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ABSTRACT

Plants possess a variety of cell surface receptors that perceive endogenous and
exogenous signals to regulate plant growth, development, and immunity. These receptors
include receptor-like kinase (RLKs) and receptor-like protein (RLPS) that possess
different extracellular domains perceiving distinct ligands and leading to the activation
of downstream signaling. The signaling pathways mediated by RLKs and RLPs
converge at a small group of co-receptors called somatic embryogenesis receptor kinases
(SERK). These co-receptors modulate both immunity and plant development and
growth. Although their homologous sequences are widespread across various plant
species, it remains unknown if SERKs redundant and distinct functions are also
conserved across plant kingdom. To shed light on the functional conservation of SERKS,
three homologous genes were retrieved from the moss Physcomitrella patens, a
bryophyte representative of early land plants. Their ability to complement Arabidopsis
serk mutant deficiencies in terms of brassinosteroid responses and immunity was
analyzed. Furthermore, to enlighten the physiological functions of PpSERKSs in
Physcomitrella, knockout lines of PpSERKs were generated via homologous
recombination and their growth, development, and responses to Botrytis cinerea were
assessed. In this work, we showed that SERKs homologs are present in the moss
Physcomitrella and possess conserved function in immunity activation and

brassinosteroid-mediated growth and development.
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CHAPTER |

INTRODUCTION

Plants are regularly exposed to microbial pathogen invasions and variable
environmental conditions that need to be continuously monitored. Thus, plants rely on
plasma membrane-localized receptors that recognize exogenous and endogenous signals
and trigger proper responses to ensure a balanced modulation of growth, development,
immunity, and stress adaptation (De Smet et al., 2009; Couto and Zipfel, 2016; Tang et
al., 2017).

These receptors mainly consist of RECEPTOR-LIKE KINASEs (RLKs) and
RECEPTOR-LIKE PROTEINs (RLPs), which have been expanded across the plant
kingdom. As evidence of their biological relevance, the Arabidopsis thaliana genome is
predicted to encode more than 600 RLKs and 57 RLPs, and the rice (Oryza sativa)
genome encodes more than 1000 RLKs and 90 RLPs (Shiu and Bleecker, 2003; Shiu et
al., 2004, Fritz-Laylin et al., 2005).

Recent studies have shown that various receptors perceive specific ligands;
however, the perception could lead to converged signaling pathways that will regulate
diverse physiological and biological processes (Chen et al., 2019; Zheng et al., 2019). In
this review, we discuss the roles of RLKs and RLPs in regulating distinct pathways that
control plant immunity, growth, and development. Moreover, we discuss the relationship
between the receptors and the co-regulatory receptors that result in the activation of

diverse intracellular signaling pathways.



1.1. General features of RLKs and RLPs

The plant's ability to adapt to their environment has likely resulted in the
evolution of a wide variety of RLKs and RLPs that can recognize a broad range of
ligands, including peptides, lipids, steroids, proteins, among others. A classical RLK
consists of a unique ligand-binding extracellular domain, a single transmembrane
domain, and an intracellular kinase domain, while a typical RLP shares a very similar
structure with an RLK apart from the intracellular kinase domain (Figure 1) (Shiu and
Bleecker, 2001; Wang et al., 2008). An RLP lacks the kinase domain. Instead, it
possesses a short cytoplasmic tail (Wang et al., 2008; Jamieson et al., 2018). The
perception of a ligand in the apoplast by an RLK, particularly for the leucine-rich repeat
(LRR) RLKs, usually leads to its hetero-dimerization with a co-regulatory RLK that will
result in phosphorylation and activation of ligand-receptor complexes (Couto and Zipfel,
2016; Hohmann et al., 2017; Tang et al., 2017). Subsequently, the kinase domains of
RLKs transduce the signal through a cascade of phosphorylation events, which
ultimately leads to the plant cellular response to the cognate ligands (Couto and Zipfel,
2016; Hohmann et al., 2017; Tang et al., 2017). On the other hand, a similar process
occurs to RLPs, but, due to lacking the kinase domain, RLPs depend on one or several
receptor Kinases to activate intracellular signaling (Couto and Zipfel, 2016; Jamieson et
al., 2018).

Based on the heterogeneity of their ligand-binding motifs, RLKs and RLPs are
classified into 12 subgroups, including LRR, lysine motif (LysM), lectin, wall-associated

kinases (WAK), malectin-like, proline-rich, cysteine-rich repeat, and self-incompatibility
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locus (S-Locus) (Shiu and Bleecker, 2001; Dievart et al., 2020). LRR is the most
common motif of the extracellular domain of RLKs and RLPs, comprising more than
200 and 50 members, respectively (Shiu and Bleecker, 2001; Wang et al., 2008; Lehti-
Shiu et al., 2009). RLKs and RLPs can also be distinguished based on the roles they play
in the plant life cycle, forming part of a remarkable surveillance system that modulates
plant immune responses, growth, and development (De Smet et al., 2009; Couto and

Zipfel, 2016; Tang et al., 2017).

Types of extracellular domains

LRR LysM
e\\mu,“
RLP RLK L \
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Figure 1. Schematic portrayal of plant cell-surface receptors. Plants have evolved cell surface
receptors to recognize self and non-self signals to activate defense response and promote plant growth and
development. A classical RECEPTOR-LIKE KINASE (RLK) contains an extracellular domain,
transmembrane domain and a kinase domain. Meanwhile, the RECEPTOR-LIKE PROTEIN (PLP)
possesses an extracellular domain, transmembrane domain and a short cytoplasmic region, but lacks a
cytoplasmic kinase domain. RLKs and RLPs are classified in several subgroups based on the diverse
composition of the extracellular domains. These include LRR domain, composed by leucine-rich repeats;
LysM, constituted by lysine motifs; lectin; wall-associated kinases (WAK), comprised of EGF-like repeat;
S-locus domain; malectin-like; proline-rich; and cysteine-rich repeat, consisting of DUF26 domain.
Created with BioRender.com



CHAPTER II
THE ROLES OF RECEPTOR-LIKE KINASES AND RECEPTOR-LIKE PROTEINS

IN PLANT IMMUNITY

2.1. Plant Immune system

Plants have a robust immune system that is modulated by a two-tiered perception
system. The first layer is activated upon recognition of MICROBE/PATHOGEN-
ASSOCIATED MOLECULAR PATTERNS (MAMPsS/PAMPs) by PATTERN-
RECOGNITION RECEPTORS (PRRs), which are plasma membrane-localized RLKs
and RLPs (Figure 2a) (Jones and Dangl, 2006; Boller and Felix, 2009). Collectively, this
line of immunity is known as PAMP-TRIGGERED IMMUNITY (PTI).
MAMPs/PAMPs correspond to essential conserved regions of pathogen or microbial
components. Likewise, PTI can also be activated upon the detection of DAMAGE-
ASSOCIATED MOLECULAR PATTERNS (DAMPs), which are molecules secreted by
the plants as a result of exposure to biotic and abiotic stresses (Figure 2a) (Gust et al.,
2017; Tang et al., 2017; Ortiz-Morea and Reyes-Bermudez, 2019). Activation of PTI
leads to an increase of intracellular calcium, activation of MAPK, a burst of reactive
oxygen species (ROS), activation of CALCIUM-DEPENDENT PROTEIN KINASES
(CDPKSs), massive transcriptional reprogramming, stomata closure, callose deposition,
and so forth (Figure 2a) (Wu et al., 2014; Couto and Zipfel, 2016; Yu et al., 2017; Wang

et al., 2020). Currently, despite the large number of genes predicted to encode RLKs and



RLPs, only a small portion have been characterized, and few ligands are identified
(Figure 2b, Table 1). Most of the characterized PRRs belong to the LRR subgroup.

PTI responses contribute to plants effectively fighting off non-adapted microbes
and provide restricted protection against host-adapted pathogens (Jones and Dangl,
2006; Boller and Felix, 2009). Nevertheless, most of the host-adapted microbes can
overcome the first line of defense by deploying and delivering effectors into the plants
that will target specific components of PTI and block its activation or interfere with host
physiology and other defense barriers resulting in the EFFECTOR-TRIGGERED
SUSCEPTIBILITY (ETS) (Jones and Dangl, 2006). To fend off infections, plants have
evolved intracellular NUCLEOTIDE-BINDING LEUCINE-RICH REPEAT PROTEINS
(NB-LRRs), also known as resistance proteins (R proteins), which can indirectly or
directly recognize effectors and trigger another line of defense called EFFECTOR-
TRIGGERED IMMUNITY (ETI) (Jones and Dangl, 2006; Cui et al., 2015). Activation
of ETI often induces programmed cell death at the infection sites known as the
hypersensitive response (HR) to reduce the pathogen growth (Jones and Dangl, 2006;

Cui et al., 2015).
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Figure 2. Receptor complexes in plant immunity. (A) Plants perceive external and internal signals to
regulate diverse biological processes. Several conserved regions from microbe-associated molecular
patterns (MAMPs) are recognized by RLKs and RLPs to activate plant immunity. RLKs and RLPs often
recruit co-regulatory receptors to amplify and transduce the signal into downstream MAPK cascades
which in turn are phosphorylated and transduce the signal into the nucleus, resulting in transcriptional
reprograming. In addition, early and late immune responses are also activated upon MAMP perception,
including cytosolic calcium influx, ROS burst, stomatal closure, and callose deposition.(B) Upon
perception of MAMPs/ DAMPs, RLKs and RLPs associate with co-receptors such as SERKS to transduce
the signals into the plant cell to activate immunity. The bacterial elicitors flg22 and elf18 are perceived by
the RLKs FLS2 and EFR, respectively, which then, associate with BAK1 and BKK1 to activate PTI. Plant
Lec-RLK LORE percieves bacterial LPS. Peps are perceived RLKs PEPR1 and PEPR2, which associate
with BAK1 and BKK1 to amplify immune responses. Additionally, the Lec-RLK DORNL1 binds to eATP
in response to wounding. The WAK-RLK WAKZ1 recognizes oligogalacturonides (OGs) originated from
fungi to activate defense. Besides, the fungal-derived MAMPs NLP, SCFE1, and Avr9/4 are regulated by
LRR-RLPs RLP23, RLP30, and Cf9/4, respectively, which is then associated with LRR-RLK SOBIR and
BAK1. The perception of chitin by LysM-RLP LYKS5 induces the complex formation with LysM-RLK
CERKU. In addition, LysM-RLK CERK1 also associates with LysM-RLPs LYM1 and LYMS3 to activate
immunity upon perception of bacterial PGN. Created with BioRender.com

6

LyIgos § |
BAK1



2.2. LRR-RLKSs as PRRs for the plant immune system

The first and best-characterized immune-related PRR in Arabidopsis is the LRR-
RLK FLAGELLIN SENSING 2 (FLS2) that perceives the bacterial flagellin and the
cognate peptide flg22 (Gomez-Gomez and Boller, 2000). FLS2 orthologs have been
found in tomato (Solanum lycopersicum), a wild relative of tobacco (Nicotiana
benthamiana), grapevine (Vitis vinifera), and rice (Hann and Rathjen, 2007; Robatzek et
al., 2007; Takai et al., 2008; Trda et al., 2014). The diversification of PRRs results from
modifications that have occurred over time following the evolution of the pathogens
(Steinbrenner, 2020). Therefore, analogous MAMPs may be recognized by distinct
and/or convergent PRRs. For instance, tomato has evolved another LRR-RLK, SIFLS3
that perceives flgll-28, a variation of the flg22 epitope (Hind et al., 2016).

Another well-studied LRR-RLK PRR is ELONGATION FACTOR-TU (EF-Tu)
RECEPTOR (EFR) that recognizes the bacterial EF-Tu (elf18), a very abundant and
conserved protein in bacteria (Kunze et al., 2004; Zipfel et al., 2006). Similarly to what
was observed for flagellin, a second EF-Tu epitope (EFa50) was found in rice,
suggesting that rice may have evolved PRRs that can recognize bacterial EF-Tu. Even
though elf18 is a specific MAMP for Brassicaceae species, rice plants can recognize
another region of the EF-Tu epitope (Furukawa et al., 2014).

