selection in adaptive evolution
of Pikm-1. Interestingly, the adaptive mutations to AVR-PikD identified in this study
were located at a different interface compared to Pikp-HMA (Chapter 4), indicating that
although Pikp-1 and Pikm-1 receptors evolved to bind AVR-PikD, they followed
different evolutionary pathways to do so. In addition, functional analyses of the ancHMA
mutants helped to determine the approximate region responsible for the autoactivity
of the Pikm-1:ancHMA fusion, which provide a useful framework for future research to

address questions about Pik activation.

121



Chapter 6: Discussion

Despite remarkable advances in the field of NLR biology, there remains a significant
gap in our understanding of how these receptors have evolved and adapted
to ever-changing pathogens. NLRs that have acquired novel recognition specificities
through the fusion of extraneous domains can serve as an excellent experimental system
to address some of the prevailing questions. In this thesis, I used the rice Pik-1/Pik-2
system to test hypotheses about adaptive evolution of NLRs and their integrated domains.
In chapter 3, I described the rich genetic diversity of the Pik-1/Pik-2 genes in grasses and
discovered that they likely derived from a single ancestral gene pair that emerged before
the radiation of the BOP and PACMAD clades. Further phylogenetic analyses of Pik
orthologues revealed that the HMA domain integrated into Pik-1 before the emergence
of Oryzinae and has been subject to the strong diversifying selection since. In chapters 4
and 5, I took advantage of the detailed knowledge of the structure and function of the
Pik-1-integrated HMA domain and explored how the AVR-PikD effector from M. oryzae
has shaped the evolutionary trajectories of this domain in Pikp-1 and Pikm-1 alleles of
Pik-1. I performed ancestral sequence reconstruction and biochemically characterised the
resurrected HMA, revealing that these different allelic variants of Pik-1 convergently
evolved to recognise AVR-PikD. Using in vitro and in planta assays, I functionally
characterised the two regions in Pik-1 HMAs that independently evolved high affinity
AVR-PikD binding from a weaker ancestral state. I further reconstructed stepwise
mutations that led to these adaptations, shedding light on the mechanisms and dynamics

of protein evolution.

6.1 Convergent evolution of the Pik-1 alleles—different biochemical

solutions to the same problem

Convergent evolution is broadly defined as the independent evolution of similar
phenotypic features in distinct lineages (Blount et al., 2018; Losos, 2011). Similar
phenotypes can emerge by common ancestry, or through constraints in the space
of possible phenotypes that can increase in a population via either drift or selection

(Washburn et al., 2016). In general, recurring convergence among biological systems has
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long been considered as evidence for adaptation to the same selection pressure (Rokas
and Carroll, 2008; Zou and Zhang, 2015). Given their unique evolutionary dynamics and
extreme selection, plant-microbe systems are exceptional in the number of examples
of rapid and repeated evolution of similar adaptive traits. Patterns of convergent evolution
among NLRs can be detected at multiple levels. Many NLRs display marked similarities
in genetic architecture, mechanisms of activation, and interconnectivities within plant
NLRomes. For instance, there is substantial evidence indicating that dependence
on a helper NLR evolved more than once among different plant families, as illustrated by
immunoreceptor networks and NLR pairs (Adachi et al., 2019b; Tamborski and Krasileva,
2020; Upson et al., 2018). Moreover, unrelated NLR receptors sometimes display
functional convergence—they can share similar specificities and recognise the same
pathogen effectors (Ashfield et al., 2004; Kessens et al., 2014; Selote and Kachroo, 2010).
Independent evolution of different Pik-1 alleles represents yet another type of convergent
evolution in which closely related sequences evolve similar recognition specifies
by acquiring distinct mutations. Nonetheless, the molecular bases of functional transitions
in NLR adaptive evolution remain poorly understood and comprehensive evolutionary
reconstructions based on robust phylogenetic frameworks are lacking.

In this thesis, I address this gap by investigating the biochemical basis
of the step-by-step adaptive evolution of Pikp-1 and Pikm-1 towards high affinity binding
to the AVR-PikD effector from a weaker ancestral form. I showed that the two alleles
of the Pik-1 receptor have evolved to produce similar phenotypic outcomes, despite
having undergone different evolutionary trajectories to do so. It is remarkable that they
evolved to recognise the AVR-PikD effector by acquiring independent mutations in two
distinct regions within the HMA domain; Pikp-1 evolved to interact with AVR-PikD with
high affinity in the LVKIE region located in the interface 2 (Chapter 4), whereas
Pikm-1 acquired adaptive mutations in the EMVKE region of the interface 3
(Chapter 5) (De la Concepcion et al.,, 2018). Overall, these HMA interfaces seem to
function in a broadly synergistic yet interchangeable manner, such that weak interaction
at one interface can be compensated by strong interaction at a different one. This
modularity between different regions of the HMA possibly increases the HMA’s capacity
for rapid adaptive evolution as it can follow alternative mutational paths to produce

similar phenotypic outcomes and counteract rapidly evolving pathogen effectors. This is
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significant since multiple studies on protein evolution have demonstrated that in general
there are only limited numbers of evolutionary trajectories that a given protein can follow,
owing to constraints imposed by protein function, physical properties, and geometry
(Blount et al., 2018; Rokas and Carroll, 2008; Weinreich et al., 2006). The structural
plasticity of the HMA domain, together with further functional compartmentalisation
discussed in section 6.2, can therefore act as a key evolutionary innovation that expands

the adaptive landscape of the Pik-1 receptor.

6.2 NLR-ID: an evolutionary innovation providing balance between

robustness and evolvability?

One of the hallmarks of all biological systems is the ability to persist in the face of
changing conditions (Lenski et al., 2006). Evolvability—the ability to generate phenotypic
variation that is both heritable and adaptive—is therefore a fundamental feature of
biological systems (Fares, 2015). At the same time, phenotypic plasticity should not
compromise the organism’s performance and persistence (survivability) (Palmer and
Feldman, 2012)—biological systems must somehow accommodate genetic changes,
which is often defined as mutational robustness. At the molecular level, mutational
robustness can be achieved through gene duplication, with the duplicated copy released
from the functional constraints, enabling accumulation of novel mutations and potential
sub- or neofunctionalization (Hartman et al., 2001; Tokuriki and Tawfik, 2009). This
mechanism constitutes a recurrent theme in the evolution of plant immune receptors,
with many examples of NLR families that derived from a single gene through duplication
and diversification (Kim et al., 2017b; Shao et al., 20106; Stam et al., 2019; Wu et al., 2017).
NLRs carrying an integrated domain seem to follow an alternative evolutionary strategy,
which does not involve massive diversification. Instead, in the few cases that have been
studied, NLR-IDs appear to evolve novel specificities through recycling ancient variation,
a model of evolution that has been proposed for a number of proteins, including plant
NLRs (Bridgham, 2006; Huang et al., 2009; Karasov et al., 2020; Wicker et al., 2007).

I propose that fusion with extraneous domains and multilayer functional
compartmentalisation within NLR-ID proteins provide a robust evolutionary mechanism

to increase the adaptive landscape of these NLRs without compromising their activities.
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Firstly, integrated domains might act as malleable platforms to adapt to new pathogen
effectors by accommodating an accelerated mutational rate without dramatically
perturbing the remainder of the NLR protein. This is reminiscent of enzymes where
conformationally dynamic active sites are commonly thought to provide functional
promiscuity while also maintaining structural integrity (Tokuriki and Tawfik, 2009). The
levels of diversifying selection detected in the HMA domain of Pik-1 described in this
thesis are astonishing, highlighting the evolutionary potential of the integrated domains
(high evolvability) (Chapter 3). This is consistent with previous reports describing the
integrated HMA domain as the most diverse among Pik-1 domains (Costanzo and Jia,
2010). Moreover, having a domain that’s solely responsible for effector recognition may
release other domains from the pressure of diversification and reduces the risk of
compromising or mis-regulating NLR activity (Césari, 2018). The selection tests
performed in this thesis are consistent with the model in which the HMA of Pik-1 has
diversified more extensively than the canonical NB-ARC domain, likely reflecting rapid
coevolution with plant pathogens versus purifying selection. Similar observations have
previously been made in a number of plant NLRs, where individual domains can display
patterns of asymmetrical evolution and distinct rates of positive selection, suggesting that
NLRs evolve in a modular fashion (Kuang et al., 2004; Maekawa et al., 2019; Prigozhin
and Krasileva, 2020; Read et al., 2020; Seeholzer et al., 2010). Finally, coupling with the
Pik-2 helper likely provides yet another mechanism of functional compartmentalisation,
further enhancing the evolvability of the sensor by freeing it from the constraint
of executing the hypersensitive cell death.

NLR-IDs are widely present across species from diverse plant families—including
early diverging species such as mosses (Gao et al., 2018)—which indicates that domain
integration is a common mechanism of evolution of plant immune receptors, and might
indeed play an important role in NLR diversification. Furthermore, as in Pik-1/Pik-2,
NLR-IDs are commonly arranged in a head-to-head orientation with phylogenetically
unrelated NLR genes (Ashikawa et al., 2008; Fujisaki et al., 2017; Okuyama et al., 2011,
Saucet et al., 2015). The function and activities of many of these NLR pairs remain elusive
but, similar to Pik-1/Pik-2 paits, some display cleat patterns of coevolution, suggesting
that they might be functionally linked (Van de Weyer et al., 2019). It would be fascinating

to see whether the evolutionary patterns described in this work, namely intramolecular
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functional compartmentalisation, can be observed in other NLR-IDs and their partners,

and to what extent the mechanisms of evolution are shared across this class of receptors.

6.3 Has the integrated HMA evolved to recognise the AVR-PikD

effector following the blast fungus jump to domesticated rice?

It is intriguing that the integrated HMA domain of Pik-1 has acquired the capacity
to strongly bind AVR-PikD relatively recently considering its long evolutionary history.
In this thesis, I determined that the ability to bind this effector was acquired rapidly and,
at least in the case of Pikp-HMA, was not contingent on historical mutations within this
domain (Chapters 4 and 5). The high sequence divergence and elevated mutation rates
precluded rigorous dating of the emergence of the Pikp- and Pikm-HMA adaptations
towards AVR-PikD binding. However, the low level of total nucleotide polymorphisms
among closely related Pik alleles—in particular, the extremely low number of synonymous
substitutions among Pikp- and Pikm-related alleles—points to a recent emergence of the
adaptative mutations. I put forward the hypothesis that these new blast resistance
specificities arose in an agricultural context after the host jump of the blast fungus
to domesticated rice.

Crop domestication and spatial proximity of closely related plant species commonly
facilitate pathogen emergence and host jump events (McCann, 2020). The high frequency
of dense populations of largely genetically uniform hosts represent a fertile ground for
pathogen emergence, specialization, and genetic divergence. Although we do not have
a complete picture of the many mechanisms that underpin host specialisation, there is
substantial evidence indicating that variation in effector repertoires can act as specificity
determinants and contribute to host jumps as well as adaptation and specialization on the
new host (Dong et al., 2014; Inoue et al., 2017; Raffaele et al., 2010; Yoshida et al., 2016).

Rice blast is thought to have originated through a host jump of Magnaporthe oryzae
from foxtail millet to rice around 7,000-9,000 years ago (Couch et al., 2005; Latorre et al.,
2020). This jump and subsequent host adaptations have been attributed to extensive gains
and losses of effector genes associated with transposable elements (Yoshida et al., 2016).
AVR-Pik exhibits lineage-specific presence/absence polymorphisms and is present

exclusively in rice-infecting isolates, which suggests that it is a hallmark of the
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rice-infecting lineage. Furthermore, given its widespread distribution among rice blast
isolates (Langner et al., 2020; Latorre et al, 2020), AVR-Pik presumably plays
an important role in rice infection—and perhaps even host specialisation—albeit its exact
role during infection remains confounded by the occurrence of other HMA targeting
effectors.