Several other LRR-RLKs have been identified as PRRs throughout the plant
kingdom. For instance, csp22 is a peptide from bacterial COLD-SHOCK PROTEIN
(CSP) that is perceived by LRR-RLK COLD SHOCK PROTEIN RECEPTOR

(SICORE) in tomato (Wang et al.,, 2016). In addition, the MAMP RaxX from
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Xanthomonas oryzae pv. oryzae (Xo00) was reported as essential for activation of PTI
responses mediated by OsXA21, an LRR-RLK from rice (Pruitt et al., 2015). Although
remarkable progress has been made in identifying and characterizing new pairs of
MAMPs/PRRs, there is a handful of identified PRRs, which lack recognition of their
cognate ligands. For instance, NEMATODE-INDUCED LRR-RLK 1 (NLR1) is
required for nematode-mediated defense response activation in Arabidopsis; however, its
corresponding ligand is yet to be identified (Mendy et al., 2017).

Besides detecting MAMPs, LRR-RLKSs can also perceive DAMPs and activate
the immune response in response to physical wounding and herbivore attack. The RLK
PEP1 RECEPTOR1 (PEPR1) and PEPR2 in Arabidopsis recognize the so-called
PLANT ELICITOR PEPTIDE (PEP1 through 8) in response to wounding (Yamaguchi
et al., 2006, 2010; Krol et al., 2010). Furthermore, PEP1 also acts mutually with another
plant peptide family known as PAMP-INDUCED PEPTIDES (PIPs) to magnify the
immune response triggered by flagellin (Hou et al., 2014). In Arabidopsis, PIP1 is
recognized by RECEPTOR-LIKE KINASE 7 (AtRLK7) (Hou et al., 2014).

LRR-RLKSs also perceive signals from parasitic plants. For instance, the obligate
parasitic plant Orobanche cumana can infect the roots of susceptible sunflowers
(Helianthus annuus), leading to yield losses (Duriez et al., 2019). Resistant varieties of
sunflowers possess the LRR-RLK HAOR7 that prevents the parasitic plant from

attaching to the roots (Duriez et al., 2019).



2.3. LRR-RLPs as PRRs for the plant immune system

In addition to LRR-RLKs, members of LRR-RLPs perceive MAMPs and
regulate plant immune activation (Figure 2b, Table 1). Although RLPs lacks the kinase
domain to transduce the signal from the plasma membrane, it has been suggested that
LRR-RLPs constitutively associate with SUPPRESSOR OF BIR 1-1 (SOBIR1) to form
a bimolecular complex with an RLK to initiate the signal transduction (Gust and
Felix, 2014).

The first identified LRR-RLP belongs to tomato, SICF-9, which confers
resistance to pathogen Cladosporium fulvum (Cf) bearing the avirulence gene Avr9
(Jones et al., 1994). Subsequently, a few other LRR-RLPs were identified as PRRs for
resistance genes, such as SICf-2, SICf-4, and SICf-5 (Dixon et al., 1996, 1998; Thomas
et al., 1997). Although these LRR-RLPs require binding to ligands to activate PTI, the
evidence of direct binding does not occur. Instead, they perceive the inhibitory effect of
the avirulence proteins on the specific plant cysteine proteases such as Rcrl, Rcr2, and
Rcr3 (Hammond-Kosack et al., 1994; Rooney et al., 2005). In tomato, perception of the
ETHYLENE-INDUCED XYLANASE (eix) from fungi Trichoderma spp. requires the
LRR-RLPs LeEIX1 and LeEIX2 (Ron and Avni, 2004; Zipfel, 2008). Although LeEIX1
and LeEIX2 can bind to eix elicitor, only LeEIX2 can transduce the signal to induce
plant defense, whereas LeEIX1 acts as a decoy receptor and suppresses the immune
response activated by LeEIX2 (Ron and Avni, 2004; Bar et al., 2010). Unlike in tomato,
the csp22 perception in tobacco is accomplished by an LRR-RLP called RECEPTOR-
LIKE PROTEIN REQUIRED FOR CSP22 RESPONSIVENESS (NbCSPR) (Saur et al.,

2016).



In Arabidopsis, LRR-RLP RLP23 confers resistance to a wide-spread microbial
elicitor from bacteria, fungi, or oomycetes called NECROSIS- AND ETHYLENE-
INDUCING PEPTIDE 1 (NEP1)-LIKE PROTEINSs (NLPs) (Béhm et al., 2014; Albert et
al., 2015). Meanwhile, LRR-RLP RLP30 triggers PTI in response to the fungal elicitor
SCLEROTINIA CULTURE FILTRATE ELICITOR 1 (SCFE1l) from Sclerotinia
sclerotiorum (Zhang et al., 2013). Additionally, the fungal
ENDOPOLYGALACTURONASE (PGs) was reported as MAMP perceived by the
LRR-RLP RLP42, also known as RESPONSE TO BOTRYTIS
POLYGALACTURONASES 1 (RBPG1) (Zhang et al., 2014). Moreover, LRR-RLPs
are also able to detect MAMP elicitors from parasitic plants. For instance, the first of its
kind is the tomato LRR-RLP CUSCUTA RECEPTOR 1 (SICuRel), which can perceive
a small peptide factor from the parasitic plant, Cuscuta reflexa (Hegenauer et al., 2016).

Recent studies have shown that the conservation of RLKs and RLPs has taken
place across land plants. Nevertheless, compared with the widespread preservation of
RLKSs, RLPs are less conserved but show a degree of conservation within the specific
plant genus (Steinbrenner, 2020; Jamieson et al., 2018). As revealed by a recent study,
most of the characterized LRR-RLPs from tomato and Arabidopsis are classified into
different clades with no evident orthology between them (Steinbrenner, 2020). For
instance, Arabidopsis LRR-RLPs 30, 23, and 42 are grouped within the Arabidopsis
clade, whereas the tomato LRR-RLPs Cf-4 and Cf-5 are placed in the tomato clade.

Albeit the LRR-RLPs LeEIX1, LeEIX2, and CuRel are not placed in a clade as specific
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as the above mentioned LRR-RLPs, they are still classified within particular species

groups (Steinbrenner, 2020).

2.4. RLKs and RLPs with a distinct extracellular domain as PRRs for the
plant immune system

Although LRR comprises the most common extracellular domain of RLKs and
RLPs, there are others with peculiar extracellular domains that also play a role in the
activation of plant immune responses upon the presence of MAMPs and DAMPs (Figure
2b, Table 1). For instance, chitin, the primary component of the fungal cell wall, is
perceived by a complex formed by the LysM-RLKs LYSINE MOTIF RECEPTOR
KINASE 5 (LYKS5), LYSINE MOTIF RECEPTOR KINASE 4 (LYK4), and CHITIN
ELICITOR RECEPTOR 1 (CERKZY), also known as LYK1 (Kaku et al., 2006; Miya et
al., 2007; Cao et al., 2014; Xue et al., 2019). The receptors in this complex have a
differential contribution to recognizing the elicitor and activation of defense response.
For instance, LYKS5 is the primary receptor of chitin, whereas LYK4 acts as a scaffold
protein to increase the immune response (Cao et al., 2014; Xue et al., 2019). Meanwhile,
CERK1 binds to LYKS5 in a chitin-depend manner, and the binding is required for
CERK1 phosphorylation and transduction of the signal from the membrane to the
intracellular space to activate PTI (Cao et al., 2014). Additionally, a lectin S-domain
RLK LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION (LORE) was
reported to recognize medium-chain 3-hydroxy fatty acids (mc-3-OH-FAs) from

bacterial LPS (Kutschera et al., 2019). Furthermore, a WAK domain RLK, WALL-
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ASSOCIATED KINASE 1 (WAK1), can recognize the oligogalacturonides (OGs)
released during fungal infection (Brutus et al., 2010). This receptor can activate MAMPs
and DAMPs in response to both immunity and development. Moreover, it has been
shown that the malectin-like domain RLKs ANXUR1 (ANX1) and ANX2 function as a
molecular link regulating two-tiered plant immunity by association with both PRR and
NB-LRR protein complexes (Mang et al., 2017); however, how ANXs differentially
modulated plant PTI and ETI is not clear.

Along with the various RLKSs with distinct extracellular domains, several RLPs
with LysM motifs have been extensively studied. For instance, the rice receptor CHITIN
ELICITOR BINDING PROTEIN (OsCEBIP) was reported to play a critical role in the
perception and activation of downstream signaling in response to chitin (Shimizu et al.,
2010). Later on, similarly to Arabidopsis, the RLK OsCERK1 was also identified as a
crucial component of the chitin-mediated immune signaling in rice (Shimizu et al.,
2010). Additionally to its function in chitin recognition, OsCERKZ1, together with LYSM
DOMAIN-CONTAINING PROTEIN 4 (LYP4) and LYPS6, also play a role in perceiving
bacterial peptidoglycan (PGN) (Liu et al., 2012). Similarly, in Arabidopsis, CERK1 also
associates with two LysM-RLPs called LYSIN-MOTIF 1 (LYM1) and LYM3 to activate
PTI in response to bacterial PGN (Willmann et al., 2011).

In addition, RLKs with a distinctive extracellular domain plays a role in
amplifying the PTI responses and activating plant defense upon DAMP perception. For

instance, DOES NOT RESPOND TO NUCLEOTIDES 1 (DORN1) is an RLK with an

12



extracellular lectin domain, and binds to the extracellular ATP (eATP) in response to

physical wounding (Choi et al., 2014).
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Table 1. RLKs and RLPs in plant immunity. Receptor names are included with the extracellular
domain composition, organism identified, ligand recognized, origin of the ligand, and known co-
regulatory proteins.

Receptor name Ii)r(tc;g‘r:r?giﬁ Plant Ligand Ligand origin Co-receptors
RECEPTOR-LIKE KINASE
FLS2 LRR Arabidopsis  flg22 Bacteria BAK1, BKK1
FLS3 LRR Tomato flgll-28 Bacteria BAK1
EFR LRR Arabidopsis  elf18 Bacteria BAK1, BKK1
CORE LRR Tomato csp22 Bacteria BAK1
Xa2l LRR Rice raxXx Bacteria SERK?2
NLR1 LRR Arabidopsis  ? Nematode
PEPR1/PEPR2 LRR Arabidopsis  Peps Plants BAK1, BKK1
RLK7 LRR Arabidopsis  PIP1 Plants BAK1, BKK1
DORN1 Lectin  Arabidopsis eATP Plants
LYKA4/LYK5 LysM Arabidopsis chitin Fungi
CERK1 LysM Arabidopsis chitin Fungi
LORE LysM Arabidopsis  LPS Bacteria
WAK1 WAK  Arabidopsis OGs Plants
CERK1 LysM Rice chitin Fungi
RECEPTOR-LIKE PROTEIN
SICf9 LRR Tomato Avr9 Fungus BAK1, SOBIR1
SICf2 LRR Tomato Avr2 Fungus BAK1, SOBIR1
SICf4 LRR Tomato Avrd Fungus BAK1, SOBIR1
SICf5 LRR Tomato Avr5 Fungus BAK1, SOBIR1
LeEIX1/LeEIX2 LRR Tomato EIX Fungi BAK1, SOBIR1
NbCSPR LRR Tobacco  csp22 Bacteria BAK1
RLP23 LRR  Arabidopsis NLPs anocr::e;:it:ngi, BAK1, SOBIR1
RLP30 LRR Arabidopsis SCFE1 Fungi BAK1, SOBIR1
RLP42 LRR Arabidopsis  PGs Fungi SOBIR1
CuRel LRR Tomato %éfg:na Parasitic plant
CEBIP LysM Rice chitin Fungi
LYP4/LYP6 LysM Rice PGNs/chitin  Bacteria, Fungi
LYM1/LYM3 LysM  Arabidopsis PGNs Bacteria
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CHAPTER Il
THE ROLES OF RECEPTOR-LIKE KINASES AND RECEPTOR-LIKE PROTEINS

IN PLANT DEVELOPMENT

3.1. Plasticity of plant growth and development

In contrast with animals, plants have the ability to form and regenerate organs
throughout their life cycle and dynamically adjust their body architecture in response to
environmental conditions. Therefore, to promote their growth and development, plants
rely on pluripotent stem cells that compose the meristems. These cells are not
specialized, and they continuously divide to generate new cells that subsequently induce
the differentiation of all cell types (Heidstra and Sabatini, 2014; Greb and Lohmann,
2016).

The embryonic phase includes the establishment of the shoot apical meristem
(SAM), the root apical meristem (RAM), and the first vascular stem cells. Afterward, in
the post-embryonic phase, the SAM induces the development of leaves, flower
primordia, side branches, and stem tissue (Kitagawa and Jackson, 2019). Meanwhile, the
RAM induces the elongation and the formation of primary and lateral roots (Kitagawa
and Jackson, 2019). In addition, the vascular tissue of the primary root, hypocotyl, and
cotyledons is derived from the first vascular stem cells. In contrast, the vascular tissue of
newly formed organs such as leaves, lateral roots, and stem, is derived from the apical
meristems (Zhu et al., 2020). The vascular tissue allows the plant to grow radially,

resulting in the thickening of the stem tissue (Kitagawa and Jackson, 2019).
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Moreover, plants also undergo cell elongation, where the plant grows towards a
stimulus, such as light, water, physical contact, and gravity. The steady formation of new
organs and tissues by meristems demands a robust control of plant growth and
development processes regulated by hormones, plant growth regulators (PGR), and
signals from other plant cells (Drisch and Stahl, 2015; Galli and Gallavotti, 2016).
Several plant hormones function in preserving the meristem activity. For instance, auxin
and cytokinin coordinate cell differentiation and division (Pierre-Jerome et al., 2018).
Furthermore, ethylene and brassinosteroid (BR) are responsible for regulating
senescence and the control of cell elongation by ethylene and cell division, respectively
(Pierre-Jerome et al., 2018).

Interestingly, during the last decades, an increasing number of RLKs and RLPs
have been found to play crucial functions in regulating different aspects of plant growth
and development, with the LRR-RLKs and LRR-RLPs as the dominant group (Fig 3a,

3b, Table 2).

3.2. LRR-RLKSs in plant growth and development

One of the best well-characterized LRR-RLK involved in plant growth and
development is BRASSINOSTEROID INSENSITIVE 1 (BRI1) (Li and Chory, 1997).
BRI is the receptor of brassinosteroids, and it can regulate plant response to light, cell
elongation, root growth, stomata development, and stress response (Figure 3b) (Li and
Chory, 1997; Gudesblat et al., 2012; Zhu et al., 2013; Nolan et al., 2020). Another key

regulator of plant development is the phytohormone PHYTOSULFOKINE (PSK), which
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is responsible for cell division and cell expansion and perceived by the LRR-RLK PSK
RECEPTOR 1 (PSKR1) (Matsubayashi, 2002; Matsubayashi et al., 2006; Wang et al.,
2015). Additionally, the peptide PLANT PEPTIDE CONTAINING SULFATED
TYROSINE 1 (PSY1) also regulates the cell division and expansion in Arabidopsis,
after being distinguished by an LRR-RLK named as PSY1 RECEPTOR (PSY1R)
(Amano et al., 2007). Moreover, the LRR-RLKs ERECTA, ERECTA-LIKE 1 (ERL1),
and ERL2 play a role in stomatal development, reproductive organ development, and
trigger cell differentiation, upon recognition of EFIDERMAL PATTERNING FACTOR
1 (EPF1) and EPF2 (Shpak et al., 2004; Lee et al., 2012; Shpak, 2013). A recent study
identified another peptide, CLAVATA3/ESR-RELATED 9/10 (CLE9/10), also plays a
role in stomatal development upon being recognized by HAESA-LIKE 1 (HSL1) (Qian
et al.,, 2018). Furthermore, a peptide called INFLORESCENCE DEFICIENT IN
ABSCISSION (IDA), upon perception by HAESA (HAE) and HAESA-LIKE 2 (HSL2)
receptors, triggers lateral root emergence and cell abscission of the floral organ after
pollination (Figure 3a) (Cho et al., 2008; Kumpf et al., 2013).

The plant stem cells’ maintenance demands a sensitive regulation of the cell
division and differentiation in the meristems. Taking that into consideration, in
Arabidopsis, a peptide named CLAVATA 3 (CLV3) is perceived by an LRR-RLK
known as CLAVATAl (CLV1), which in turn, regulates transcription factors
responsible for the maintenance of SAM (Figure 3a) (Brand et al., 2000; Ogawa et al.,
2008; Pierre-Jerome et al., 2018). The peptide CLE9/10, additionally to its function in

stomatal patterning, is perceived by the receptors BARELY ANY MERISTEM 1
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(BAM1), BAM2, and BAMS3 to promote xylem development (Qian et al., 2018).
Furthermore, BAM receptors are also involved in anther development and the
maintenance of the meristem function (DeYoung et al., 2006; Hord et al., 2006).
Another receptor, RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2), was also reported
to play a role in meristem maintenance and anther development (Mizuno et al., 2007;
Kinoshita et al., 2010). Moreover, the CLE peptide/receptor complex also regulates the
differentiation and proliferation of the vascular stem cells. Namely, the CLE peptide
TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY (TDIF) is recognized
by the TDIF RECEPTOR (TDR), also known as PHLOEM INTERCALATED WITH
XYLEM (PXY) (Fisher and Turner, 2007; Hirakawa et al., 2008). Besides, the receptors
ROOT GROWTH FACTOR (RGF) RECEPTOR 1 to 5 (RGFR1 to RGFR5) recognize
the peptide RGF leading to a fine-tuned control of the root meristem development (Ou et
al., 2016; Shinohara et al., 2016).

Several ligand-receptor complexes have also been identified as critical
components of plant reproduction. For instance, a small protein called TAPETUM
DETERMINANT1 (TPD1) can induce the specialization of anther cells after being
perceived by the RLK EXCESS MICROSPOROCYTES1 (EMS1) or EXTRA
SPOROGENQUS CELLS (EXS) (Canales et al., 2002; Zhao et al., 2002; Yang et al.,
2003; Jia et al., 2008). In tomato, the POLLEN-SPECIFIC RECEPTOR KINASES 1
(LePRK1), LePRKZ2, and LePRK3 family regulate pollen germination and pollen tube
growth (Tang et al., 2004, 2002; Huang et al., 2014). Besides, recent studies revealed

new receptors as a critical component in regulating plant growth and development
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processes. For instance, the Arabidopsis STRUBBELIG (SUB) receptor is involved in
tissue morphogenesis and controls the composition of the plant cell wall (Chaudhary et
al.,, 2020). Meanwhile, the Kkinase-inactive RLKs MUSTACHES (MUS) and
MUSTACHES-LIKE (MUL) can control lateral root development (Xun et al., 2020).
Although MUS and MUL are in vitro kinase-inactive RLKSs, they are phosphorylated by

an unidentified kinase in planta (Xun et al., 2020).

3.3. LRR-RLPs in plant growth and development

Along with LRR-RLKSs, several LRR-RLPs have also been reported to function
as crucial components of the plant growth and development system (Figures 3a and 3b,
Table 2). However, they often require another RLK to transduce the signal. For instance,
the receptor TOO MANY MOUTHS (TMM) or RLP17 regulates the stomatal patterning
through complex formation with ERECTA and ERL1 upon the perception of EPF1 and
EPF2 in Arabidopsis (Lin et al., 2017). Similarly, CLAVATA 2 (CLV2) interacts with
CLVL1 in response to CLV3, which leads to the regulation and maintenance of SAM,
RAM, and organ development (Kayes and Clark, 1998; Jeong et al., 1999). Besides this
pathway, CLV?2 also interacts with the RLCK CORYNE (CRN) to form a complex and
independently perceive CLV3 to regulate the meristems (Figure 3a) (Mdller et al., 2008;
Bleckmann et al.,, 2010; Guo et al., 2010; Somssich et al., 2016). Meanwhile,
FASCIATED EAR 2 (FEA2), a CLV2 homolog in maize, was identified to function in
the shoot meristem proliferation and positively affect floral meristem (Taguchi-Shiobara

et al.,, 2001). Furthermore, RECEPTOR-LIKE PROTEIN (RLP44) mediates the
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activation of brassinosteroid to regulate plant growth and cell wall integrity upon pectin

modification (Wolf et al., 2014).

3.4. RLKs and RLPs with distinct extracellular domains in plant growth
and development

Apart from the LRR extracellular domain, several RLKs and RLPs with distinct
extracellular domains also contribute to plant growth and development. The malectin
domain RLK FERONIA (FER) belongs to the Catharanthus roseus RLK1-LIKE
(CrRLK1L) subfamily and takes part in the hormone signaling and female fertility in
Arabidopsis (Li et al., 2016). Besides, FER also perceives the peptide RAPID
ALKALINIZATION FACTOR (RALF) in order to regulate the primary root growth and
plant cell expansion (Haruta et al., 2014). Other malectin-like RLKSs involved in plant
reproduction are HERCULES RECEPTOR KINASE 1 (HERK1) and ANJEA (ANJ).
During fertilization, HERK1 and ANJ interact with FER to regulate pollen tube
reception (Galindo-Trigo et al., 2020). Additionally, the receptors ANXUR1 (ANX1)
and ANX2 are the closest homolog of FER and play a role in plant reproduction by
controlling the pollen tube’s cell wall integrity during fertilization (Boisson-Dernier et
al., 2009; Miyazaki et al., 2009).

CYSTEINE-RICH RECEPTOR-LIKE KINASE 28 (CRK28) was shown to
regulates growth and development of the root and shoot system, and to fine-tune ABA
signaling in germination and early root growth (Pelagio-Flores et al., 2020). In rice,

several RLKs with distinct extracellular domains have been reported recently. For
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instance, an S-domain receptor-like kinase OsESG1 plays a role in early crown root
development through auxin regulation (Pan et al., 2020). Meanwhile, the S-
RECEPTOR-LIKE KINASE 1 (OsSRK1) contributes to the salt tolerance response in
rice and regulates the leaf width (Jinjun et al., 2020). Another rice RLK identified is the
LECTIN RECEPTOR KINASE 5 (OsLecRKS5) that controls the callose deposition,

which is crucial for male gametophyte development (Wang et al., 2020).
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Figure 3. Receptor complexes in plant growth and development. (A) Plant stem cells are responsible
for plant growth during the embryonic and post embryonic phase. To maintain SAM and RAM, LRR-RLK
CLV1 perceives the peptide CLV3 and forms a complex with the co-regulatory proteins CIKs. Similarly,
LRR-RLP CLV?2 also associates with CIKs and a cytoplasmic RLK CORYNE (CRN) in response to
CLV3 and regulate SAM and RAM. LRR-RLKs RGFRs form a complex with SERKSs to control RAM
upon perception of RGFs. The xylem differentiation is regulated by LRR-RLK complexes TDR/PXY -
SERKSs and BAM1/BAM2-CIKs after perception of TDIF and CLE9/10, respectively. (B) Hormones and
peptides are also perceived by RLKS/RLPs to regulate development and growth processes. The floral
organ abscission is regulated by LRR-RLK HAE/HSL?2 associated with SERKs upon recognition of IDA.
BR is perceived by BRI1 to regulate cell elongation and root growth and development. Root growth is
regulated by cysteine-rich RLK CRK28 and LRR-RLK PSKR1-SERKs complex upon PSK perception.
PSKR1-SERKs complex also control cell expansion, which is also regulated by Malectin-RLK FER in
response to RALF. The stomatal patterning and development is controlled, respectively, by the complexes
LRR-RLP/RLK TMM-ER/ERL-SERKS in response to EPFs and LRR-RLK HSL1-SERKS in response to
CLEY9/10. The peptide TPD1 is perceived by the complex LRR-RLK EMS1-SERKs. LRR-RLK BAM1/2
together with CIKs can also regulate anther development. Created with BioRender.com
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Table 2. RLKs and RLPs in plant growth and development. Receptor names are included with their extracellular domain composition, cognate ligands, co-
regulatory proteins and functions.