It is interesting to speculate that the emergence of the AVR-Pik effector and its
widespread occurrence in rice-infecting populations of the blast fungus created the
ecological context that led to Pik neofunctionalization towards recognition of this new
pathogen threat. Different rice populations must have independently encountered
pathogens carrying this effector, leading to the independent emergence of the Pikp and
Pikm subclades. This can be further interpreted as evidence of the prevalence
of AVR-Pik in the pathogen populations and its potential as an HMA-binding
host-translocated effector to become an AVR target for the HMA-containing Pik
receptor. It is noteworthy that while classic gene neofunctionalization usually involves
gene duplication followed by gain-of-function mutations (Boucher et al., 2014,
Voordeckers et al., 2012), the Pik alleles evolved new specificity through direct sequence
diversification, implying that they had not been constrained by selection for a different
ligand. Whether ancestral Pik was involved in recognition of a dispensable effector, or
acted as a temporarily ‘out-of-use’ reservoir of genetic diversity, can only be postulated

(see below).

6.4 What was the function of the ancestral HMA domain?

In this work, I uncovered the evolutionary history of the Pik-1-integrated HMA
domain and hypothesised that the HMAs of both the Pikp-1 and Pikm-1 receptors
evolved to bind AVR-PikD with high affinity as a result of selection pressure imposed by
the newly emerged rice blast lineage of M. oryzae. Yet Pik-1 and its integrated HMA
domain appear to be much more ancient than rice blast, inviting the question about the
role of the ancestral state of the HMA domain. More specifically: prior to the emergence
of AVR-PikD binding, which selection pressure drove HMA evolution?

One possibility is that the ancestral million-years-old HMA recognized a different
pathogen effector. Considering that HMA proteins are known to interact with structurally

similar ligands, notably MAX-effectors (de Guillen et al., 2015; De la Concepcion et al.,
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2020; Guo et al.,, 2018; Ose et al., 2015), one may speculate that the ancHMA recognised
one such effector and was therefore structurally preadapted to bind AVR-PikD which
evolved millions of years later. MAX effectors form an ancient effector family present
across multiple blast lineages and other phylogenetically distant pathogen species
(de Guillen et al., 2015; Petit-Houdenot et al., 2020), and a number of MAX-type effectors
have known virulence functions and many act as avirulence factors (Fujisaki et al., 2015;
Kang et al, 1995; Kanzaki et al., 2012; Okuyama et al., 2011; Singh et al., 2016;
Tosa et al., 2005). It is possible that multiple MAX-effectors shaped the evolution of the
integrated Pik-HMAs, and that the HMA integration itself was also driven by yet another
ancient MAX effector. Testing ancHMA for interaction with this class of proteins could
challenge these hypotheses and provide indirect evidence that MAX effectors played
a role in the evolution of the Pik-1-integrated domain. My colleague Yohann Petit from
the Kamoun Lab has performed a preliminary yeast 2-hybrid screen of the ancHMA
against a library of predicted MAX-type effectors from M. oryzae and identified putative
ancHMA interactors, revealing the possible promiscuity of this domain towards MAX
proteins.

I propose that following integration, the HMA domain has served as an interaction
module to recognize sequence-unrelated effectors. This model paints a complex picture
of the macroevolutionary dynamics of plant—microbe interactions. One could argue that
NLRs caught in pairwise arms races (one NLR recognising one effector) are more likely
to be short-lived, whereas NLRs entangled in diffuse evolution (functioning against
multiple effectors and/or multiple pathogens) could be useful over longer timescales
(Karasov et al.,, 2014). It is remarkable that the Pik-7 gene carrying the integrated HMA
domain has been maintained in rice populations for millions of years. This points
to a highly successful evolutionary strategy for generating long-lived resistance, with
potential promiscuity of the ancHMA towards different MAX-effectors at the centre of
this model.

This model is also consistent with the view that effectors from different pathogens
have repeatedly evolved to converge on the same host signalling components and
pathways (Macho and Zipfel, 2015). Integration of effector hubs into immune receptors
might therefore increase robustness of the immune response against multiple effectors

or pathogens, and underly the longevity of those receptors.
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In the future, the discovery of pathogen effectors, from M. oryzae or otherwise, that
bind ancHMA will help challenge this model and test the view that Pik-1 first evolved to
target a different effector but then switched or expanded its activity to bind and respond

to AVR-PikD following the emergence of rice blast lineage of M. oryzae.

6.5 Autoactivity: a major constraint in the evolution of NLR-IDs

While investigating the evolutionary dynamics between the Pikp-l1-integrated
domain and the AVR-PikD effector, I discovered that many of Pik-1:ancHMA fusions
were autoactive, adding another layer of complexity to HMA evolution. I found that
Pikp-1:ancHMA as well as Pikm-1l:ancHMA triggered spontaneous cell death when
co-expressed with Pikp-2 (Chapter 4) or Pikm-2 (Chapter 5), respectively. I further
mapped the region responsible for the autoactivity to two parallel loops, separating
81 from al and a2 from 34, and the surrounding residues. Structurally equivalent regions
underpin the autoactivity phenotypes for both Pikm-1:ancHMA and Pikp-1:ancHMA,
indicating that autoactivity is likely induced by a similar mechanism that could involve
intramolecular interactions with other Pik-1 domains, intermolecular interactions with
Pik-2, ot interactions with metal ions.

Intramolecular incompatibility has previously been reported for several NLR
chimeras and has been linked to an autoimmunity phenotype (Lukasik-Shreepaathy et al.,
2012; Qi et al., 2012; Rairdan and Moffett, 20006; Slootweg et al., 2013; Wang et al., 2015).
Relatedly, research on the RRS1-integrated WRKY domain has suggested that the
integrated domain contributes to maintaining the immunoreceptor complex in an inactive
state (Ma et al., 2018). Given the marked differences between the integrated domains of
Pik-1 and RRS1, and their distinct integration positions, it is unlikely that the same
supptession mechanism applies to these proteins. In addition, Pik-1/Pik-2 appeat to
function through an intermolecular cooperation model that is distinct from the activation
model proposed for RRS1/RPS4 (Zdrzatek et al., 2020). Although the exact mechanism
of Pik-mediated immunity remains obscure, it is possible that different domains of the
Pik-1 alleles are involved in intramolecular interactions that keep the complex in the
correct conformation, switching between active (‘ON’) and inactive (‘OFL’) states,

depending on the stimuli. Mismatching domains from different evolutionary timepoints
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could disrupt these proposed interactions, indicating that fine-tuned intramolecular
cooperation stems from domain coevolution. It is conceivable that, in keeping with this
model, over the course of Pik-1 evolutionary history, the diversification of the HMA
sequence must have been balanced by compensatory mutations in other parts of the
protein that prevented spontaneous activation.

It is also possible that ancestral HMA might be involved in mismatched interactions
with Pik-2 or other, yet undiscovered, signalling components, and cause autoimmunity
reminiscent of hybrid necrosis (Alcazar et al., 2009; Barragan et al., 2019; Bomblies et al.,
2007; Bomblies and Weigel, 2007; Chae et al., 2016; Deng et al., 2019; Li et al., 2020,
Tran etal., 2017; Yamamoto et al., 2010). Previous research has shown that co-expression
of Pikp-1 with Pikm-2 results in spontaneous cell death in N. benthamiana, and this
Pik-1/Pik-2 incompatibility has been mapped to the HMA domain (De la Concepcion,
2020), consistent with the hypothesis that HMA can influence sensor/helper interactions.
The B1-al and a.2—B34 loops of the HMA domain described in this work form a flexible
and exposed surface, making it possible that they mediate physical interactions with other
immune components or indirectly modulate the overall structure of the Pik complex.
Notably, many residues located in these regions display extreme or moderate signatures
of positive selection (Chapter 3), inviting the question about the possible trajectories
towards functional combinations.

Incidentally, the residues within the B1—a1 loop are part of a heavy metal-binding
site, characteristic of the HMA protein family, which is defined by the MxCxxC motif
(De Abreu-Neto et al., 2013; DeSilva et al., 2002). The motif is degenerated in the panel
of present-day Pik HMAs, such as Pikp- or Pikm-HMAs, while the ancHMA sequence
contains potentially active MxSxxC motif (Banci et al., 2008). This invites an alternative
model, in which affinity towards metal molecules could interfere with Pik function,
resulting in spontaneous cell death. In line with this model, insertion of non-integrated
HMAs into Pikp-1 leads to autoactivity that can be compromised by mutating residues
within the metal-binding loop (Maidment et al., 2020). To date, however, there’s no
evidence that non-integrated rice HMAs or the ancHMA can interact with heavy metals.

Future research should determine the mechanism underlying Pik activation and the
role that the regions identified in this study play in the autoactivity. Regardless of the

precise mechanism, autoactivity is a liability for the plant and NLR domain integration
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can incur considerable fitness costs. This is illustrated by the aforementioned experiments
with Pik-1:ancHMA fusions, but also by occasional large deletions within the HMA, as in
ILpPik-1 and possibly in N-type Pik-7 genes, which may have emerged to eliminate
autoimmunity (Chapter 3). I propose that the risk of autoactivity acts as a strong
evolutionary constraint narrowing HMA/NLR mutational pathways. Those constrains
should be considered when studying NLR diversification. The knowledge gained from

this and future studies could be further utilised in NLR engineering.

6.6 Navigating plant genetic diversity through an evolutionary
perspective—reconstruction of the deep evolutionary history

of the Pik genes

Increasing availability of whole plant genome and transcriptome sequences has
revealed an incredible genetic diversity across and within species enabling reconstruction
of trait evolution in plant systems (Delaux et al., 2019). Comparative approach performed
within an evolutionary framework (phylogenomics) was initiated by developmental
biologists, leading to emergence of the evolutionary developmental biology (evo-devo)
(Carroll, 2005). Since then, evolution of host genes, gene networks, and entire pathways
have become a subject of research in plant symbiotic interactions and more recently in
plant—pathogen systems—collectively —referred to as evolutionary molecular
plant—microbe interactions (evoMPMI) (Upson et al., 2018). Phylogenomics has helped
to uncover coevolving pathway components, which have since been functionally validated
(Baggs et al., 2020; Delaux et al., 2015, 2014; Radhakrishnan et al., 2020). In the field of
NLR biology, a number of genome-mining studies coupled with phylogenetic and
functional analyses revealed distinct types of NLRs, many of which have been shown to
display unique activities or engage in sophisticated NLR networks (Bailey et al., 2018; Gao
et al., 2018; Kroj et al., 20106; Lee et al., 2019; Sarris et al., 2016; Shao et al., 2016; Stam et
al., 2019; Van de Weyer et al., 2019; Wu et al., 2017). Other studies have used comparative
sequence analyses to investigate conservation patterns among NLR proteins, or NLR
homologues, that could be predictive of their critical activities, and further help in
formulating hypotheses that could be experimentally tested (Adachi et al., 2020, 2019a;

Prigozhin and Krasileva, 2020). Comparative approach has been used to uncover distinct
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evolutionary features across NLR domains, including NLR integrated domains (Brabham
etal,, 2017; Kuang et al., 2004; Maekawa et al., 2019; Prigozhin and Krasileva, 2020; Read
et al., 2020; Secholzer et al., 2010). Finally, an evolutionary perspective could help to
identify key events in NLR evolution, such as transition from singletons to NLR pairs or
networks (Adachi et al., 2019b), or acquisition of integrated domains (Bailey et al., 2018).

In this work, I reconstructed the evolutionary history of Pik-1 and Pik-2 receptors
(Chapter 3). I took advantage of publicly available genomes and by means of
phylogenetic analyses and recurrent BLAST searches I uncovered rich genetic diversity
of Pik genes across distantly related species. This helped me to date the emergence of the
Pif pair to before the split of two major grass lineages: the BOP and PACMAD clades,
which corresponds to ~100 to 50 MYA, depending on dating analysis (Hodkinson, 2018).
Furthermore, by comparing the phylogeny of plant species with the presence/absence of
the HMA domain I was able to estimate that Pik-1 acquired the HMA domain prior the
emergence of Oryzinae.