Extracellular

Receptor name domain Ligand Co-regulatory receptors Function
RECEPTOR-LIKE KINASE
BRI1 LRR BR SERK1, BAK1, BKK1 Cell elongation and plant growth
PSKR1 LRR PSK SERK1, SERK2, BAK1 Cell division and cell expansion
PSYR1 LRR PSY1 SERK1, SERK2, BAK1 Cell division and cell expansion
ERECTA LRR EPFs SERK1, SERK2, BAK1 Stomatal patterning
ERL1/ERL2 LRR EPFs SERK1, SERK2, BAK1 Stomatal patterning
HAE/HSL?2 LRR IDA SERK1, SERK2, BAK1, BKK1 Floral organ abscision
HSL1 LRR CLEY9/10 SERK1, SERK2, BAK1 Stomatal patterning
CLV1 LRR CLV3 CIK1, CIK2, CIK3, CIK4 SAM and RAM maintenance
RGFR1to5 LRR RGFs SERK1, SERK2, BAK1, BKK1 RAM maintenance
BAM1/2 LRR CIK1, CIK2, CIK3, CIK4 Anther development
TDR (PXY) LRR TDIF SERK1, SERK?2, BAK1 Xylem differentiation
EMS1 (EXS) LRR TPD1 SERK1, SERK2 Male sporogenesis
LePRK1 to 3 LRR Polen tube growth
SUB LRR Tissue morphogenesis
MUS/MUL LRR Root development
FERONIA Malectin-like RALF Plant reproduction, root growth and cell expansion
CRK28 Cysteine-rich Plant growth and root organogenesis
OsESG1 S-domain Root development
OsSRK1 S-domain Leaf development
OSLecRK5 Lectin Gametophyte development
ANX1/2 Malectin-like Plant reproduction
HERK1/ANJ Malectin-like Plant reproduction
RECEPTOR-LIKE PROTEIN
TMM (RLP17) LRR EPFs SERK1, SERK2, BAK1 Stomatal patterning
CLV2 LRR CLE CIK1, CIK2, CIK3, CIK4 SAM and RAM maintenance
FEA2 LRR SAM maintenance
RLP44 LRR BR regulation and plant growth




CHAPTER IV
REGULATION OF RECEPTOR-LIKE KINASES AND RECEPTOR-LIKE

PROTEINS

Upon recognizing a ligand, RLKs and RLPs often rely on co-regulatory receptors
to transfer the signal from the apoplast to the cell interior. The plant response to a ligand
depends on the differential phosphorylation in the kinase domains of the complexes
formed at the plasma membrane (Figure 4) (Perraki et al., 2018; Burgh and Joosten,

2019).

4.1. Co-regulatory RLKSs

Currently, it is known that the co-regulatory RLKSs can interact constitutively or
in a ligand-dependent manner with a ligand-perceiving receptor (Liebrand et al., 2014).
They function as co-receptors and play a role in amplifying the ligand-receptor complex
signals transmitted to the downstream cascade by transphosphorylation (Liebrand et al.,

2014).

4.1.1. SOMATIC EMBRYOGENESIS RECEPTOR KINASES as positive
regulators in plant immunity and plant growth and development

SOMATIC EMBRYOGENESIS RECEPTOR KINASES (SERKs) are a

subgroup of LRR-RLK that operate as co-receptors for several RLKs that regulate

immunity, growth, and development (Figures 2b, 3a, and 3b) (Ma et al., 2016). SERK
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was first identified in carrot, Daucus carota SERK (DcSERK), where it functions as a
marker of embryogenesis (Schmidt et al., 1997). After that, SERK homologs were
identified in other species such as Arabidopsis thaliana, rice, cotton, tomato, among
others (Ito et al., 2005; Mantelin et al., 2011; Sakamoto et al., 2012; Gao et al., 2013; Shi
et al., 2014; Aan den Toorn et al., 2015).

In Arabidopsis, SERK3/BRI1-ASSOCIATED KINASE 1 (BAK1) and its closest
homolog SERK4/BAK1-LIKE1 (BKK1), hereafter BAK1 and BKK1 respectively, play
a positive role in MAMP-triggered immunity by complexing with PRRs (Figure 2b)
(Roux et al., 2011). For instance, the PRRs FLS2 and EFR, in response to bacterial
MAMPs flg22 and elf18 respectively, require BAK1 and BKK1 to form a complex and
subsequently activate defense response (Chinchilla et al., 2007; Roux et al., 2011).
Similarly, the tomato receptors SIFLS3 and SICORE, the tobacco NbCSPR, and the rice
receptor OsXa2l also recruit SERKSs to positively regulate plant response to bacterial
effectors (Chen et al., 2014; Hind et al., 2016; Saur et al., 2016; Wang et al., 2016). On
the other hand, ANX1 and ANX2 negatively regulate plant immune response by
associating BAK1 and FLS2 and disrupting the complex formation (Mang et al., 2017).
In addition to activating response to bacterial infections, SERKSs are also involved in
defense response to oomycetes and fungi. For instance, the activation of PTI by tomato
receptors SICf9 and SICf4, in response to fungal elicitors, is dependent on SERKS
(Liebrand et al., 2013; Postma et al., 2016). Likewise, RLP23 relies on BAK1 to activate
defense response to fungi and oomycetes in Arabidopsis (Albert et al., 2015). The PTI

activation by DAMPs also depends on SERKSs. For example, PEPR1 and PEPR2 bind in
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a ligand-dependent manner with BAK1 and BKK1 to form a heterodimer complex and
activate intracellular signaling (Postel et al., 2010; Roux et al., 2011).

On the other hand, SERKs also play a pivotal role in plant growth and
development (Figures 3a and 3b). Upon BR perception, BRI1 recruits BAK1 to form a
complex and regulate plant response to light, root growth, cell elongation, and stress
response (Li and Chory, 1997; Li et al., 2002; Nam and Li, 2002; Zhu et al., 2013).
Later, it was reported that SERK1 and BKK1 act redundantly with BAK1 to regulate the
BR-mediated signaling (Gou et al., 2012). Another example is the PSKR1 receptor that
mobilizes SERK1, SERK2, and BAK1 to form a stable complex and regulate root
growth and cell expansion in response to PSK (Wang et al., 2015). Furthermore, the
PSY 1R receptor is also able to interact with SERKSs to mediate PSY1 signal transduction
after phosphorylation, and subsequently regulate cell expansion and cell division
(Oehlenschleeger et al., 2017). In Arabidopsis, SERK1 and SERK2 are also known to
play a role in embryogenesis (Albrecht et al., 2005). They associate with EMS1/EXS to
regulate male-gametophyte development. SERKSs also carry out additional functions in
growth and development. For instance, the stomatal opening and closure are vital for
efficient gas and water exchange with the environment (Nadeau and Sack, 2002). The
stomatal cell patterning is regulated by EPFs that are recognized by the receptors ER and
ERL1. The distribution patterns in serks quadruple mutants are similar to er/erll
mutants, indicating that SERKSs play a redundant role in regulating stomatal patterning
(Meng et al., 2015). SERKs complex with ER and ERL1 upon EPF peptide perception.

Moreover, SERKs were also reported to control floral organ abscission redundantly. In
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this process, the plant peptide IDA is recognized by the receptors HAE and HSL2 that
recruit SERKSs to activate downstream signaling and promote the detachment of floral
organs (Meng et al., 2016). Besides, SERKSs are also involved in the development of root
meristem and xylem differentiation, acting as co-receptors of RGFR 1 through 5 and
TDR, respectively (Song et al., 2016; Zhang et al., 2016)

Altogether, the co-regulatory SERKSs are versatile and capable of regulating
distinct signaling pathways to maintain the plant balance between immunity and growth

and development.

4.1.2. Negative regulators of plant immunity and plant growth and
development

Although the SERK family positively regulates plant immunity and plant growth
development, negative regulators are critical for maintaining the plant homeostasis by
simultaneously attenuating the responses activated by SERKSs. For instance, the LRR-
RLK BAKI-INTERACTING RECEPTOR-LIKE KINASE 2 (BIR2) constitutively
interacts with BAK1 to avoid binding FLS2 before flg22 exposure (Halter et al., 2014;
Kumar and Van Staden, 2019). Meanwhile, another RLK from the BIR family, BIR3,
negatively regulates BR signaling by constitutively binding with BAK1 and BRI1, thus
preventing the complex formation until the ligand perception (Imkampe et al., 2017).
Furthermore, the MEMBRANE STEROID-BINDING PROTEIN 1 (MSBP1) interacts
with the extracellular domain of BAKL1, which rapidly induces its endocytosis, resulting

in a negative impact in BR signaling (Song et al., 2009). Additionally, PROTEIN

27



PHOSPHATASE 2A (PP2A), a serine/threonine protein, negatively regulates plant
immunity by controlling the kinase activity of BAK1 (Segonzac et al., 2014). Another
example of negative regulation is the ubiquitination of FLS2 by the E3-ubiquitin ligases
PLANT U-BOX 12 (PUB12) and PUB13 that culminate in the FLS2 degradation and

attenuation of PTI (Lu et al., 2011).

4.1.3. The role of SUPPRESSOR OF BIR1-1 (SOBIR1) in plant immunity,
growth and development

An additional co-regulatory LRR-RLK, SUPPRESSOR OF BIR1-1 (SOBIR1),
was initially described as a positive regulator of the cell death pathway (Gao et al.,
2009). Apart from this, SOBIR1 also constitutively interacts with other LRR-RLPs
leading to the formation of functional signaling receptor complexes (Figure 2b) (Gao et
al., 2009; Leslie et al., 2010; Gust and Felix, 2014; Liebrand et al., 2013, 2014). RLP23
requires SOBIR1 to form a complex together with BAK1 to activate immune responses
to NLP peptides (Albert et al., 2015). Besides, tomato receptors SICf9, SICf4, LeEIX1,
and LeEIX2 also interact with SOBIR1 homolog in tomato in response to fungus
(Liebrand et al., 2013). Moreover, the tomato receptor SICuRe constitutively associates
with tomato SOBIR1 to activate defense against the parasitic plant Cuscuta reflexa.
(Hegenauer et al., 2016). A recent study also described a new role of SOBIR1 in plant
growth and development. Alongside with ERECTA, SOBIRL1 regulates secondary xylem

formation (Milhinhos et al., 2019).

28



4.1.4. The role of CLV3-INSENSITIVE RECEPTOR KINASEs (CIKs) in
plant growth and development
Recently, a new class of co-receptors was described as regulators of stem cell
homeostasis. Like the SERK family, the CLV3-INSENSITIVE RECEPTOR KINASE 1
(CIK1) to CIK4 are also members of the subclass LRR 1l of the RLK family. CIKs were
reported to play a role as co-receptors of CLV1 and RPK2 in response to the CLV3
peptides to regulate meristem maintenance (Figure 3a) (Hu et al., 2018; Xu and Jackson,
2018). Subsequently, a new study reported that CIKs also bind to RPK2 and BAM1/2

receptors to regulate the differentiation of anther cells (Figure 3b) (Cui et al., 2018).

4.2. RECEPTOR-LIKE CYTOPLASMIC KINASEs (RLCKS) relaying the
signaling
RECEPTOR-LIKE CYTOPLASMIC KINASEs (RLCKSs) bear a kinase domain
similar to RLKs. However, they lack the extracellular domain and the transmembrane
domain (Lin et al., 2013b; Liebrand et al., 2014). RLCKs associate with the RLK
complexes at the plasma membrane to transmit the intracellular signal via
transphosphorylation. They play critical roles in plant immunity, growth, and

development (Lin et al., 2013b).

4.2.1. The role of RLCKSs in plant immunity
A well-known RCLK in plant immunity is BOTRYTIS-INDUCED KINASE 1

(BIK1) (Veronese et al., 2006; Laluk et al., 2011; Lu et al., 2010). BIK1 associates with
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FLS2 and BAK1 complex. Upon flg22 perception, BIK1 is phosphorylated by FLS2 and
BAKZ1. Subsequently, BIK1 is released from the complex to transduce the signal, leading
to ROS bursts (Figure 4) (Lu et al., 2010; Zhang et al., 2010). Besides, recent studies
have shown that the release of BIK1 from the PRR complex and its activation is
dependent on ubiquitination by E3 ubiquitin ligases RHA3A and RHA3B (Ma et al.,
2020). Also, BIK1 can also directly interact with several other PRR complexes,
including EFR, PEPR1, PEPR2, and CERK1 (Zhang et al., 2010; Liu et al., 2013).
Similarly, avrPphB SENSITIVE 1 (PBS1), PBS1-LIKE 1 (PBL1), and PBL2
belong to the same family as BIK1 and interact with the above mentioned PRRs to
initiate PTI responses (Zhang et al., 2010; Laluk et al.,, 2011). In tomato, PTO-
INTERACTIN 1 (PTI1) was reported to be a positive regulator of PTI activation in
response to FLS2 and FLS3 activation upon bacterial MAMPs (Schwizer et al., 2017).
Besides, CERK1 also interacts with PBS1-LIKE 27 (PBL27) to regulate PTI activation
induced by chitin (Shinya et al., 2014; Yamada et al., 2016). BR-SIGNALING KINASE
1 (BSK1), a critical RLCK in the BR pathway, can positively regulate flg22-triggered
immune response by associating with the FLS2 complex (Shi et al., 2013). In addition to
BSK1, other members of the BSK subfamily also regulate plant immunity. For instance,
BSK3 and BSK5 were reported to function together with several PRRs in response to

bacterial elicitors (Xu et al., 2014; Majhi et al., 2019).
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4.2.2. The role of RLCKS in plant growth and development

In addition to its role in plant immunity, BIK1 can directly associate and
phosphorylate the BRI1 complex to negatively regulate the BR signaling (Lin et al.,
2013a). In the presence of BR, BIK1 is released from the complex upon phosphorylation
by BRI1 (Figure 4). On the other hand, in contrast with its negative role in regulating
immunity, BSK1 plays a positive role in regulating the BR signaling (Tang et al., 2008).
Together with RLCK CONSTITUTIVE DIFFERENTIAL GROWTH (CDG1), BSK1
positively governs plant growth and development by directly binding with BRI1 (Tang
et al., 2008; Kim et al., 2011). After being phosphorylated by BRI1, BSK1 and CDG1
transduce the signal to the downstream of the BR pathway (Figure 4) (Tang et al., 2008;
Kim et al., 2011). Other BSK subfamily members such as BSK3 and BSK5 are also
involved in BR signaling response (Tang et al., 2008; Sreeramulu et al., 2013).
Additionally, SHORT SUSPENSOR (SSP) or BSK12 was reported to be involved in
embryo patterning. However, it is still unclear the receptor complex that SSP likely
associates with to regulate plant growth and development (Bayer et al., 2009; Costa et
al., 2014). Furthermore, another RLCK, known as CAST AWAY (CST), was reported to
associate with HAE and BAK1 to inhibit floral organ abscission (Burr et al., 2011).
Meanwhile, MARIS (MRI) and RPM1-INDUCED PROTEIN KINASE (RIPK) were
found to regulate root hair growth and root development, respectively, in association

with the FER receptor (Boisson-Dernier et al., 2015; Du et al., 2016; Liao et al., 2016).
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CHAPTER V
INTRACELLULAR SIGNALING UPON ACTIVATION OF RECEPTOR-LIKE
KINASE, RECEPTOR-LIKE PROTEIN, AND RECEPTOR-LIKE CYTOPLASMIC

KINASE COMPLEXES

Phosphorylated RLCKSs relay the signal transduction to convergent signaling
hubs, including MAPK cascades, ROS production, cytosolic calcium (Ca2+) influx, and
activation of CALCIUM-DEPENDENT PROTEIN KINASES (CDPKs or CPKs)
(Couto and Zipfel, 2016; He et al., 2018). In particular, the MAPK cascades are critical
for regulating plant immunity and development. In general, three kinases compose the
MAPK module: the MAPK kinase kinase (MAPKK or MEKK), the MAPK kinase
(MAPKK or MKK), and the MAPK (MPK) (Meng and Zhang, 2013). This cascade is
sequentially activated through phosphorylation events, resulting in the signal
transduction to the next substrate (Figure 4)(Meng and Zhang, 2013).

In plant immunity, two parallel MAPK cascades are activated upon
MAMP/DAMP perception. The first one comprises MEKK3 and MEKKS5 (hereafter
MEKK3/MEKKS5); MKK4/MKK5; and MPK3/MPK6. The second one consists of
MEKK1; MKK1/MKK2; and MPK4 (Meng and Zhang, 2013). For instance, the MAPK
cascade activated in response to flg22 and elfl8 include MEKK3/MEKKS5-
MKK4/MKK5-MPK3/MPK6 and MEKK1-MKK1/MKK2-MPK4 (Asai et al., 2002;
Zipfel et al., 2006; Suarez-Rodriguez et al., 2007; Meng and Zhang, 2013; Bi et al.,

2018; Sun et al., 2018). Meanwhile, the MAPK cascade downstream of chitin and
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CERK1 pathway consists of MEKK-MKK4/MKK5-MPK3/MPK6 (Miya et al., 2007;
Meng and Zhang, 2013). Likewise, plant response to DAMPs leads to activation of
WAK  receptors that will transduce the signal through the MPK3/MPKG6 cascade
(Denoux et al., 2008; Galletti et al., 2011; Meng and Zhang, 2013). MAPK activation
often leads to the expression of immune-related genes, ROS production, stomatal
closure, ethylene production, and hypersensitive response (Meng and Zhang, 2013).

Besides its function in activating immunity, MAPK cascades are also crucial for
signal transduction to regulate plant growth and development. For instance, the MAPK
cascade comprising YDA-MKK4/MKK5-MPK3/MPK6 regulates stomatal patterning
and development (Meng et al., 2015). Similarly, the above mentioned MAPK cascade
was reported to play a role downstream of the RLCK SSP to control embryo patterning
(Costa et al., 2014). Moreover, the MKK4/MKK5-MPK3/MPK6 cascade is
phosphorylated downstream HAE and HSL2 receptors regulating floral organ abscission
(Meng et al.,, 2016). However, the MAPKKK in this pathway is not known.
Interestingly, the MAPK cascade seems not to be involved in the BR signaling; in fact,
BR signaling mainly relies on RLCKSs, phosphatases, and transcription factors to
regulate plant development (Wang et al., 2014). The MAPK activation in plant
development often leads to phosphorylation of transcription factors and enzymes that
regulate the growth and development responses (He et al., 2018).

In addition to the MAPK cascade, the RESPIRATORY BURST OXIDASE
HOMOLOGs (RBOHs), also known as NICOTINAMIDE ADENINE

DINUCLEOTIDE PHOSPHATE (NADPH) oxidases, are the substrate for RLCKSs to
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relay the signal transduction that results in the accumulation of REACTIVE OXYGEN
SPECIES (ROS) (Kérkonen and Kuchitsu, 2015). As reactive molecules, ROS is able to
oxidize cellular components restricting their ability to function properly (Mittler et al.,
2004). Thus, ROS levels require tight regulation to prevent cell damage due to excessive
ROS production (Lee et al., 2020). In Arabidopsis, plasma membrane-resident RBOHD
is mainly responsible for ROS burst upon MAMP perception (Torres et al., 2002; Wang
et al., 2020). The PRRs FLS2, EFR, PEPR1, LYKS5, and CERKZ1, upon the perception of
their cognate ligands, phosphorylate BIK1, which subsequently phosphorylates RBOHD
resulting in ROS production (Figure 4) (Kimura et al., 2017). Moreover, upon the
perception of eATP by the DORNL1 receptor, RBOHD is also phosphorylated, leading to
stomatal closure and an increase of ROS burst (Chen et al., 2017). ROS also function in
controlling plant growth and development. For instance, ROS positively regulates root
meristem development via BR signaling (Lv et al., 2018; Tian et al., 2018). Besides, the
ROS oxidative state can also expedite the cell division of embryonic roots (de Simone et
al., 2017). Further, the accumulation of ROS regulates cell expansion and elongation of
roots in Arabidopsis (Foreman et al., 2003).

One of the plant responses to a variety of stimuli is an increase of the
concentration of the cytosolic free Ca2+, which leads to two opposite reactions: calcium
inflow and calcium outflow (Tuteja and Mahajan, 2007). The calcium ion influx can be
perceived by Ca2+-sensors that subsequently activate CDPKs (Tuteja and Mahajan,
2007; Boudsocq and Sheen, 2013). CDPKs can decode the calcium signals into

phosphorylation reactions to subsequently relay the signal to trigger plant response to a
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stimulus (Boudsocq and Sheen, 2013). The flg22-FLS2 complex was reported to activate
CPK4, CPK5, CPK®6, and CPK11 that afterward positively regulate the expression of
immune-related genes (Boudsocq et al., 2010). However, CPK28 was found to
negatively regulate plant immunity by phosphorylation of BIK1, limiting the amount of
BIK1 available for PTI activation (Monaghan et al., 2014). Moreover, CDPKs also
regulate ROS burst through phosphorylation; namely, CPK5 was reported to positively
control ROS activation after flg22 perception (Boudsocq et al., 2010; Dubiella et al.,
2013). CDPKs also function in plant development. For instance, several CDPKs were
reported to regulate pollen tube growth in Arabidopsis (Myers et al., 2009). Differing
from its role in immunity, CPK28 plays a positive role in vascular development and stem
elongation (Matschi et al., 2013). Nonetheless, the mechanism behind the CDPKs
regulation of immunity and development is not well understood. Recent studies have
provided new insights into calcium signaling. For instance, upon MAMP perception, the
Ca2+ channel, OSCAL.3, regulates stomatal closure, and subsequently, it is regulated by
BIK1, leading to an increase of Ca2+ influx (Thor et al., 2020). In addition, the CYCLIC
NUCLEOTIDE-GATED CHANNEL 2 (CNGC2) and CNGC4 were reported to be
essential in the formation of a functional calcium channel, that after MAMP perception,
is phosphorylated by BIK1, resulting in an increase of calcium in the cytoplasm (Tian et

al., 2019).
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Figure 4. Shared signaling regulating plant growth, development, and immunity. Upon perception of
the ligands, several RLKs and RLPs transduce the signal into the plant cell employing shared key
components. For instance, upon BR perception, BRI1 associates with BAK1, which phosphorylate BSK1
and CDG1 and release BIK1 from BRI1. Subsequently, BSK1 and CDG1 phosphorylate BSU1 which in
turn deactivate BIN2. Sequentially, BZR1 and BES1 induce the activation of BR-related genes. EMS1
form a complex with SERK1/2 in response to TPD1 regulating anther development. Recent studies have
shown that upon EMS1-SERKSs complex formation, BZR1 and BES1 activate anther development genes.
In the presence of bacterial infections, FLS2 binds to BAK1/BKK1 and subsequently phosphorylate BIK1
and BSK1, which results in ROS burst and MAPK activation, respectively. Besides, PEPR1 and PEPR2
also associate with BAK1 and BKK1 in response to Peps and subsequently, phosphorylate BIK1. Later,
the MAPK cascade is activated in response to both flg22 and Peps perception and results in transcriptional
reprogramming to activate immunity. Maroon arrows indicate the pathway activated by BRI1; meanwhile
the purple arrows represent the pathway activated by EMS1. The blue arrows indicate the pathway
activated by FLS2, while the green arrows represent the pathway activated by PEPR1/2. Black arrows
indicate converged pathways. Circled P represents phosphorylation events. Created with BioRender.com
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CHAPTER VI
EVOLUTION AND FUNCTION CONSERVATION OF SOMATIC

EMBRYOGENESIS RECEPTOR KINASE GENE FAMILY

6.1. Introduction

Layered crosstalk via convergent and shared components occurs in plant
immunity, growth, and development, ensuring effective and concerted coordination
between these biological processes. For instance, the co-regulatory receptors are
essential for signal transduction and downstream signaling activation. The SERK family
is crucial to diverse growth and development processes and immune response to
different microbial elicitors. The mechanism underlying SERKS versatility to function in
multiple signaling processes is yet to be understood. It also remains unknown how the
SERK family has evolved in plants and whether the functional conservation of SERKs
exists in early evolved plant species. Therefore, the functional characterization of
SERKSs in early evolved species would provide insight in the evolution of SERKSs in
regulating the plant growth, development and immunity.