While examining the genetic diversity of Pz across grasses, I discovered that the vast
majority of Pik-1 and Pik-2 orthologues exist as pairs; they are genetically linked in
head-to-head orientation and display patterns of coevolution across Poaceae. This
suggests that the pairing of Pz&-7 and Pzk-2 occurred prior to the integration of HMA into
Pik-1. Tight genetic linkage of paired NLRs, such as Pik-1/Pik-2 (Ashikawa et al., 2008),
RGA5/RGA4 (Césati et al., 2013; Okuyama et al., 2011), RRS1/RPS4 (Saucet et al.,
2015), or RPP2A/RPP2B (Sinapidou et al., 2004), is thought to facilitate coregulation and
coevolution, thereby ensuring proper cooperation between these NLRs and reducing the
genetic load caused by autoimmunity (Baggs et al., 2017; Griebel et al., 2014; Wu et al.,
2017). Notably, a number of Pik-1 and Pik-2 paralogues are also encoded by adjacent
genes—a phenomenon previously observed in wild and cultivated rice (Mizuno et al.,
2020). Although the function of those homologues remains largely obscure, it’s interesting
to speculate that their genetic linkage and coevolutionary history might be a hallmark of
cooperation between Pik-1 and Pik-2 receptors, rather than a simple consequence of
genetic sweep. Perhaps one of the most compelling questions emerging from these
analyses is whether prior the integration Pik-1/Pik-2 had already functioned through
cooperation and whether genetic and proposed functional linkage with Pik-2 predisposed

Pik-1 for the HMA integration.
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Furthermore, I uncovered that while in the majority of species Pik-1 and Pik-2 are
encoded by single-copy genes, members of the Pooideae and Panicoideae subfamilies
frequently encode multiple Pik-1 or Pik-2 receptors, with wheat carrying the highest
number of orthologues. Many of those paralogues are genetically linked in head-to-head
orientation, but some exist as genetic singletons. Such expansions could broaden NLR
genetic diversity within those species by promoting gene diversification and subsequent
sub- or neofunctionalization, commonly associated with NLR proteins (Kim et al., 2017b;
Wu et al., 2017). It is possible that in these species linked and unlinked Pi4-7 and Pik-2
genes operate as a receptor network as described for other NLRs (Castel et al., 2019;
Wu et al., 2017).

Comparative sequence analyses coupled with calculation of substitution rates
revealed other unique features across Pi& genes. As mentioned above, estimating rates of
synonymous substitutions across Pi&-7 and Pzk-2 genes showed that genetically linked Pig
genes have the same molecular age, providing evidence that Pi4-7 and Pik-2 have been
coevolving for the last 50 to 100 million years. Further tests revealed distinct molecular
features across the NB-ARC and HMA domains of Pik-1. Unlike the NB-ARC domain,
the Pik-1-integrated HMA domain stood out for displaying elevated dx/ds ratio indicative
of positive selection. I further mapped specific regions within the HMA that are likely
under positive selection. My hypothesis is that this strong HMA diversification is driven
by antagonistic molecular interactions with pathogen effectors.

To summarise, rich genetic diversity of the Pik NLRs and their relative conservation
across diverse grass species offered a unique opportunity for comparative analyses and
enabled reconstruction of deep evolutionary history of these receptors. An evolutionary
perspective provided a framework for drawing the links between NLR sequence, gene
structure, and domain architecture, and allowed generating experimentally testable

hypotheses.

6.7 Evolutionary approach to studying mechanisms of molecular

plant—-microbe interactions

Plant-microbe systems are incredible for their evolutionary dynamics that can be

studied across multiple timescales (Upson et al., 2018). The molecular arms race between
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plant NLRs and pathogen effectors is illustrative of microevolutionary plant—pathogen
dynamics with rapid and specific sequence adaptations on both sites. With longer time
scales in mind, microbes have shaped the evolution of plants since even before the
emergence of land plants—and vice versa. This resulted in refined interactions with
increased robustness through redundancy and functional compartmentalization in plant
Immune systems.

Ever since the cloning of the first NLR gene, there have been tremendous
advancements in our understanding of plant immunity and NLR function. The incredible
range of molecular mechanisms and models continue to emerge, shedding light on many
different aspects of function of plant immune systems. Unfortunately, much of the
research in the field of molecular plant—microbe interactions has been performed without
the appreciation of how those systems came to be the way that they are. I would argue
that much of mechanistic research in this field would greatly benefit from interdisciplinary
approaches conducted within a robust phylogenetical and ecological framework.

In this work, I aimed to dissect the physical mechanisms and evolutionary processes
by which the rice Pik-1/Pik-2 receptor pait diversified and adapted to sense pathogen
effectors. Following extensive phylogenetic analyses, I performed ancestral sequence
reconstruction of the Pik-1-integrated HMA domain and conducted a wide range of
biochemical assays using resurrected ancHMA. Integration of evolutionary and
biochemical approaches enabled me to experimentally challenge the hypothetical models
about adaptive evolution of Pik proteins and gain a more comprehensive understanding
of selection forces, historical contingency, and evolutionary constraints shaping their
properties. The Pik-1/Pik-2 receptor pair transpired as an excellent and amenable model
system for investigating several open questions in molecular evolution of NLR proteins,
where evolution across genotype—phenotype space was experimentally traceable. I argue
that the clear evolutionary framework applied to the research described in this thesis not
only helped to provide novel insights, but also added exciting dimension to our
mechanistic understanding of the system. Furthermore, ancestral sequence
reconstruction—a method that has rarely been used in the field of plant—microbe
interactions (Dong et al., 2014; Tanaka et al., 2014; Thornton, 2004; Zess et al., 2019)—

has transcended phylogenetic inference to yield more accurate evolutionary models.
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6.8 Concluding remarks and future directions

The research performed as part of this thesis illustrates how mechanistic research
structured by a robust evolutionary framework can enhance our understanding of
plant—microbe systems. The experiments performed in this work paint a complex picture
of the dynamic evolution of NLR-IDs with countless open questions still remaining
unanswered. For example, what selected for the integration of the HMA domain into the
Pik-1 receptor, and what type(s) of effector(s) shaped HMA evolution prior the
emergence of the AVR-PikD effector? What are the determinants of Pik-l:ancHMA
autoactivity; does the spontaneous activation stem from inter- or intramolecular
interactions of Pik complex, the ancHMA metal-binding activity, or perhaps an entirely
different mechanism? Do Pik-1-integrated HMAs from wild rice species also mediate
recognition of pathogen effectors? If so, what are these effectors? What is the role of
Pik-1 orthologues that don’t carry the integration? Are these active NLRs that mediate
resistance against plant pathogens, or do they act as a reservoir of genetic diversity for
evolving future resistance specificities? Do genetically linked Pik-1 and Pik-2 orthologues
function as pairs across different species? From a broader perspective, do similar
evolutionary patterns persist across a wide range of NLR-IDs? To what extent do
evolutionary models drawn from studying Pik-1 receptors can be applied to other
NLR-IDs? Answering these fundamental questions will help advance our understanding
of plant immunity with the appreciation of how those systems evolved, bringing a greater

degree of rigour to our understanding of plant—microbe systems.
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Supplementary information for Chapter 2: Materials and Methods
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Figure A.1.1 Schematic illustration of optimisation of crystallisation conditions
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Table A.1.1 Screen conditions of the JIC Custom Screen KISS (keep it simple screen)
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Row Column Condition

0.1 M Sodium Acetate pH 4; 10% PEG 3350

2 0.1 M Sodium Acetate pH 4; 20% PEG 3350

3 0.1 M Sodium Acetate pH 4; 30% PEG 3350

4 0.1 M Sodium Acetate pH 4; 40% PEG 3350

5 0.1 M Sodium Citrate pH 5; 10% PEG 3350

6 0.1 M Sodium Citrate pH 5; 20% PEG 3350

7 0.1 M Sodium Citrate pH 5; 30% PEG 3350

8 0.1 M Sodium Citrate pH 5; 40% PEG 3350

9 0.1 M MES pH 6; 10% PEG 3350

10 0.1 M MES pH 6; 10% PEG 3350

11 0.1 M MES pH 6; 10% PEG 3350

12 0.1 M MES pH 6; 10% PEG 3350

1 0.1 M HEPES pH 7; 10% PEG 3350

0.1 M HEPES pH 7; 10% PEG 3350

3 0.1 M HEPES pH 7; 10% PEG 3350

4 0.1 M HEPES pH 7; 10% PEG 3350

5 0.1 M Tris pH 8; 10% PEG 3350

6 0.1 M Tris pH 8; 10% PEG 3350

7 0.1 M Tris pH 8; 10% PEG 3350

8 0.1 M Tris pH 8; 10% PEG 3350

9 0.1 M CHES pH 9; 10% PEG 3350

0.1 M CHES pH 9; 10% PEG 3350

11 0.1 M CHES pH 9; 10% PEG 3350

12 0.1 M CHES pH 9; 10% PEG 3350

1 0.8 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4
2 1.6 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4
3 2.4 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4
4 3.2 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4
5 0.8 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5
6 1.6 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5
7 2.4 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5
8 3.2 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5
9 0.8 M Ammonium Sulfate; 0.1 M MES pH 6

10 1.6 M Ammonium Sulfate; 0.1 M MES pH 6

11 2.4 M Ammonium Sulfate; 0.1 M MES pH 6

12 3.2 M Ammonium Sulfate; 0.1 M MES pH 6

1 0.8 M Ammonium Sulfate; 0.1 M HEPES pH 7

1.6 M Ammonium Sulfate; 0.1 M HEPES pH 7

2.4 M Ammonium Sulfate; 0.1 M HEPES pH 7

3.2 M Ammonium Sulfate; 0.1 M HEPES pH 7

0.8 M Ammonium Sulfate; 0.1 M Tris pH 8

1.6 M Ammonium Sulfate; 0.1 M Tris pH 8

2.4 M Ammonium Sulfate; 0.1 M Tris pH 8

3.2 M Ammonium Sulfate; 0.1 M Tris pH 8

OO0 O0ODO0ODO0ODO0DO0DOo0O0OO0O00000000O0O0 T WWMWOWOWOWOwWOWOWOwWOmW?D™»?DP>rP>DrD>rP>Dr»Dr»DPDrDP>P
S

0 N O G~ WD

139



Row Column Condition

©

0.8 M Ammonium Sulfate; 0.1 M CHES pH 9

1.6 M Ammonium Sulfate; 0.1 M CHES pH 9

2.4 M Ammonium Sulfate; 0.1 M CHES pH 9

3.2 M Ammonium Sulfate; 0.1 M CHES pH 9

0.2 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4; 10% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4; 20% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4; 30% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Acetate pH 4; 40% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5; 10% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5; 20% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5; 30% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Sodium Citrate pH 5; 35% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M MES pH 6; 10% PEG 3350

0.2 M Ammonium Sulfate; 0.1 M MES pH 6; 20% PEG 3350

0.2 M Ammonium Sulfate; 0.1 M MES pH 6; 30% PEG 3350

0.2 M Ammonium Sulfate; 0.1 M MES pH 6; 40% PEG 3350

1 0.2 M Ammonium Sulfate; 0.1 M HEPES pH 7; 10% PEG 3350

2 0.2 M Ammonium Sulfate; 0.1 M HEPES pH 7; 20% PEG 3350

3 0.2 M Ammonium Sulfate; 0.1 M HEPES pH 7; 30% PEG 3350

4 0.2 M Ammonium Sulfate; 0.1 M HEPES pH 7; 40% PEG 3350

5 0.2 M Ammonium Sulfate; 0.1 M Tris pH 8; 10% PEG 3350
6

7

8

_ a A a
N = O

© 0O N O 0~ ODN

—_
N = O

0.2 M Ammonium Sulfate; 0.1 M Tris pH 8; 20% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Tris pH 8; 30% PEG 3350
0.2 M Ammonium Sulfate; 0.1 M Tris pH 8; 40% PEG 3350