So, due to the crucial role of SERKs in plant biological processes, we
hypothesized that SERKSs are conserved in early evolved species and shared similar roles
as SERKs from flowering /seed plants. For this reason, this work proposed to find
homolog SERKSs in Physcomitrella patens, an evolutionary distant plant, and test their
kinase functionality. In addition, we also evaluate the PpSERKSs function conservation

by genetic complementation of Arabidopsis serk mutants using PpSERKSs. Subsequently,
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we also test the function of SERKSs in Physcomitrella by generating knockout lines

through homologous recombination.

6.1.1. Physcomitrella patens as model organism for evolutionary studies

The moss Physcomitrella patens belongs to the group of bryophytes, alongside
liverworts and hornworts. Bryophytes are non-vascular plants that adapted to the land
about 400 million years ago (mya), laying the foundation for the evolution of more
complex life forms (Wellman et al., 2003). Mosses diverged from unicellular aquatic
algae and conquered the land, overcoming a wide range of stressors such as water
availability, temperature, UV exposure, and pathogens (Rensing et al., 2008). Therefore,
mosses are considered essential to study the genome evolution of plants, including the
function conservation of genes involved in crucial plant biological processes (Rensing et

al., 2008; Prigge and Bezanilla, 2010).

6.1.2. Genome of Physcomitrella patens and homologous recombination

The genome of Physcomitrella consists of 27 chromosomes with a total size of
480 Mb, compared with five chromosomes and 125 Mb in Arabidopsis (Rensing et al.,
2008; “The Arabidopsis Genome Initiative,” 2000). Evolutionary studies revealed that
whole genome duplication (WGD) events occurred in both Physcomitrella and
Arabidopsis. In Physcomitrella, two WGD events occurred 27 to 35 and 40 to 48 mya
(Lang et al., 2018). Before the first WGD, Physcomitrella had seven chromosomes.
During the first WGD, the original seven-chromosomes duplicated to yield 14 and

subsequently one chromosome was lost and a chromosome fusion occurred to generate a
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genome with 12 chromosomes. A second WGD event happened, followed by five
chromosome breaks and two chromosome fusions, which resulted in the 27 chromosome
genome of modern moss (Lang et al., 2018). In contrast, more than two WGD occurred
in Arabidopsis, including gene losses and duplications (Ku et al., 2000; “The
Arabidopsis Genome Initiative,” 2000).

Although several genomic events modulate the evolution of Physcomitrella,
about 30% of its non-redundant transcripts have homologs in Arabidopsis and rice, and
only 130 transcripts do not have homologs in seed plants. In addition, studies have
shown that Physcomitrella shares at least 66% of its genome with the model plant
Arabidopsis (Nishiyama et al., 2003; Prigge and Bezanilla, 2010). In 1991, a protocol
using gene targeting homologous recombination was described in Physcomitrella
(Schaefer et al., 1991). In the homologous recombination process, nucleotides sequences
are exchanged between homologous regions enabling the disruption or removal of
specific gene targets. This approach led to the use of Physcomitrella as a model

organism to study gene function and characterization

6.1.3. Morphology and life cycle of Physcomitrella patens

Similar to any Bryophytes, Physcomitrella displays alternation of generations,
indicating they possess both diploid and haploid stages. The dominant stage of moss' life
cycle is the haploid stage (gametophore), which is composed of rhizoids, leaf-like
structures, and a stem-like structure (Figure 5). Upon release from the capsule, the
haploid spores are dispersed and germinate into filamentous protonema with apical

growth (Figure 5). Subsequently, the protonema will grow into two types of
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gametophores, male and female, bearing the sexual organs antheridia and archegonia,
respectively. In moist conditions, the sperm fertilizes the egg leading to the formation of
diploid cells that will originate the sporophyte, which consist of seta and capsule. Inside
the capsule of the sporophyte, the spores are formed through meiosis initiating the cycle

again.

6.1.4. Physcomitrella patens response to MAMPs and pathogen

There have been a few discoveries made in regards to the Physcomitrella ability
to activate immunity. For instance, homologs of LRR-RLK CERK1 and MAPKSs were
identified as components of chitin induced immunity in Physcomitrella (Bressendorff et
al., 2016). In addition, Physcomitrella was also reported to induce ROS burst and
programmed cell death (PCD) in response to necrotrophic fungi including Botrytis
cinerea, Phytium, and bacteria Erwinia carotovora (Oliver et al., 2009; Ponce De Leo6n

etal., 2012; Ponce de Leon et al., 2007).
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Figure 5. Physcomitrella patens life cycle. Created with Biorender.

6.2. Materials and methods

6.2.1. Plant material and growth conditions

Arabidopsis WT (Col-0), bak1-4-/+serk4-/-, serk1-1-/-serk2-2-/+, bak1-4, serk1-
1/bak1-4, bakl1-5/serk4, and transgenic plants were grown in pots containing a soil mix
(Metro Mix 366, Sunshine LP5 or Sunshine LC1, Jolly Gardener C/20 or C/GP). The
pots were placed in a growth room at 23°C, 65% relative humidity and 75 pEem-2es-1
light with a 12-hour photoperiod for approximately 4 weeks before protoplast isolation,
cell death assay, ROS production, and Agrobacterium transformation. WT P. patens cv
Gransden (Ashton and Cove, 1977) and knockout lines ppserkl.1l and ppserk2 were
routinely grown on BCD medium plates (Roberts et al., 2011) overlaid with cellophane

discs (AA Packaging). The plates were then placed in continuous lighting at 25°C
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following standard protocols (Roberts et al., 2011). After approximately 10 days, the
tissue on the plates were used for elicitor treatment and re-cultivated in BCD plates

containing 5 mM diammonium tartrate for transformation purposes.

6.2.2. Plasmid constructs and generation of transgenic plants

Arabidopsis 35S::BAK1, 35S::BIK1, 35S::ASR3, 35S::BRI1, and 35S::FLS2
constructs tagged with HA (hemagglutinin) tag antibodies were reported previously (Li
et al., 2015; Lu et al., 2010; Shan et al., 2008). The PpSERK1.1 and PpSERK1.2 full
length genes were amplified by PCR from Physcomitrella cDNA and introduced into a
plant expression vector with or without an HA and a FLAG epitope tags at the C-
terminus. Point mutation were generated by site-directed mutagenesis using Pfu DNA
polymerase and 35S::PpSERK2-HA/FLAG constructs as templates. The kinase domain
of BAK1 in the pMAL-c2 (New England Biolabs) and full-length BIK1 in the modified
GST fusion protein expression vector pGEX4T-1 (Pharmacia) were reported previously
(D. Lu et al., 2010). The kinase domain of SERK1 and SERK2 and the kinase domain of
PpSERK1.1, PpSERK1.2 and PpSERK2 were amplified by PCR from Arabidopsis and
Physcomitrella cDNA, respectively, and introduced into the pMAL-c2 (New England
Biolabs) fusion protein expression vector. To generate Physcomitrella knockouts a
region of approximately 1Kb upstream and downstream of each PpSERKs were
amplified by PCR from Physcomitrella genomic DNA, and introduced into
pBHRFALinkerG1 vector (Johansen et al., 2016), flanking the hygromycin resistance

cassette. Agrobacterium-mediated transformation was used to introduce individual

42



pCB302-35S::PpSERK1.1-HA and pCB302-35S::PpSERK1.2-HA into bak1-4-/+serk4-
/- and serkl-1/bakl-4. To eliminate the C-terminal tag potential effect on SERKSs
function, individual non-tagged pCB302-35S::PpSERK1.1 and pCB302-
35S::PpSERK1.2 were introduced into bakl-4 and bakl-5/serk4 via Agrobacterium
transformation. The transgenic plants were selected with BASTA and kanamycin

resistance and immunoblot using a-HA (Roche) antibodies.

6.2.3. PEG-mediated protoplast transformation of Physcomitrella

Protoplasts isolation and PEG-mediated transformation were conducted as
described by Liu and Vidalli, 2011. The transformed protoplasts were plated in PRMB
medium plates covered with cellophane. After one week, the cellophane layer with the
protoplasts was transferred to fresh PRMB plate containing hygromycin as the selection
agent. Another week later, the cellophane with the protoplasts were transferred again to
fresh PRMB plate without the selection agent. This process was repeated twice more.
Subsequently the surviving plants were submitted to genotyping to confirm the

transformation.

6.2.4. Protoplast transient assay

Protoplasts isolation and a transient expression assay were conducted as
described by Lu et al., 2010 and Shan et al., 2008. In general, 100 ul of protoplasts at the
density of 2 x 105 /ml and 20 ng DNA were used for transfection. The flagellin peptide

flg22 (Felix et al., 1999) was used in a final concentration of 100 uM unless stated
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otherwise. While the hormone brassinolide (BL) was used in a final concentration of 2
uM unless stated otherwise. Protoplasts transfected with empty vector were used as a

control.

6.2.5. Protein Extraction, Western Blot, and Co-immunoprecipitation
Assay

To detect BRASSINOSTEROID INSENSITIVE 1 (BRI1)-EMS-SUPPRESSOR
1 (BES1) proteins, 10-days-old seedlings were grown on 1/2 MS agar plate and
subsequently transferred to six-well culture plates containing 1 mL of H20 per well (10
seedlings per well). The plants were left overnight on water. After incubation, the
seedlings were submerged for 3h in 1 mL of 2 uM brassinolide (BL) and ground to fine
powder in liquid N2. The total proteins were extracted with 2x sample buffer and a
Western blot was performed using the a-bril-Ems-Suppressor (BES1) antibody (from Y.
Yin) to detect the phosphorylation of BES1. In the co-immunoprecipitation (Co-IP)
assay, transfected protoplasts (2 x 10°) were lysed with 0.5 mL of extraction buffer [10
mM Hepes at pH 7.5, 100 mM NaCl, 1 mM EDTA, 10% (vol/vol) glycerol, 0.5% Triton
X-100, and protease inhibitor mixture from Roche]. After transfection, the samples were
vortexed vigorously for about 30 s. Subsequently, the samples were centrifuged at
12,470 x g for 10 min at 4 °C. The supernatant was collected and incubated with a-HA
or a-FLAG antibody for 2 h, following the incubation with protein G-agarose beads
(Roche) for another 2 h at 4 °C. All the incubation periods were performed with gentle

shaking. After incubation, the beads washed three times with washing buffer [1L0 mM
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Hepes at pH 7.5, 100 mM NaCl, 1 mM EDTA, 10% glycerol, and 0.1% Triton X-100]
and once with 50 mM Tris-HCI at pH 7.5. The immune-precipitated proteins were
submitted to Western blot with an a-HA or a-FLAG antibody. For Co-IP using soil
grown plants. approximate 15 g of leaf samples from 4-week-old Arabidopsis were
ground in liquid N2 and subsequently ground in 10 mL of ice-cold extraction buffer 1
[20 mM Tris-HCI at pH 8.5, 150 mM NaCl, 1 mM EDTA, 20% glycerol, 1 mM PMSF,
20 mM NaF, 50 nM microcystin, and protease inhibitor mixture]. Samples were
centrifuged at 7,000 x g for 15 min at 4 °C. The supernatants were further centrifuged
for 2h at 100,000 x g and 4 °C to precipitate the total membrane fraction. In addition, the
pellet was resuspended in 1 mL buffer 2 [10 mM Tris-HCI at pH 7.5, 150 mM NaCl, 1
mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM PMSF, 20 mM NaF, and protease
inhibitor mixture]. The samples were used to perform Co-IP assay with the same

procedures as protoplast Co-IP assay.