9 0.2 M Ammonium Sulfate; 0.1 M CHES pH 9; 10% PEG 3350
10 0.2 M Ammonium Sulfate; 0.1 M CHES pH 9; 20% PEG 3350
11 0.2 M Ammonium Sulfate; 0.1 M CHES pH 9; 30% PEG 3350
12 0.2 M Ammonium Sulfate; 0.1 M CHES pH 9; 40% PEG 3350
1 0.5 M Ammonium Sulfate; 0.1M Sodium Acetate pH 4; 5% PEG 3350

0.6 M Ammonium Sulfate; 0.1M Sodium Acetate pH 4; 5% PEG 3350
3 0.8 M Ammonium Sulfate; 0.1M Sodium Acetate pH 4; 5% PEG 3350
4 1.0 M Ammonium Sulfate; 0.1M Sodium Acetate pH 4; 5% PEG 3350
5 0.5 M Ammonium Sulfate; 0.1M Sodium Citrate pH 5; 5% PEG 3350
6 0.6 M Ammonium Sulfate; 0.1M Sodium Citrate pH 5; 5% PEG 3350
7 0.8 M Ammonium Sulfate; 0.1M Sodium Citrate pH 5; 5% PEG 3350
8 1.0 M Ammonium Sulfate; 0.1M Sodium Citrate pH 5; 5% PEG 3350
9 0.5 M Ammonium Sulfate; 0.1M MES pH 6; 5% PEG 3350

I I T T OO0 O OO OOOOOOOO 66O TM™TM™T™TMT T T T T T T T M MMMMMMMMMMMO O O O

10 0.6 M Ammonium Sulfate; 0.1M MES pH 6; 5% PEG 3350
11 0.8 M Ammonium Sulfate; 0.1M MES pH 6; 5% PEG 3350
12 1.0 M Ammonium Sulfate; 0.1M MES pH 6; 5% PEG 3350
1 0.5 M Ammonium Sulfate; 0.1M HEPES pH 7; 5% PEG 3350
2 0.6 M Ammonium Sulfate; 0.1M HEPES pH 7; 5% PEG 3350
3 0.8 M Ammonium Sulfate; 0.1M HEPES pH 7; 5% PEG 3350
4 1.0 M Ammonium Sulfate; 0.1M HEPES pH 7; 5% PEG 3350
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Row Column Condition

H 5 0.5 M Ammonium Sulfate; 0.1M Tris pH 8; 5% PEG 3350
H 6 0.6 M Ammonium Sulfate; 0.1M Tris pH 8; 5% PEG 3350
H 7 0.8 M Ammonium Sulfate; 0.1M Tris pH 8; 5% PEG 3350
H 8 1.0 M Ammonium Sulfate; 0.1M Tris pH 8; 5% PEG 3350
H 9 0.5 M Ammonium Sulfate; 0.1M CHES pH 9; 5% PEG 3350
H 10 0.6 M Ammonium Sulfate; 0.1M CHES pH 9; 5% PEG 3350
H 11 0.8 M Ammonium Sulfate; 0.1M CHES pH 9; 5% PEG 3350
H 12 1.0 M Ammonium Sulfate; 0.1M CHES pH 9; 5% PEG 3350
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Appendix IT

Supplementary information for Chapter 3: The HMA integration into Pik-1 predates the

emergence of Oryzinae
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Figure A.2.1 Pik-1 and Pik-2 orthologues fall into two well-supported clades

(A) Phylogenetic tree of CC-type NLRs of Zea mays, Sorghum bicolor, Setaria italica, Triticum aestivum,
Hordenm vulgare, Brachypodinm distachyon, Oryza brachyantha, and Oryza sativa. The maximum



likelihood (ML) tree was calculated based on 241-amino-acid-long alignment of 3,062 CC-NLRs
amended with 35 known and functionally characterized NLRs from grasses using RAxML v8.2.11
(Stamatakis, 2014) with bootstrap values (Felsenstein, 1985) based on 1000 iterations and using
the best-scoring JTT likelihood model (Jones et al., 1992). The best ML tree is shown. The scale
bar indicates the evolutionary distance based on site substitution rate. The clades constituting
Pik-1 and Pik-2 homologues are marked with blue and grey triangles, respectively. Branches
corresponding to the reference NLRs are labelled. The interactive tree is publicly available at:
https://itol.embl.de/tree/8229133147365371602863457. (B) The ML phylogenetic trees of
Pik-1 (left) and Pik-2 (right) homologues constructed based on 957- and 1218-nucleotides-long
codon-based alignments, respectively, using RAXML v8.2.11 (Stamatakis, 2014), 1000 bootstrap
method (Felsenstein, 1985), and GTRGAMMA substitution model (Tavaré, 1986). Best ML trees
were manually rooted based on previously observed relationships, where clades marked with grey

circle were used as outgroups. Bootstrap values above 70% are marked with grey triangles
at the base of respective clades. The scale bars indicate the evolutionary distance based
on nucleotide substitution rate. The interactive trees are publicly available at:
https://itol.embl.de/tree/8229133147449491602864812

and https://itol.embl.de/tree/8229133147449511602864812.

144



Pikp-2 ATGGAGTTGGTGGTAGGTGCTTCCGAAGCCACCATGAAATCTCTCTTGGGCAAGCTGGGC
Ob locus ATGGAGTTGGTGGTAGGTGCTTCCGAAGCCACCATGAAATCTCTCTTAGGCAAGCTGGGT
Obcds --—-—-—-—-————————— -

Pikp-2 AATCTTCTAGCCCAGGAGTATGCTCTCATCAGCGGTATCCGTGGTGACATCCAGTACATC
Ob locus AACCTTCTTGCCCAGGAGTATGCTCTGATAAGCGGTGTACGTGGTGACATCCAGTACATC
Ob CUdS ——= === ===

Pikp-2 AATGACGAGCTTGCCAGCATGCAGGCCTTCCTCCGTGATCTCAGCAACGTGCCAGAGGGT
Ob locus AATGATGAGCTTGCCAGCATGCAAGCCTTCCTCCGTGACCTCAGCACTGTGCCAGAGGGT
Ob cds

Pikp-2 CACAGTCATGGCCACCGGATGAAGGACTGGATGAAGCAGATCCGAGACATCGCCTATGAT
Ob locus CACAGTCATGACCACCGCATGAAAGACTGGATGAAGCAGATCCGAGACATAG !
Ob CdS ——— ===

Pikp-2 GTTGAGGACTGTATCGATGACTTTGCCCACCGCCTCCCTCAGGATTCCATCAGCGATGCC
Oblocus GTTGAGGACTGCATTGATGACTTTGCCCACCGCCTCCCTCAAGATTCCATTAGTGCTGCC
Obcds -——————————————— -
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Ob cds —--TGCTTCAAACATTGCTGAACTCAAGGTACGGGCGCAACAGATCGCCGATCGACGCAAT

Kok ok ok ok ok ok ok ok ok ok ok ok ok Kok kokkkokokkokkkkkokk kkkkkxkxkkx Akkkkkxk x x

Pikp-2 AGATACGGAGTGAACAACCCAGAACACCTTGACAGTAGCAGCAGTGCCAGGACCCGTGCT
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Ob cds AGATATGGAGTAAACAACCCAGAACACGGTGACAGCAGCAACAGCACTCGAACCCATGTT

dokokok ok kokkok ok ok ok ok ok ok ok ok ok ok ok ok ok ok hok ok ok ok ok kokok ok kok ok * * kkkx Kk x

Pikp-2 GTCAATTACGAAATTGCTGAGTATCAGGTCACAAGCCCTCAGATCATTGGTATAAAGGAG
Ob locus GCTGCTTATGACATTGCTGAGTATCAGGTCACAAGCCCTCAGATCATCGGTACAAAGGAA
Ob cds GCTGCTTATGACATTGCTGAGTATCAGGTCACAAGCCCTCAGATCATCGGTACAAAGGAA

* * ok ko khk khkhkkkkhkhkhkkhk kb kb kbbb bbb r bbb db bbb dkd *x ki * ok ok ok ok k
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Figure A.2.2 Genotyping of Oryza brachyantha accessions

(A) Nucleotide alignment of Pikp-2, the ObPik-2 (Oblocus) gene, and the ObPik-2 coding sequence
(Ob cds) from the reference genome (Chen et al., 2013), illustrating 47-bp-long deletion and the
primers used for the genotyping. (B) Gel electrophoresis of ObPik-2 fragments amplified from
different Oryza brachyantha accessions, labelled above. The symbols next to the accession numbers
mark sequences that: carry the 47-bp deletion (¥), harbour 4-bp deletion (**), don’t carry any
deletions (*), were used for amplification of the full-length gene (¥). Water and Pikp-7 were used
as negative and positive controls, respectively. The left and the right lanes show molecular size
markers.
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Figure A.2.3 Pik-1 and Pik-2 orthologues from Oryza fall into K- and N-type clades
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The phylogenetic tree shown in Figure 3.1 A, illustrating the divide between the N- (dark grey)
and K-type (light grey) Pi£ genes. The bootstrap values for the relevant clades are marked.
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Triticum aestivum
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Figure A.2.4 Schematic representation of selected Pik clusters in wheat (1. aestivum),
sorghum (S. bicolor), and foxtail millet (§. 7Zalica)

The schematic presents gene models and genetic locations of Pzk-7 (blue), Pik-2 (grey), and other
NLR genes (purple). Non-NLR genes are shown in light green. The coordinates of the regions
presented in this figure are summarised in Table A.2.2.
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Figure A.2.5 Random pairwise comparisons of ds (A) and ¢ (B) rates calculated for the
Pik-1 and Pik-2 receptors

The synonymous (ds) and nonsynonymous (dn) rates were calculated using Yang and Nielsen
method (Yang and Nielsen, 2000) using the dataset summarised in Table A.2.3. The random
datasets for ds and dk values were generated by name shuffling in the existing dataset and random

sampling from it 1000 times (upper panels). The coefficient of determination (R?) was calculated

for every random pairing and the R? distribution was plotted (lower panels), as implemented
in R v3.6.3 package. If less than 5% of the R? for the random dataset is bigger than the R?
for the real dataset, then, according to the null model, the observed difference is very rare and can

be therefore accepted as significant with p < 0.05.
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Figure A.2.6 The multiple sequence alignment illustrating conservation around
the HMA integration site

—_—
C-termini

The codon-based sequence alignemed of the region surrounding the HMA integration site was
generated using MUSCLE (Edgar, 2004) and visualised using JalView (Waterhouse et al., 2009).
The residues are coloured based on percentage identity from dark (high identity) to light (low

identity) blue.
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Model Estimates of Parameters InL

MO (one-ratio) w = 0.48555 -2407.8465
M1 (nearly neutral)  p,=0.48633, P, = 0.51367 -2395.5229
. P, =0.48599, P, =0.50364, P,=0.01037
M2 (selection ’ ’ -
( ) wo = 0.00000, w; = 1.00000, w,=2.70133 ERSREDe
. Py =0.49014, P, = 0.50440, P, = 0.00546
M3 (discrete - .