6.2.6. BIK1 and ASR3 phosphorylation assays

In the BIK1 phosphorylation assay, FLAG epitope-tagged BIK1 was co-
transfected with individual pHBT-BAK1-HA, pHBT-PpSERK1.1-HA, pHBT-
PpSERK1.2-HA or non-tagged pHBT-BAK1, pHBT-PpSERK1.1, pHBT-PpSERK1.2
into Arabidopsis WT and bak1-4 protoplasts. Transfected protoplasts were incubated at
room temperature overnight, and then treated with 100 nM flg22 or water for 10minutes.
Protoplasts were harvested, and the total protein was separated by 10% SDS-PAGE gel

followed by an o-HA immunoblot. In the ASR3 phosphorylation assay, similar
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experiments were performed as in BIK1 phosphorylation assay, except that protoplasts

were co-transfected, FLAG epitope-tagged ASR3.

6.2.7. In vitro kinase assay

The GST and MBP fusion proteins were purified using Pierce glutathione
agarose (Thermo Scientific), and amylose resin (New England Biolabs) respectively,
following the standard protocols from the company. The concentration of the proteins
was measured using the BioRad Quick Start Bradford Dye Reagent and confirmed by
the nanodrop ND-1000 Spectrophotometer. In the in vitro Kinase assay, reactions were
prepared with 30 uL kinase buffer [20 mM Tris*HCI, pH 7.5, 10 mM MgCI12, 5 mM
EGTA, 100 mM NaCl, and 1 mM DTT] containing 0.1 mMcold ATP and 5 pCi [32P]-y-
ATP and 10 pg fusion proteins for 3 h and with gentle shaking. The reaction was
stopped by using the 4XSDS loading buffer. The phosphorylation of fusion proteins

were analyzed by autoradiography after separation with 10% SDS/PAGE.

6.2.8. MAPK assay

Arabidopsis ten-day-old seedlings (WT, bakl1-5/serk4) were grown on Y2 MS
medium, and Physcomitrella ten-day-old protonemata tissues (WT, ppserkl.l and
ppserk2) were grown on BCD medium supplemented with 5 mM diammonium tartrate.
Arabidopsis seedlings were transferred to water and incubated overnight. Both
Arabidopsis and Physcomitrella tissue were treated with 100 nM flg22 or 100nM chitin

at time points of 0, 5, or 15 minutes and frozen in liquid nitrogen. The samples were
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homogenized in the extraction buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM
EDTA, 10% glycerol, and 1% Triton X-100), and supernatant was collected after
centrifugation at max speed for 10 min at 4C. Protein samples with 1x SDS buffer were
denaturated at 95C for 10 min and subsequently separated in 10% SDS-PAGE gel to
detect pMPK3 and pMPK6 by immunoblotting with a-pERK1/2 antibody (Cell
Signaling, #9101). Protoplasts of WT and bak1-4 Arabidopsis were also used to detect
MAPK activity. In this process the protoplasts were transfected with individual HA-
tagged and non-tagged pHBT-BAK1, pHBT-PpSERK1.1, pHBT-PpSERK1.2, and
pHBT-PpSERK2. Transfected protoplasts were incubated at room temperature for
overnight and then treated with 100 nM flg22 or water for 10, 15 and 20 minutes.
Protoplasts were harvested and suspended in lysis buffer. The subsequently steps were

same for MAPK activity detection assay used for seedlings.

6.2.9. ROS Assay

Approximately 25 leaves of 5-week-old soil-grown bak1-5/serk4 were excised
into leaf discs (5-mm diameter), followed by an overnight incubation with water in 96-
well plates to remove the wounding effect. ROS burst was determined by a luminol
based assay. Leaf discs were soaked with solution containing 50 mM luminol and 10
mg/mL horseradish peroxidase (Sigma-Aldrich) supplemented with 100 nM flg22 or
water. The measurement was performed immediately after adding the solution with a
Multilabel Plate Reader (Perkin-Elmer; Victor X3) for a period of 30 min. The values for

ROS production from each line were indicated as means of relative light units.
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6.2.10. Genotyping of Arabidopsis and Physcomitrella

In order to determine the genotyping of bakl1-4-/+serk4-/- and serk1-1-/-serk2-2-
/+ transgenic plants, PCR using the Left Border (LB) primer of the T-DNA and gene-
specific (Left Primer) LP and (Right Primer) RP were performed. The primers were
designed by T-DNA Primer Design (http://signal.salk.edu/tdnaprimers.2.html) and the
PCR reactions were carried out according to its protocol. The sequence of LB is
originated from the T-DNA fragment while the LP and RP are BAK1 and SERK2 gene-
specific primers. The product of the amplification of LB plus RP indicates the insertion
of T-DNA fragment, and subsequently if it is the only amplification this indicates the
plant is homozygous for the mutation. The product of the amplification by using LP plus
RP indicates the existence of BAK1 or SERK2, which means that a copy of the WT gene
is still present. The presence of both PCR products indicates the phenotype is
heterozygous. The genotyping to confirm PpSERKSs knockouts was performed by PCR
using a primer located in the C-terminal region of hygromycin (forward) and another
primer (reverse) flanking the 1kb region downstream PpSERKS. The product of this
amplification indicates that the PpSERKS were successfully substituted by the selection
marker. Another PCR using a gene-specific primer (forward) and the same reverse
primer was performed. The product of this amplification indicates that the PpSERKS are

still intact.
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6.2.11. Accession Numbers

Sequence data from this article can be found in the Phytozome
(https://phytozome.jgi.doe.gov/pz/portal.ntml) and The Arabidopsis Information
Resource (https://www.Arabidopsis.org/) databases under the following accession
numbers: ASR3 (AT2G33550), FLS2 (AT5G46330), BIK1 (AT2G39660), BRIl
(AT4G39400), BAK1 (AT4G33430), SERK1 (AT1G71830), SERK2 (AT1G34210),
SERK4 (AT2G13790), SERK5 (AT2G13800), PpSERK1.1 (Ppls35_219V6.1),

PpSERK1.2 (Pp1s96_90V6.1), and PPSERK2 (Pp1s118 79V6.1).

6.3. Results
6.3.1. In silico identification and phylogenetic analysis of SERK family
proteins in Physcomitrella

SOMATIC EMBRYOGENESIS RECEPTOR KINASES (SERKS) are receptor-
like kinases (RLKSs) that possess an amino (N)-terminal signal peptide (SP), an
extracellular domain consisting of a leucine zipper domain (LZ), five leucine-rich
repeats (LRRs), and a serine-proline rich (SPP) domain, a single-pass transmembrane
domain (TM), and an intracellular domain consisting of juxtamembrane domain (JM), a
kinase domain, and a C-terminal domain. In Arabidopsis, the SERK family is composed
of five close homologs (SERK1 to SERKS5). To identify the SERK genes in
Physcomitrella, the full-length amino acid sequence of Arabidopsis SERKs were used as
queries for BLASTp analysis against Physcomitrella in both NCBI and Phytozome
databases (respectively, https://blast.ncbi.nlm.nih.gov/Blast.cg and

https://phytozome.jgi.doe.gov/pz/portal.html). Using 60% identity and 600 score points
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as cutoffs, three putative SERK homologs from Physcomitrella (PpSERKS), including
Pp1s35 219V6, Ppls96 90V6, and Pplsll8 79V6, were retrieved. Phylogenetic tree
using Muscle Alignment and Neighbor-Joining analysis revealed that PpSERKS lie in
closer to the clade with SERK1 and SERK2 than the BAK1 (SERK3), BKK1 (SERK4)
and SERKS5 clades (Figure 6A). Pp1s35 219V6 and Ppls96 90V6 bear considerable
high homologies to each other (97% identities and 98% similarities) and carry 81% and
82% identity with SERK1 and SERK2, respectively. Meanwhile, Pp1s118 79V6 shares
75% identity with SERK1 and SERK2 (Figure 6b) and about 83% identity with
Pp1s35 219V6 and Ppls96 90V6. As a result of the similarity of PpSERKs with
SERK1 and SERKZ2, Ppls35 219V6 was named as PpSERKL1.1, Ppls96 90V6 as
PpSERK1.2 and Pp1s118 79V6 as PpPSERK2. SERKS belong to Class Il family of LRR-
RLKs with 14 members in Arabidopsis. Using these additional members of Class Il
LRR-RLKs as baits for BLASTp analysis, 11 genes with identities above 35% were
retrieved, including the 3 putative PpSERKS. Phylogenetic tree analysis using either
Neighbor-Joining (NJ) or Maximum likelihood (ML) methods including all the class 1l
LRR-RLKs from Arabidopsis and Physcomitrella showed that PpSERK1.1,
PpSERK1.2, and PpSERK?2 are clustered together close to the clade of SERK1 and
SERK2, further distant away from the other LRR-RLKS, suggesting that PpSERK1.1,
PpSERKL1.2, and PpSERK?2 are Arabidopsis SERKSs orthologs (Supplemental figure la
and b). Moreover, PpSERKSs possess all conserved domains present in Arabidopsis

SERKS (Figure 6¢).
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Figure 6. Identification of SERKSs in Physcomitrella patens. (A) Neighbor-Joining (NJ) tree based on
the alignment of SERKs and PpSERKSs amino acid sequence. The optimal tree with the sum of branch
length = 0.85083387 is shown. Bootstrap values from 1000 replicates are shown next to the branches and
indicate the percentage of replicate trees in which the associated genes clustered together. The Dayhoff
matrix-based method was used to compute the evolutionary distances. All ambiguous positions were
removed for each sequence pair (pairwise deletion option). There was a total of 641 positions in the final
dataset. Evolutionary analyses were conducted in MEGA X. PpSERK1.1, PpSERK1.2 and PpSERK?2 are
grouped together due to the high similarity (around 80%) between the proteins. PpSERKs are also
clustered together with SERK1 and SERK2 because they share at least 75% identity. In another way,
BAK1, SERK4, and SERK5 are grouped together and share around 70% identity with PpSERKS. (B)
Protein sequence comparison between PpSERKSs and SERKSs. The table shows the percentage of identity
using SERKs as bait. (C) Domain architecture of SERK orthologs. SERK gene family possess an N-
terminal signal sequence (SP), an extracellular domain that possesses a leucine zipper (LZ), five leucine-
rich repeats (LRRs), and a serine-proline rich domain (SPP), a single-pass transmembrane domain (TM)
and an intracellular domain that possesses a juxtamembrane domain (JM), a kinase domain, and a C-
terminal domain. Those regions are highly conserved among different plant species. The sequence logo,
from https://weblogo.berkeley.edu/logo.cgi, is a graphical representation of SERKs regions where the
amino acids are more conserved among each other. The height of the amino acid indicates the sequence
conservation of each position.