( ) o= 0.00000, w;=1.02509, w, = 3.11743 eSS et
M7 (beta) P,=0.01350, q = 0.01216 -2395.5555
M8 (beta + w) Py =0.49595, P = 0.00500, g = 1.95516

(P; = 0.50405), w = 1.05554 FERERERD
Model comparison 2AL X2 (0.001) df

M1vs. M2 0.095558 13.816 2

Movs. M3 24.748954 18.467 4

M7 vs. M8 0.072017 13.816 2

Figure A.2.7 Selection test at the amino acid sites within the NB-ARC domain
of the K-type Pik-1 orthologues

Results from the codon substitution models for heterogeneous selection at amino acid sites (upper
panel) and the likelihood ratio test (bottom panel).
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Table A.2.1 Coordinates of genomic regions used in Figure 3.2

Name Species Contig/ Chromosome Start End

Os Oryza sativa cv. K60 Chromosome 11 27973977 28008157
Oniv Oryza nivara Chromosome 11 23864010 23917629
Oglum Oryza glumaepatula Chromosome 11 26116594 26116594
ol Oryza longistaminata Contig CM003669.1 2965866 8003128
Opunc Oryza punctata Chromosome 11 4972847 4983002
Ob Oryza brachyantha Chromosome 11 15529280 15547390
Lp Leersia perrieri Chromosome 11 20337647 20286182
Ta Triticum aestivum Chromosome 1D 33124348 31125148
Dg Dactylis glomerats Scaffold QXEO01001682.1 1295679 1340805
Si Setaria italica Scaffold 8 39159743 39261506
Sb Sorghum bicolor Chromosome 2 6043453 6215456

151



Table A.2.2 Coordinates of genomic regions used in Figure A.2.4

Species Chromosome / Scaffold Start End
Triticum aestivum Chromosome 1D 33124348 31125148
Triticum aestivum Chromosome 4A 739372651 742475497
Triticum aestivum Chromosome 7D 3066514 4338541
Sorghum bicolor Chromosome 5 70290712 70702146
Sorghum bicolor Chromosome 2 5911252 6248983
Setaria italica Scaffold 8 39100454 39349775
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Table A.2.3 Genes used for the comparisons of ds and dy rates of Pik-1-Pik-2 presented

in Figure 3.3
Name Pik-1 Pik-2 Species
OsPikp Pikp1_HMO035360.1 Pikp2_HMO035360.1 Oryza sativa
OsPikh Pikh_1_HQ662330.1 Pikh2_HQ662330.1 Oryza sativa
OsPik* Pik_1_HMO048900_1 Pik2_HM048900_1 Oryza sativa
OsPiks Piks_1_HQ662329_1 Piks2_HQ662329_1 Oryza sativa
OsPikm Pikm_1_BAG72135.1 Pikm2_BAG72135.1 Oryza sativa
Obart Pik OBART11G23150 OBART11G23160 Oryza barthii
Olongi Pik KN541092.1_2 KN541092.1 Oryza longistaminata
Opunc Pik OPUNC11G19550.n OPUNC11G19560 Oryza punctata
ObPik W1703 ObPik_1_W1703 ObPik2_W1703_CDS Oryza brachyantha
ObPik W1407 ObPik_1_W1407 ObPik2_W1407_CDS Oryza brachyantha
ObPik W1705 ObPik_1_W1705 ObPik2_W1705_CDS Oryza brachyantha
I(;z:’cltl‘(l 01232 OB11G27420.n OB11G27420 Oryza brachyantha
ObPik W1405 ObPik_1_W1405 ObPik2_W1405_CDS Oryza brachyantha
ObPik W1404 ObPik_1_WO0654 ObPik2_W0654_CDS Oryza brachyantha
ObPik W0654 ObPik_1_W1404 ObPik2_W1404_CDS Oryza brachyantha
Oglum Pik OGLAB11G20210.1n ORGLA11G0185700 Oryza glaberrima
Oglab Pik OGLUM11G22320.n OGLUM11G22330 Oryza glumaepatula
Oniv Pik ORUFI11G24730 ORUFI11G24740 Oryza rufipogon
Oruf Pik ONIVA11G22690.n ONIVA11G22700 Oryza nivara

- Pikm5_NP_Nipp_DP000  PIK6_NP_XM_01576249 Oryza sativa cv.

OsPik Nipp 01 0.25_ - 92 Nig/ponbare
TaPik 1D TraesCS1D02G051500.1  TraesCS1D02G051400.1  Triticum aestivum
SbPik 5 SORBI_3005G219700 SORBI_3005G219900 Sorghum bicolor
SiPik 8.1 Seita.8G239300.n Seita.8G239400 Setaria italica
SiPik 8.2 Seita.8G238800 Seita.8G238900 Setaria italica
DgPik QXEO01001682.1 QXEO01001682.1_2 Dactylis glomerata
TaPik 4A.1 TraesCS4A02G493400.1 TraesCS7A02G006200.1  Triticum aestivum
TaPik 4A.2 TraesCS4A02G491000.1 TraesCS4A02G490900.1  Triticum aestivum
TaPik 7D TraesCS7D02G007700.1 TraesCS7D02G007600.1  Triticum aestivum
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Table A.2.4 Summary of the amplification experiment of the Pik-1—integrated HMA

domain from wild rice species

. . - - Sequence
Accession Species Origin Amplified cogfirme d
w0654 O. brachyantha Sierra Leone Yes Yes
w0008 O. australiensis Australia (SE Canberra) Yes No
W1628 O. australiensis Australia (N) No NA
w1643 O. barthii Botswana Yes Yes
W1605 O. barthii Nigeria Yes No
w0042 O. barthii unspecified Yes Yes
w0698 O. barthii Guinea Yes Yes
W1526 O. eichingeri Uganda No NA
w1171 O. glumaepatula Cuba No NA
w2203 O. glumaepatula Brasil (S) Yes No
w1480(B) O. grandiglumis Brasil (N) Yes No
Wo0005 O. granulata Sri Lanka No NA
W0067(B) O. granulata Thailand Yes Yes
Wo0542 O. latifolia / O. alta Mexico No NA
W1539 O. latifolia / O. alta Argentina (N) No NA
w1228 O. longiglumis Singapore (S) No NA
w1504 O. longistaminata Tanzania No NA
w1540 O. longistaminata Republic of Congo Yes Yes
w0643 O. longistaminata The Gambia Yes Yes
W2081 O. meridionalis Australia (N) No NA
w2112 O. meridionalis Australia (NE) No NA
W1354 O. meyeriana Malaysia Yes No
w1328 O. minuta Philippines Yes Yes
Wo614 O. officinalis Myanmar Yes Yes
W1200 O. officinalis Philippines Yes Yes
w1408 O. punctata Nigeria Yes Yes
w1514 O. punctata Kenya Yes Yes
w1808 O. rhizomatis Sri Lanka Yes No
Wo001 O. ridleyi Thailand Yes No
W2035 O. ridleyi Philippines No NA
w2003 O. rufipogon India (SW) Yes Yes
w1715 O. rufipogon Chin (Beijing) No NA
w2117 O. rufipogon / Australia (NE) Yes No

O. meridionalis
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Appendix IIT

Supplementary information for Chapter 4: Pikp-1 evolved towards high affinity binding
to the AVR-PikD effector from the rice blast fungus
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Figure A.3.1 Phylogenetic analyses of the HMA domain of the K-type Pik-1 NLRs

The phylogenetic trees were built using MEGA X software (Kumar et al., 2018) and bootstrap
method based on 1000 iterations (Felsenstein, 1985). Codon-based 249-nucleotide-long alignment
was generated using MUSCLE (Edgar, 2004); positions with less than 50% site coverage were

removed prior the analysis, resulting in a total of 234 positions in the final dataset. The relevant

bootstrap values with support over 60% are shown with triangles at the base of representative

clades; the size of the triangle is proportional to the bootstrap value. The scale bars indicate the

evolutionary distance based on nucleotide substitution rate. Fach tree was manually rooted using

a clade of non-integrated HMA as an outgroup. The nodes selected for ancestral sequence

reconstruction are marked with red triangles. (A) Maximum likelihood and neighbour joining trees

calculated based on all codon positions in the alignment. (B) Maximum likelihood and neighbour

joining trees calculated based on a third codon position in the alignment.
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Figure A.3.2 Protein sequence alignment of the HMA domain

Sequences of the K-type Pik-1-integrated HMA domains (blue), non-integrated HMAs from
Oryza sativa and Oryza brachyantha (grey), and I-N2 ancHMA (bold) were aligned using MUSCLE
(Edgar, 2004). Regions with known function are marked with horizontal lines at the bottom.
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Figure A.3.3 The integrated HMA domain of Pikp-1 evolved towards strong binding
to the AVR-PikD effector from a weaker ancestral state

HA-IP

Input

(A) Overview of the strategy for resurrection of the ancestral HMA (ancHMA) domain. Following

ancestral sequence reconstruction, the appropriate gene sequences were synthetized and

incorporated into Pikp-1 by replacing the present-day Pikp-HMA domain (blue) with the

ancHMA equivalent (green). (B) Co-immunoprecipitation experiment between FLAG-tagged
AVR-PikD with HA-tagged Pikp-1 consisting of ancestral sequences of the HMA—Pikp-1:1-N2,
Pikp-1:1-N6, Pikp-1:11-N11, Pikp-1:1I-N12, Pikp-1:1II-N11, and Pikp-1:11I-N12. Wild type (WT)
HA:Pikp-1 and HA:Pikp-1r230r were used as positive and negative controls, respectively. Proteins

obtained by co-immunoprecipitation with HA-probe (HA-IP) and total protein extracts (Input)

were immunoblotted with appropriate antisera (listed on the right). Rubisco loading control was

performed using the Pierce™ or Ponceau staining solutions. Arrowheads indicate expected band

sizes. The figure features results from three independent experiments.
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Figure A.3.4 Replicates of the co-IP experiment between AVR-PikD and
the Pikp—ancHMA chimeras

Association of FLAG-tagged AVR-PikD with HA-tagged Pikp-1, Pikp-1r230r, Pikp-1:ancHMA,
and Pikp-1:ancHMA chimeras, labelled above, was tested in planta in co-immunoprecipitation
(co-IP). Wild type (WT) Pikp-1 and Pikp-1gosor, featuring HA tag, were used as positive and
negative controls, respectively. Total protein extracts (Input) and proteins obtained by
co-immunoprecipitation with HA-probe (HA-IP) were immunoblotted with the appropriate
antisera labelled on the right. Arrowheads show expected band sizes. Rubisco loading controls
were performed using Pierce™, Coomassie Brilliant Blue (CBB), or Ponceau staining solutions.
The figure shows results from three independent experiments.

159



FLAG:AVR-PikD FLAG:AVR-PikD

HA: Pikp-1 Pikp-1:ancHMA HA: Pikp-1 Pikp-1:ancHMA
xS Y >w 14 W > w
LRI XXX L8 OX XK
=0 <333 = D=<333
250
250
1304 -
100- gTee-= {a-HA 130 = = - e - |«
£ 100 a-HA
. T 70
> 55 -
s 7
151 ~ -FLAG . =
] - (G 15 - - @ |(a-FLAG [T
250
130 S — - - ¢ 250
1004 a-HA 130 W - - (¢
i 5 1994 A
T £8 —
35 - =]
251 35 2
154 S — — — — — {G-FLAG 259 -
104 15- W @R {(,FLAG
104
-ﬂ--.p? Ponceau E-m——.——-ﬂ Pierce™
replicate 1 replicate 2

Figure A.3.5 Co-immunoprecipitation (co-IP) experiment between AVR-PikD and
the two plausible historical states of the LVKIE region within Pikp-HMA

In planta association of FLAG-tagged AVR-PikD with HA-tagged Pikp-1, Pikp-1g2sor,
Pikp-1:ancHMA, and Pikp-1:ancHMA mutants, labelled above. Wild type (WT) Pikp-1 and
Pikp-1ro30r, with HA tag, were used as positive and negative controls, respectively. Proteins
obtained by co-IP with HA resin (HA-IP) and total protein extracts (Input) were immunoblotted
with the appropriate antisera labelled on the right. Arrowheads indicate expected band sizes.
Loading controls, featuring rubisco, were performed using Pierce™ or Ponceau staining solutions.
The figure features results from two independent experiments.
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Figure A.3.6 Replicates of co-IP experiments between the Pikp-1:ancHMA mutants and
AVR-PikD

In planta association of FLAG-tagged AVR-PikD with HA-tagged Pikp-1, Pikp-1g2sor,
Pikp-1:ancHMA, and Pikp-1:ancHMA mutants, labelled above. Wild type (WT) Pikp-1 and
Pikp-1k230r, featuring HA tag, were used as positive and negative controls, respectively. Proteins
obtained by co-immunoprecipitation with HA-probe (HA-IP) and total protein extracts (Input)
were immunoblotted with the appropriate antisera labelled on the right. Rubisco loading controls
were conducted using Pierce™ or Ponceau staining solutions. Arrowheads demonstrate expected
band sizes. The figure shows the results from three biological experiments.
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Figure A.3.7 Purified proteins used in surface plasmon resonance (SPR) studies

(A) Coomasie Brilliant Blue—stained SDS-PAGE gel showing purified HMA proteins used in
in vitro experiments. Dashed line signifies different components of the same gel. (B) Table
summarising intact masses of proteins from panel A, as measured by The Sainsbury Laboratory
core Proteomics facilities (Norwich, UK).
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Figure A.3.8 Surface plasmon resonance (SPR) results show the effect of the LVKIE
mutations on the AVR-PikD binding, as indicated by %oRumax

(A) Schematic representation of the SPR sensograms showcasing the measurements taken
to monitor binding dynamics: ‘binding’ and ‘binding stability’. (B) Plots illustrating calculated
percentage of the theoretical maximum response values (%oRma) for interaction of the HMA
analytes, labelled below, with His-tagged AVR-PikD ligand. %Rm. was normalized for the
amount of ligand immobilized on the NTA-sensor chip. The HMA analytes were tested at three
different concentrations, indicated on the left, in three independent experiments with two internal
replicates. All data points are represented as diamonds or circles. Average A%Rmax (*) values
represent absolute differences between values for ‘binding’ and ‘biding stability’ calculated from
average values for each of the samples. Statistical differences among the samples were analysed
with ANOVA and Tukey’s honest significant difference (HSD) test (p < 0.01). P-values for all
pairwise comparisons are presented in Table A.3.2.
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Figure A.3.9 Replicates of multicycle kinetics for the Pikp-HMA, ancHMA vk, and
ancHMA ki interactions with the AVR-PikD effector, measured by surface plasmon
resonance

(A,B) Multicycle kinetics sensograms illustrating the association and dissociation of AVR-PikD
(ligand) and the HMA proteins (analytes) from replicates 1 (A) and 2 (B). The sensograms for
each sample were used to calculate association/dissociation constants (Kp) based on one-to-one
kinetics model. Residual plots (right), indicating the difference between the data and the model,
were used to access the quality of the fit; SPR acceptance guides as determined by Biacore software
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are shown as green and red lines. The Kp values that passed the quality control implemented
in Biacore software are shown below respective residual plots; for experiments with insufficient
data quality the Kp values are not reported (NA). For all the experiment His-tagged AVR-PikD
was immobilised on the sample cell, giving a response level of 157 *+ 15 response units (RU).
(C, D) Steady state affinity biding curves, derived from multicycle kinetics sensograms from
replicates 1 (C) and 2 (D), used for Kp calculation.

165



FLAG:AVR-PikD
HA: Pikp-1 Pikp-1:ancHMA

w

T
E230R
LVKIE

>

— e —— \l

a-HA

HA-IP

\l
a-FLAG

a-HA
Input

— e —

\l
a-FLAG

Ponceau

replicate 1

FLAG:AVR-PikD

HA: Pikp-1 Pikp-1:ancHMA

Z3 U
- @ X
2L =3
180+
130 w-—— - -
100+ -
2] a-HA
55
404
15| W= - (-FLAG
180+
130 — — —
100+ a-HA
70
55
40
10-] 9 s o (O-FLAG
Ponceau

HA-IP

Input

replicate 2

FLAG:AVR-PikD

HA: Pikp-1 Pikp-1:ancHMA

x w
L 8 <
== =3
2504
IEAR 44 Aok J RN
70
55
25 HA-IP
254
15 - — |(@-FLAG
104
250
130 w— - -«
100 a-HA
187
327 Input
T e PNE
104
S5 &5 &5 & & 5 Ponceau
replicate 3

Figure A.3.10 Ala-222-Val and Val-230-Glu substitutions are sufficient to increase
binding affinity towards the AVR-PikD effector

Co-immunoprecipitation experiments between FLAG-tagged AVR-PikD with Pikp-1 and
Pikp-1:ancHMA constructs featuring HA tag, labelled above. Wild type (WT) HA:Pikp-1 and
HA:Pikp-1go30r mutant were used as positive and negative controls, respectively. Proteins,

obtained by immunoprecipitation using HA resin (HA-IP), and total protein extracts (Input) were

immunoblotted with the appropriate antisera labelled on the right. Loading control, showing

rubisco, was performed using Ponceau staining solution. The black arrowheads (right) point to

expected band sizes. The figure features results from three independent experiments.
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AVR-PikD ancHMA | ykie / ancHMA

Figure A.3.11 Superimposition of the ancHMA vkir structure and the ancHMA
homology model in complex with AVR-PikD

Schematic representation of the ancHMA (grey) model superimposed over the ancHMArvkie
(green) structure with the AVR-PikD (pink) effector. The molecules are shown as ribbons; the
molecular surface of AVR-PikD (pink) is also shown. The homology model of the
ancHMA—AVR-PikD complex was generated based on the structure of Pikm-HMA in complex
with AVR-PikD (pdb: 6fu9).

167



score

score

score

11-N11+2%6
lI-N11+evie !

1: HA:Pikp-1;

I-N2: HA:Pikp-1:1-N2;

BN 12+2+c

1+2+D
4

I—N2+2+¢

I-N2+ev+ca

Pikp-1:1-N2
7 .
6 ° [ ]
5 ° [ ]
L]
4 O ) °
. [ ]
3 .
: i : ' Count
2@ 0 [ N ®5
. °
1{ o o o . :::g
0 000 O
AVR-PikD AVRbIb2 AVR-PikD AVRbIb2 AVRbIb2
Pikp-2:Myc Pikp-2:Myc ev
HA:Pikp-1 HA:Pikp-1:1-N2
Pikp-1:11-N11
7
6 ° .
5 (I [} o
L] L]
4 [ X J [}
3l e ° ' ' Count
° ° e5
2i@ [ ] ® 10
1 . @ 15
@20
0 000 0>
AVR-PikD AVRbIb2 AVR-PikD AVRbIb2 AVRblb2
Pikp-2:Myc Pikp-2:Myc ev
HA:Pikp-1 HA:Pikp-1:1I-N11
Pikp-1:11I-N11
7
6
5
4 ° .
[ J [ 4 °
3ie 0 - ®eoo
. e ® o Count
2ie @0 [ N J o5
. [ ]
1 Y ° @® 10
@15
0 000 ox
AVR-PikD AVRbIb2 AVR-PikD AVRbIb2 AVRblb2
Pikp-2:Myc Pikp-2:Myc ev
HA:Pikp-1 HA:Pikp-1:11I-N11

168

S-N12+ev+c

8 1+2+ev
8 1IN12+24D
ﬁ“ 1I-N12+2+c

I-N6: HA:Pikp-1:I-N6; 11-N11: HA:Pikp-1:1I-N11; 1I-N12: HA:Pikp1:1I-N12;
1I-N11: HA:Pikp-1:11I-N11; 1lI-N12: HA:Pikp-1:11l-N12; 2: Pikp-2:Myc; D: AVR-PIikD:FLAG; c: AVRbIb2:FLAG; ev: empty vector

P

142+ D

I-N6+2+ :
I-N6+2+E8

I-NG+evte

‘ ij+2+ev

II-N11+2+D
}& 1IN 1+2+¢

H-N11+ev+c

Pikp-1:1-N6
7
6 o °
5 ® [ ]
[
[
5 4 [ °
LwJ - @ [ )
3 :: : . Count
2{@ o [ ) ®5
- ® 10
1 LN . ® 5
0 000 0
AVR-PIikD AVRbIb2 AVR-PikD AVRbIb2 AVRbIb2
Pikp-2:Myc Pikp-2:Myc ev
HA:Pikp-1 HA:Pikp-1:I-N6
Pikp-1:1I-N12
7 .
6 ° [ ]
5 ° )
L]
g 4 e @ °
a 31 @ - ® -
. Count
2{® o o0 - [ ]
. [ ]
141 e e o ® 10
. @15
0 000 0
AVR-PikD AVRbIb2 AVR-PikD AVRbIb2 AVRbIb2
Pikp-2:Myc Pikp-2:Myc ev
HA:Pikp-1 HA:Pikp-1:1I-N12
Pikp-1:11I-N12
7
6
5
)
g4,
2]
3 .
? ? . Count
2le @@ @ o ® 5
1 . o 0 ® 10
e e ® 15
0 o 000 O
AVR-PikD AVRbIb2 AVR-PikD AVRbIb2 AVRbIb2
Pikp-2:Myc Pikp-2:Myc ev
HA:Pikp-1 HA:Pikp-1:11I-N12



Figure A.3.12 Different Pikp-1:ancHMA fusions are autoactive in Pikp-2—dependent

manner

Cell death experiment after transient co-expression of Pikp-1 with the ancestral sequences
of HMA with AVR-PikD/AVRbIb2 and Pikp-2/empty vector (ev). AVRbIb2, an effector from
the potato blight pathogen Phytophthora infestans, and the empty vector were used as negative
controls. Hypersensitive response (HR) was scored five days after agroinfiltration.
(A) Representative Nicotiana benthamiana leaves infiltrated with samples (labelled next to the
infiltration spot) were photographed five days post infiltration under UV (top) and day light
(bottom). (B) HR was scored five days after agroinfiltration. The results are presented as a dots
plot, where a size of a dot is proportional to the number of samples with the same score (count)
within the same replicate. The experiment was repeated at least three times with 22-26 internal
replicates; the columns within tested conditions (labelled on the bottom) show results from
different biological replicates.
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Figure A.3.13 Statistical analysis of cell death for the Pikp-1:ancHMA fusions

The statistical analysis was conducted using an estimation method using besthr R library
(MacLean, 2019). (A—G) Each panel corresponds to a different HA:Pikp-1:ancHMA fusion
(labelled above), co-expressed with Pikp-2:Myc and AVR-PikD:FLAG (‘Pikp-2 + D’, purple),
Pikp-2:Myc and AVRbIb2:FLAG (‘Pikp-2 + ¢’, dark grey), or empty vector and AVRbIb2:FLAG
(‘ev + ¢, light grey). AVRbIb2:FLAG and empty vector were used as controls. The left panels
represent the ranked data (dots) and their corresponding mean (dashed line), with the size
of a dot proportional to the number of observations with that specific value. The panels on the
right show the distribution of 1000 bootstrap sample rank means, with the blue areas illustrating
the 0.025 and 0.975 percentiles of the distribution. The difference is considered significant if the
ranked mean for a given condition falls within or beyond the blue percentile of the mean
distribution for another condition.
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Figure A.3.14 Mutations within the ancHMA abolish autoactivity

Hypersensitive response (HR) assay after transient co-expression of the Pikp-1:ancHMA mutants
with AVR-PikD and Pikp-2. AVRbIb2, an effector from the potato blight pathogen, and the
empty vector (ev) were used as negative controls. (A) Representative IN. benthamiana leaves
infiltrated with appropriate constructs (labelled next to the infiltration spot) were photographed
tive days post-infiltration under UV (left) and day light (right). (B) HR was scored five days after
agroinfiltration. The results are presented as a dot plots where a size of a dot is proportional to
the number of samples with the same score (count) within the same biological replicate.
The experiment was independently repeated at least three times with 20-28 internal replicates;
the columns within tested conditions (labelled on the bottom) illustrate results from different
biological replicates.
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Figure A.3.15 Statistical analysis of cell death assay for the Pikp-1:ancHMA chimeras

The statistical analysis was carried out using an estimation method implemented in besthr R library
(MacLean, 2019). (A=F) Each panel corresponds to a different chimera of Pikp-1:ancHMA
(labelled above), co-expressed with Pikp-2:Myc and AVR-PikD:FLAG (‘Pikp-2 + D’, purple),
Pikp-2:Myc and AVRbIb2:FLAG (‘Pikp-2 + ¢’, dark grey), or empty vector and AVRbIb2:FLAG
(‘ev + ¢, light grey). AVRbIb2:FLAG and empty vector were used as controls. The left panels
represent the ranked data (dots) and their corresponding mean (dashed line), with the size

of a dot centre proportional to the number of observations with that specific value. The panels

on the right show the distribution of 1000 bootstrap sample rank means, with the blue areas
corresponding to the 0.025 and 0.975 percentiles of the distribution. The difference is considered
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statistically significant if the ranked mean for a given condition falls within or beyond the blue

percentile of the mean distribution for another condition.

175



Pikp-1:ancHMALvkIE* Pikp-1:ancHMALakvv*

rank rank
N w B [6)] o N £ o
. . ' .
. . . e o o
1 ] | ] n 1 ]
L [ ] n 1 ]
® ¥ e ¢ o i
1 ] n n 1 ]
mean mean
N w » [&;] o N oD o))
v | U
rank rank
w BN [¢)] ()] w BN (4] ()]
L] n n
.. + ® . .
L] n n
u [] []
. ® i
L] [] []
mean mean
w £ [6)] o w £ (9] (o]
U V /VJ

= s o= -.. -
D ev D D ev
E F
Pikp-1:ancHMALakIV* Pikp-1:ancHMAaQwv*
6 - 6 6 . 6
5 .5 5— 5
~ © X = = = = = = S
g 54 g,
. 4
3 3
3- 9 - @ - 3 == @ -
D ev D D ev D
G H
Pikp-1 Pikp-1:ancHMA_ykg* vsPikp-1:ancHMA axie
6 6 6 ° 6
~« = 4 ° S 4
c 4 o 4 @ g
g £ ° €
3 3 2-@ = = = = 2
Qu n u u@= 2 ®
D ev D * * %
& & «

Figure A.3.16 Statistical analysis of cell death for the Pikp-1:ancHMA* mutants

The statistical analysis was performed using an estimation method implemented in besthr R library
(MacLean, 2019). (A—=G) Each panel corresponds to a different Pikp-1:ancHMA mutant (labelled
above), featuring HF tag, co-expressed with Myc:AVR-PikD (‘D’, purple) or empty vector
(‘ev’, grey). All the constructs were co-expressed with Pikp-2. The left panels represent the ranked
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data (dots) and their corresponding mean (dashed line). The size of a dot centre is proportional
to the number of observations with that specific value. The panels on the right show the
distribution of 1000 bootstrap sample rank means, with the blue areas illustrating the 0.025 and
0.975 percentiles of the distribution. The difference is considered significant if the ranked mean
for the co-expression with AVR-PikD falls within or beyond the blue percentile of the mean
distribution for co-expression with the empty vector. (H) Statistical analysis by the estimation
method of Pikp:ancHMApyvkig* (LVKIE*) and Pikp:ancHMApakis* (LAKIE*) co-expressed
with AVR-PikD and Pikp-2 analysed as in panels A-G.
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Figure A.3.17 In planta accumulation of the Pikp-1:ancHMA* mutants

a-FLAG

Ponceau

Western blot experiments of the Pikp-1:ancHMA* mutants, featuring HF tag, labelled above.

Pikp-2:HA construct was included as a negative control. Proteins were immunoblotted with the

FLAG antisera (labelled on the right). Rubisco loading controls were performed using Pierce™

or Ponceau staining solutions. The black arrowheads indicate expected band size. The figure

features results from three independ

ent experiments.
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Table A.3.1 Table of p-values for pairwise comparisons of values for binding and
binding stability of in vitro association between AVR-PikD and the HMA mutants
in SPR experiments

Sample Concentration Difference Lower Upper P-value

(nM) confidence confidence

level level

E230R 50 -0.2243345 -3.306783 2.858114 0.87441
E230R 200 -0.4872089 -1.217786 0.2433679  1.68E-01
E230R 400 -0.9582807 -1.937141 0.02057976 5.41E-02
IAQVV 50 -1.854604 -2.48629 -1.222918  3.42E-05
IAQVV 200 -6.602886 -7.992786 -5.212985  9.00E-07
IAQVV 400 -12.50061 -15.08403 -9.917196  8.00E-07
LAKIE 50 -6.763288 -9.812373 -3.714204  0.00041
LAKIE 200 -19.31067 -24.76228 -13.85905 1.33E-05
LAKIE 400 -27.75799 -33.91665 -21.59934 1.50E-06
LAKIV 50 -0.7389492 -1.125958 -0.3519399 0.0013223
LAKIV 200 -3.118809 -4.303967 -1.933651 0.0001587
LAKIV 400 -7.148943 -11.29211 -3.005777  3.24E-03
LAKVV 50 -0.3200968 -0.9667166 0.326523 0.3019787
LAKVV 200 -0.4938103 -1.413519 0.4258986  2.59E-01
LAKVV 400 -0.678487 -1.234481 -0.1224934 2.16E-02
LAQVV 50 1.033637 -1.615835 -0.4514394  0.0022349
LAQVV 200 -3.534822 -4.715006 -2.354639 5.54E-05
LAQVV 400 -7.576201 -10.33445 -4.817958 1.13E-04
LVKIE 50 -2.380059 -4.454572 -0.3055451  0.0279298
LVKIE 200 -7.816586 -11.0214 -4.611772  0.0002871
LVKIE 400 -11.5182 -15.92825 -7.10815 0.0001684
Pikp-HMA 50 -7.207938 -8.897001 -5.518875  2.50E-06
Pikp-HMA 200 -17.6612 -20.20803 -15.11436 0
Pikp-HMA 400 -22.40244 -25.83104 -18.97384 0

E230R: Pikp-HMAE230r, IAQVV: ancHMAaavv, LAQVV: ancHMALaavv, LAKVV: ancHMALakvv,
LAKIV: ancHMALakv, LAKIE: ancHMAakie, LVKIE: ancHMALvkE.
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Table A.3.2 Table of p-values for all pairwise comparisons of SPR binding to
AVR-PIikD between the HMA mutants

E230R: Plkp—HMAEzz()R, IAQVV ancHMAIAQVV, LAQW ancHMALAQVV, LAKVV:
anCHMALAva, LAKIV: ancHMALAKIV, LAKIE: al’lCHMALAKIE, LVKIE: ancHMALVKIE
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Concentration . Lower Upper

(M) Sample 1 Sample 2 Difference confidence confidence P-value
level level

50 IAQVV E230R 0.7594754  -6.380544 7.899495 0.9999725

50 LAKIE E230R 15.1954147 8.055395 22.335434  0.0000005

50 LAKIV E230R 0.1973327  -6.942687 7.337352 1

50 LAKVV E230R -1.2876815  -8.427701 5.852338 0.9990674

50 LAQVV E230R -0.2110851 -7.351104 6.928934 1

50 LVKIE E230R 29.9244059 22.784387 37.064425 O

50 Pikp-HMA  E230R 21.3309677 14.190948 28.470987 O

50 LAKIE IAQVV 14.4359393 7.29592 21.575959  0.0000016

50 LAKIV IAQVV -0.5621428 -7.702162 6.577877 0.9999965

50 LAKVV IAQVV -2.047157 -9.187176 5.092862 0.9838216

50 LAQVV IAQVV -0.9705606 -8.11058 6.169459 0.9998555

50 LVKIE IAQVV 29.1649305 22.024911 36.30495 0

50 Pikp-HMA  1AQVV 20.5714923 13.431473 27.711512 0

50 LAKIV LAKIE -14.998082 -22.138101 -7.858063 0.0000007

50 LAKVV LAKIE -16.483096 -23.623116 -9.343077 0.0000001

50 LAQVV LAKIE -15.4065 -22.546519  -8.266481 0.0000004

50 LVKIE LAKIE 14.7289911 7.588972 21.86901 0.000001

50 Pikp-HMA  LAKIE 6.1355529  -1.004466 13.275572  0.1407186

50 LAKVV LAKIV -1.4850142 -8.625033 5.655005 0.9976792

50 LAQVV LAKIV -0.4084178  -7.548437 6.731601 0.9999996

50 LVKIE LAKIV 29.7270732 22.587054 36.867093 O

50 Pikp-HMA  LAKIV 21.133635 13.993616  28.273654 O

50 LAQVV LAKVV 1.0765964  -6.063423 8.216616 0.9997116

50 LVKIE LAKVV 31.2120874 24.072068 38.352107 O

50 Pikp-HMA  LAKVV 22.6186492 15.47863 29.758669 O

50 LVKIE LAQVV 30.135491 22.995472  37.27551 0

50 Pikp-HMA  LAQVV 21.5420528 14.402034 28.682072 O

50 Pikp-HMA  LVKIE -8.5934382 -15.733457 -1.453419 0.008645

200 IAQVV E230R 8.12408613 4.769044 11.4791283 0

200 LAKIE E230R 43.4535131 40.098471 46.8085553 0

200 LAKIV E230R 7.26935912 3.914317 10.6244013 0.0000006

200 LAKVV E230R -0.0357561  -3.390798 3.3192861 1

200 LAQVV E230R 496818917 1.613147 8.3232314  0.0006703

200 LVKIE E230R 57.0910393 53.735997  60.4460815 O

200 Pikp-HMA  E230R 53.8341313 50.479089 57.1891735 O

200 LAKIE IAQVV 35.329427  31.974385  38.6844692 0

200 LAKIV IAQVV -0.854727 -4.209769 2.5003152  0.9912868

200 LAKVV IAQVV -8.1598423 -11.514884 -4.8048001 O

200 LAQVV IAQVV -3.155897 -6.510939 0.1991452  0.0782897

200 LVKIE IAQVV 48.9669532 45.611911 52.3219953 0

200 Pikp-HMA  IAQVV 45.7100452 42.355003  49.0650873 O

200 LAKIV LAKIE -36.184154 -39.539196 -32.829112 0
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Concentration . Lower Upper

(M) Sample1 Sample2 Difference confidence confidence P-value
level level

200 LAKVV LAKIE -43.489269 -46.844311 -40.134227 O

200 LAQVV LAKIE -38.485324 -41.840366 -35.130282 O

200 LVKIE LAKIE 13.6375262 10.282484  16.9925683 O

200 Pikp-HMA  LAKIE 10.3806182 7.025576 13.7356603 0

200 LAKVV LAKIV -7.3051152  -10.660157 -3.9500731 0.0000006

200 LAQVV LAKIV -2.30117 -5.656212 1.0538722  0.3776686

200 LVKIE LAKIV 49.8216802 46.466638 53.1767223 0

200 Pikp-HMA  LAKIV 46.5647722 43.20973 49.9198144 0

200 LAQVV LAKVV 5.00394529 1.648903 8.3589875  0.0006038

200 LVKIE LAKVV 57.1267954 53.771753  60.4818376 0

200 Pikp-HMA  LAKVV 53.8698874 50.514845  57.2249296 O

200 LVKIE LAQVV 52.1228501 48.767808  55.4778923 0

200 Pikp-HMA  LAQVV 48.8659421 45.5109 52.2209843 0

200 Pikp-HMA  LVKIE -3.256908 -6.61195 0.0981342  0.0625642

400 IAQVV E230R 15.4160802 10.476265 20.3558957 O

400 LAKIE E230R 59.1376719 54.197856  64.0774874 O

400 LAKIV E230R 17.2208188 12.281003 22.1606344 O

400 LAKVV E230R -0.6186041 -5.55842 43212114  0.9999089

400 LAQVV E230R 10.5836822 5.643867 15.5234977 0.0000008

400 LVKIE E230R 67.4451738 62.505358  72.3849893 O

400 Pikp-HMA  E230R 66.0719577 61.132142  71.0117733 0

400 LAKIE IAQVV 43.7215917 38.781776  48.6614072 0

400 LAKIV IAQVV 1.8047387  -3.135077 6.7445542  0.9363629

400 LAKVV IAQVV -16.034684 -20.9745 -11.094869 0

400 LAQVV IAQVV -4.832398 -9.772213 0.1074176  0.0591016

400 LVKIE IAQVV 52.0290936 47.089278  56.9689091 O

400 Pikp-HMA  IAQVV 50.6558776 45.716062  55.5956931 O

400 LAKIV LAKIE -41.916853 -46.856669 -36.977038 O

400 LAKVV LAKIE -59.756276  -64.696092 -54.81646 0

400 LAQVV LAKIE -48.55399 -53.493805 -43.614174 O

400 LVKIE LAKIE 8.3075019  3.367686 13.2473174 0.0000904

400 Pikp-HMA  LAKIE 6.9342859  1.99447 11.8741014 0.001416

400 LAKVV LAKIV -17.839423 -22.779238 -12.899607 O

400 LAQVV LAKIV -6.6371366 -11.576952 -1.6973211  0.0025111

400 LVKIE LAKIV 50.2243549 45.284539 55.1641705 O

400 Pikp-HMA  LAKIV 48.8511389 43.911323  53.7909544 0

400 LAQVV LAKVV 11.2022863 6.262471 16.1421019 0.0000002

400 LVKIE LAKVV 68.0637779 63.123962  73.0035934 0

400 Pikp-HMA  LAKVV 66.6905618 61.750746  71.6303774 O

400 LVKIE LAQVV 56.8614916 51.921676  61.8013071 O

400 Pikp-HMA  LAQVV 55.4882755 50.54846 60.4280911 0

400 Pikp-HMA  LVKIE -1.373216 -6.313032 3.5665995  0.9854733
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Table A.3.3 Data collection and refinement statistics for the ancHMAvie—AVR-PikD

co-crystal structure

Property Value

Data collection statistics

Wavelength (A) 0.9700

Space group P 44212

Cell dimensions

a b, c(A) 119.49, 119.49, 35.97
a, By, (°) 90.00, 90.00, 90.00
Resolution (A)* 59.81-1.32 (1.34-1.32)
Rmerge (%)* 8.4

lo(l)# 18.7 (1.48)
Completeness (%)* 96.4 (99.8)

Unique reflections* 59,319 (2,981)
Multiplicity* 14.6 (12.3)

CCO2 (%)* 99.9 (94.2)
Refinement and model statistics

Resolution (A) 59.81-1.32
Rwork/Rfree (%)t 14.7/18.4

No. atoms (Protein) 1784

B-factors (Protein) 22.16

R.m.s. deviationst

Bond lengths (A) 0.0129

Bond angles (°) 1.68
Ramachandran plot (%)**

Favoured 98.64

Outliers 0

MolProbity Score 1.03

*The highest resolution shell is shown in parentheses

**as calculated by MolProbity, *as calculated by Aimless, T as calculated by REFMAC5
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Appendix IV

Supplementary information for Chapter 5: AVR-PikD recognition by Pikm-1 evolved
through a different path than in Pikp-1—structural basis of convergent molecular

evolution
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Figure A.4.1 Replicates of the co-immunoprecipitation experiment between
the Pikm-1:ancHMA chimeras and AVR-PikD

In planta association of FLAG-tagged AVR-PikD with HA-tagged Pikp-1, Pikp-1r230r, Pikm-1,
Pikm-1l:ancHMA, and Pikm-l:ancHMA chimeras, labelled above. Wild type (WT) Pikp-1/
Pikm-1 and Pikp-1kssor, featuring HA tag, were used as positive and negative controls,
respectively. Proteins obtained by co-immunoprecipitation with HA resin (HA-IP) and total
protein extracts (Input) were immunoblotted with the appropriate antisera labelled on the right.
Arrowheads indicate expected band sizes. Rubisco loading controls were performed using

Ponceau staining solution. The figure presents results from three independent experiments.
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Figure A.4.2 Replicates of the co-immunoprecipitation experiment between
the Pikm-1:ancHMA mutants in the EMVKE region and AVR-PikD

In planta association of AVR-PikD, featuring FLAG tag, with HA-tagged Pikp-1, Pikp-1g230r,
Pikm-1, Pikm-1:ancHMA, and Pikm-1:ancHMA mutants, labelled above. HA-tagged wild type
(WT) Pikp-1/Pikm-1 and Pikp-1g23r wetre used as positive and negative controls, respectively.
Proteins obtained by co-immunoprecipitation with HA-probe (HA-IP) and total protein extracts

(Input) were immunoblotted with the appropriate antisera labelled on the left. Arrowheads

correspond to expected band sizes. Rubisco loading controls were performed using the Pierce™

or Ponceau staining solutions, labelled on the left. The figure depicts results from three

independent experiments.
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Predicted mass Observed

Sample name (Da) mass (Da) Difference
ancHMAEmvke ~ 8308.4899 8308.4829 0.8
ancHMAgyank  8265.4590 8265.4484 1.3
ancHMA 8264.5113 8264.4980 0.0133
Pikm-HMA 8531.5420 8531.5440 0.2

*Pikp-HMAE230R  8445.93 / 8383.6390 8383.6353 62.2947 /0.4

Figure A.4.3 Purified proteins used in surface plasmon resonance (SPR) studies

(A) Coomasie Blue—stained SDS-PAGE gel showing purified HMA proteins used in in vitro
experiments. (B) Table summarising intact masses of proteins from panel A, as measured by
The Sainsbury Laboratory (TSL) core Proteomics facilities (Norwich, UK). (*) The
Pikp-HMAEFE23R protein appears to lack two amino acids at the N-terminus, corresponding to the
linker between the protein and the His-tag used for purification. The proteins were purified with
help of Adeline Harant from TSL.
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Figure A.4.4 Different stoichiometry of the ancHMA—AVR-PikD complexes

Analytical gel filtration traces depicting the retention volumes of AVR-PikD in complexes with
ancHMA (A) and ancHMAgpwmvke (B) with 5-amino acid extension, and ancHMA (C) and
ancHMAvkie (D) without the extension. The peakes corresponding to protein complexes are
indicated with dahed lines, with the retention volumes shown on the left. Coomasie Blue—stained
SDS-PAGE gels of the relevant fractions, marked with green line, are presented of the right.
Arrowheads correspond to expected protein sizes.
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Figure A.4.5 Surface plasmon resonance results showing the effect of the EMVKE
mutations on AVR-PikD binding in vitro, as indicated by %0Rmax

(A) Schematic illustration of the SPR sensogram and the timepoints corresponding to ‘binding’
and ‘binding stability’, recorded in this study. (B) Plots illustrating calculated percentage of the
theoretical maximum response (%oRma) values for interaction of the HMA analytes, labelled
below, with His-tagged AVR-PikD ligand. %0Rmax was calculated assuming one-to-one binding
model. The values were normalized for the amount of ligand immobilized on the NTA-chip.
HMA analytes were tested at three different concentrations, labelled on the left, in at least four
independent experiments. All of the data points are represented as diamonds or circles.
(*) Average A%Rma values represent absolute differences between average values for ‘binding’
and ‘biding stability’ for each sample. Statistical differences among the samples were analysed with
ANOVA and Tukey’s honest significant difference (HSD) test (p < 0.01). P-values for all pairwise
comparisons are presented in Table A.4.2. (C) Mutants of the ancHMA domain display different
binding kinetics. The results, identical to those presented in panel B, are shown as histograms to
emphasise the differences in binding dynamics between the constructs. Bars represent the average

response, and the error bars represent standard deviation.
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Figure A.4.6 The SPR sensograms for association and dissociation of AVR-PikD and
HMA proteins

The SPR sensograms from five independent replicates are shown. His-tagged AVR-PikD was
immobilised on the sample cell, giving a response level of 99 * 33 response units (RU).
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Figure A.4.7 Statistical analysis of cell death for the Pikm-1:ancHMA chimeras

The statistical analysis was performed using estimation methods implemented in the besthr R
library (MacLean, 2019). Each panel corresponds to a different HF-tagged Pikm-1:ancHMA
mutant (labelled above) co-expressed with Myc:AVR-PikD (D; purple) or empty vector (ev; grey);

all constructs were co-expressed with Pikm-2. The left panels represent the ranked data (dots) and

their corresponding mean (dashed line). The size of a dot centre is proportional to the number
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of observations with that specific value. The panels on the right show the distribution of 1000
bootstrap sample rank means, with the blue areas illustrating the 0.025 and 0.975 percentiles of
the distribution. The difference is considered significant if the ranked mean for the co-expression
with AVR-PikD falls beyond the blue percentile of the mean distribution for co-expression with
the empty vector.
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Table A.4.1 Table of p-values for pairwise comparisons of values for binding and
binding stability of in vitro association between AVR-PikD and the HMA mutants
in SPR experiments

. Lower Upper
Sample :iic:\:)centrahon Difference confidence confidence P-value
level level

Pikm-HMA 50 -1.650405 -20.78185 17.48104 0.8514218
EMVKE 50 -0.7392762 -7.403112 5.924559 0.7951379
EMANK 50 -0.8420119 -16.92709 15.24307 0.9068949
MKANK 50 -2.161732 -17.21702 12.89356 0.7556056
E230R 50 -1.182196 -3.693173 1.32878 0.2931335
Pikm-HMA 200 -2.973125 -5.544466 -0.4017852 0.0285241
EMVKE 200 -6.109899 -20.04113 7.82133 0.3515139
EMANK 200 -8.16444 -11.49354 -4.835341 0.0009637
MKANK 200 -8.988376 -12.19905 -5.777706 0.0001971
E230R 200 -16.97771 -29.09641 -4.859003 0.010846
Pikm-HMA 400 -30.877 -36.03862 -25.71538 6.20E-06
EMVKE 400 -48.35823 -71.93835 -24.7781 0.0010271
EMANK 400 -0.1081284 -1.226932 1.010675 0.8367525
MKANK 400 0.07984409 -1.440548 1.600236 0.9019518
E230R 400 -0.073648 -1.146337 0.9990411 0.878125

E230R: Pikp-HMAg230r, EMVKE: ancHMAemvke, EMANK: ancHMAemank, MKANK: ancHMA
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Table A.4.2 Table of p-values for all pairwise comparisons of SPR binding to
AVR-PIikD between the HMA mutants

Concentration . Lower Upper

() Sample 1 Sample 2 Difference confidence confidence P-value
level level

400 EMANK E230R 86.07761 62.02624 110.12898 0

400 EMVKE E230R 91.209289  67.15792 115.26066 O

400 MKANK E230R 83.519556  60.49213 106.54699 O

400 Pikm E230R 77.298931 53.24757 101.3503 0

400 EMVKE EMANK 5.131679 -18.91969 29.18304 0.967442

400 MKANK EMANK -2.558054 -25.58548 20.46938 0.9971982

400 Pikm EMANK -8.778679 -32.83004 15.27269 0.8109631

400 MKANK EMVKE -7.689733 -30.71716 15.3377 0.8547095

400 Pikm EMVKE -13.910358 -37.96172 10.14101 0.4421083

400 Pikm MKANK -6.220625 -29.24805 16.8068 0.9262409

200 EMANK E230R 65.82556 60.553591 71.09752 0

200 EMVKE E230R 87.06222 81.790259 92.334189 O

200 MKANK E230R 53.28956 48.017593 58.561522 0

200 Pikm E230R 76.73675 71.464784  82.008713 O

200 EMVKE EMANK 21.23667 15.964704  26.508633 O

200 MKANK EMANK -12.536 -17.807963 -7.264034 0.0000209

200 Pikm EMANK 10.91119 5.639228 16.183157  0.0001023

200 MKANK EMVKE -33.77267 -39.044631 -28.500702 O

200 Pikm EMVKE -10.32548 -15.59744 -5.053511 0.0001865

200 Pikm MKANK 23.44719 18.175226  28.719156 O

50 EMANK E230R 38.83454 21.734495 55934593  0.0000044

50 EMVKE E230R 76.07891 58.978857  93.178955 O

50 MKANK E230R 27.8971 10.797048  44.997145  0.0005356

50 Pikm E230R 63.94274 46.842695 81.042793 O

50 EMVKE EMANK 37.24436 19.498803  54.989921 0.0000157

50 MKANK EMANK -10.93745 -28.683007 6.808111 0.3922477

50 Pikm EMANK 25.1082 7.362641 42.853759  0.0027261

50 MKANK EMVKE -48.18181 -65.927369 -30.436251  0.0000002

50 Pikm EMVKE -12.13616 -29.881721 5.609397 0.2926768

50 Pikm MKANK 36.04565 18.300089  53.791207  0.000026

E230R: Pikp-HMAE230r, EMVKE: ancHMAemvke, EMANK: ancHMAEevank, MKANK: ancHMA,
Pikm: Pikm-HMA
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