To gain insight into the evolution of three PpSERKS, neighboring genes upstream
(~100 Kb) and downstream (~ 100 Kb) of PpSERKS were retrieved and compared for

their similarities (Supplemental figure 2b). Interestingly, genes upstream and
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downstream of PpSERK1.2 show high degree of similarities with those upstream and
downstream of both PpSERK1.1 and PpSERK2 (Supplemental figure 2a). The
similarities range from 60% to 95%. However, the similarities among the genes
upstream and downstream of PpSERK1.1 and PpSERK?2 are relatively low and not
significant (Supplemental figure 2a). This indicates that PpSERK1.2 may be the
ancestral gene of PpSERK1.1 and PpSERK2. This notion is further supported by the
evolution of the Physcomitrella genome (Figure 7). In the WGD1, chromosome 3 was
duplicated and originated into chromosomes 12 and 26. In the WGD2, chromosome 3
was duplicated again, one copy remained intact (chromosome 3) and the other copy was
broken down into chromosomes 8, 10 and 13. Meanwhile, chromosome 12/26 was also
duplicated in the WGD?2, generating chromosome 4. After WGD2, the chromosome
12/26 was broken down to chromosome 12 and chromosome 26 (Figure 7). PpSERK1.2
is localized in chromosome 3, the ancestral chromosome remained after WGD1 and
WGD2, supporting that PpSERK1.2 is the most ancient PpSERKs. Compared to
PpSERK1.1, PpSERK2 may diverge earlier from PpSERK1.2, as it shows a lower
degree of similarities with PPERK1.2 than PpSERK1.1. Taken together, it appears that
PpSERK1.2 may be the ancestral PpSERK, PpSERK?2 diverge out first and followed by

PpSERK1.1.
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Figure 7. Evolution of SERKSs in Physcomitrella patens. Evolution of P. patens genome (Adapted from
Lang D et al, The P. patens chromosome-scale assembly reveals moss genome structure and evolution.
Plant J 2017). Originally with 7 chromosomes, the P. patens genome has evolved to 27 chromosomes after
two whole-genome duplications (WGD) over 50 million years ago (mya). In the WGD1, chromosome 3
was duplicated and originated into chromosomes 12 and 26. In the WGD2, chromosome 3 was duplicated
again, one copy remained intact (chromosome 3) and the other copy was broken down into chromosomes
8, 10 and 13. PpSERK1.2 is localized in chromosome 3, the ancestral chromosome remained after WGD1
and WGD2, supporting that PpSERK1.2 is the most ancient PpSERKs. Compared to PpSERKL1.1,
PpSERK?2, in chromosome 12, may diverge earlier from PpSERK1.2, as it shows a lower degree of
similarities with PpERK1.2 than PpSERK1.1, on chromosome 8. The yellow star indicates the position of
the putative copies of PpSERKS during the two WGD. The black arrows indicate the events occurred
during the WGD.
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6.3.2. Kinase activity of PpSERKSs

SERK1, SERK2, and BAK1 bear kinase activities, which are critical for their
functions (Hohmann et al., 2018). To examine whether PpSERKS also are active kinases,
an in vitro kinase assay was performed using their cytosolic domains (CD) fused to
maltose-binding protein (MBP) at the N-terminus. Similar to BAK1l, MBP-
PpSERK1.1CD and MBP-PpSERK1.2CD showed a relatively  strong
autophosphorylation activity, but MBP-PpSERK2CD exhibited a relatively weak
autophosphorylation activity (Figure 8a). BAK1 confers serine (Ser) /threonine (Thr)
tyrosine (Tyr) Kkinase activities (Oh et al., 2009). Using anti-Thr antibodies which
recognize phosphorylated Thr residues, we detected kinase activities in BAK1 as well as
in PpSERK1.1 and PpSERK1.2 (Figure 8b). Immuno-blots using anti-Tyr antibodies
revealed that BAK1 possesses strong Tyr phosphorylation activities and none of
PpSERKSs exhibit Tyr phosphorylation activities (Figure 8b). Consistent with P*?-based
in vitro kinase assays (figure 8a), it appears that the kinase activities of PpSERK1.1 and

PpSERKZ1.2 are weaker than BAK1.
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Figure 8. PpSERKSs possess kinase activity. (A) The cytosolic domains (CDs) of PpSERK1.1 and
PpSERK1.2, but not PpSERK2, possess autophosphorylation activities in vitro. The CD domains of
SERKS, including the juxtamembrane domain and kinase domain, were fused to maltose-binding protein
(MBP) and were subjected for an in vitro kinase assay. Proteins were separated by 10% SDS/PAGE and
analyzed by autoradiography (upper panel). The protein loading control was shown by Coomassie Blue
staining (CBS) (Lower panel). (B) Phosphorylation of PpSERKS is absent on tyrosine (Tyr) after an in
vitro kinase using phosphotyrosine antibody with radiolabeled ATP. Phosphorylation of PPSERK2 is
absent on threonine (Thr) after an in vitro kinase using phosphothreonine antibody with radiolabeled ATP,
while PPSERK1.1 and PpSERK1.2 possess some phosphorylation on thr but not as strong as in SERK3.
(C) SERKS, but not SERK1 nor SERK2, phosphorylates BIK1 and PpSERK1.1 and PpSERK1.2, but not
PpSERK?2, phosphorylate BIK1 in vitro. An in vitro kinase assay was performed by incubating MBP,
MBP-PpSERK1.1CD, MBP-PpSERK1.2CD, MBP-PpSERK2CD, MPB-AtSERK1CD, MBP-
AtSERK2CD, and MBP-AtSERK3CD with GST-BIK1CDKm. Proteins were separated with SDS/PAGE
and analyzed by autoradiography (Upper). The protein loading control was shown by Coomassie blue
staining (Lower). (D) PpSERK2 have polymorphisms in important phosphorylation sites in the activation
loop of the kinase domain (Ala, highlighted in red). Scheme comparing the phosphorylation sites of
PpSERK1.1/1.2 and SERKZ1/2/3 with PpSERK2. Phosphorylation sites in red indicate
transphosphorylation sites in SERK3 and in purple indicate autophosphorylation sites in SERK3.
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It is known that BAK1 phosphorylates BIK1, a receptor-like cytoplasmic kinase
in Arabidopsis (Lu et al., 2010). To examine whether PpSERKs are able to
phosphorylate BIK1, we performed an in vitro kinase assay using the kinase mutant
variant of BIK1 (BIK1km, to avoid auto phosphorylation) fused to Glutathione S-
transferase (GST-BIK1km) as substrates. MBP-BAK1CD strongly phosphorylates GST
BIK1, while MBP-SERK1CD and MBP-SERK2CD display weak phosphorylation on
GST-BIKL1. Despite being phylogenetically closer to SERK1/2, MBP-PpSERK1.1CD
and MBP-PpSERK1.2CD transphosphorylate GST-BIK1Km similar to BAK1 (Figure
8c). MBP-PpSERK2CD only showed a slight transphosphorylation of GST-BIK1Km
(Figure 8c). The data indicate that PpSERK1.1 and PpSERK1.2 resembles BAK1
phosphorylating BIK1. Notably, in the activation loop of the kinase domain of
PpSERKZ2, one of the conserved threonine residues is substituted by alanine (Ala)
(Figure 3E). This may contribute to a reduced kinase activity of PpSERK2. In addition,
the conserved Ser and Tyr residues in the CTD domain of SERKS are substituted by Asn
and Glu in PpSERK1.1 and PpSERK1.2, which may attribute to their relative weak

kinase activities.

6.3.3. PpSERK1.1 and PpSERK1.2 play a role in MAMP-triggered
immunity

In Arabidopsis, BAK1 together with BKK1 play a positive role in MAMP-

triggered immunity via complexing with PRRs as co-receptors. For instance, BAK1 and

BKK1 interact with FLS2, which recognize bacterial flagellin or flg22, a 22-amino acid
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synthetic peptide corresponding to a conserved core with full elicitor activity. Perception
of flg22 induces rapid phosphorylation of BIK1 by BAKL. In the bak1-4 mutant, flg22-
induced BIK1 phosphorylation, which could be readily detected as a mobility shift on
the Western Blot (WB), is compromised compared to WT plants (Figure 9a) (Lu et al.,
2010). To investigate if PpSERKs play a role in MAMP-triggered immunity,
PpSERK1.1 and PpSERK1.2 genes, under the control of the CAULIFLOWER MOSAIC
VIRUS (CaMV) 35S promoter with an HA tag at their carboxyl (C)-terminus
(35S::PpSERK1.1-HA and 35S::PpSERK1.2-HA) were expressed in Arabidopsis bak1-4
protoplasts. It was reported that in the presence of C-terminal tags, BAK1 is not able to
fully complement the immunity-related phenotypes of the bak1-4 mutant (Ntoukakis et
al., 2011). Thus, we also generated PpSERK1.1 and PpSERK1.2 without a tag under the
control of the CaMV-35S promoter (35S::PpSERK1.1 and 35S::PpSERK1.2). As shown
in Figure 9a, BAK1 with or without the HA-tag strongly restores flg22-induced BIK1
phosphorylation of the bakl1-4 mutant to the WT level. PpSERK1.1 and PpSERK1.2
without the HA tag but not those with the HA-tag are able to restore flg22-induced BIK1
phosphorylation of the bakl-4 mutant. The data indicate that PpSERK1.1 and
PpSERKZ1.2 confer a similar function to BAKL1 in flg22-induced BIK1 phosphorylation.
The downstream of the FLS2-BAK1-BIK receptorsome complex consists of
mitogen-activated protein kinase (MAPK) cascades. Flg22 perception activates
phosphorylation of MAPKS, including MPK3, MPK4, and MPK6. The conserved TXY
motif of MAPKs could be detected with anti-phospho-ERK antibodies. Similar to

BAK1, PpSERKZ1.1 and PpSERK1.2 without the HA tag, but not those with the HA tag,
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restore flg22-induced MAPK activations of the bakl-4 mutant (Figure 9c). The data
suggest that PpSERK1.1 and PpSERK1.2 play a role similar to BAK1 in mediating

flg22-induced MAPK activations.
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Figure 9. PpSERK1.1 and PpSERK1.2 confer functions in PAMP-triggered immunity in
Arabidopsis. (A) Similar to SERK3, PpSERK1.1, and PpSERK1.2 were able to complement flg22-
induced BIK1 phosphorylation in Arabidopsis bak1-4 protoplasts. Protoplasts from 4-week old plants of
WT and bak1-4 were transfected with BIK1-FLAG co-expressing with the control vector, non-tagged or
HA-tagged SERKS, and PpSERKS. Transfected protoplasts were treated with or without 100 nM flg22 for
15 min after six hr incubation. Flg22-induced BIK1 phosphorylation was detected as a band shift on a
Western blot (WB) using an a-flag antibody (upper panel). Total protein loading was shown by Ponceau S
staining for Rubisco (middle panel) and protein expressions of SERKs-HA and PpSERKs-HA were shown
by WB using an anti-HA antibody (bottom panel). (B) Similar to SERK3, PpSERK1.1, and PpSERK1.2
were able to complement flg22-induced ASR3 phosphorylation in Arabidopsis bak1-4 protoplasts. Similar
experiments were done as in (A) except that protoplasts were co-transfected with ASR3-FLAG. Flg22-
induced ASR3 phosphorylation was detected as a band shift on a Western blot (WB) using an a-flag
antibody (upper panel). (C) Similar to SERK3, PpSERK1.1, and PpSERK1.2 complement flg22-triggered
MAPKSs activation in Arabidopsis bak1-4 protoplasts. Protoplasts from 4-week old plants of WT and
bak1-4 were transfected with the control vector, non-tagged or HA-tagged SERKSs, and PpSERKs.
Transfected protoplasts were treated with or without 100 nM flg22 for indicated time after six hr
incubation. The proteins were analyzed through a Western blot with an a-pErk1/2 antibody. Within one
set, the top panel shows flg22-triggered MAPK activation, the bottom panel shows the equal protein
loading by Ponceau staining for Rubisco. The last panel shows the expression of both SERKs-HA and
PpSERKs-HA.
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It has been shown that upon flg22 perception, MPK4 phosphorylates
ARABIDOPSIS SH4-RELATED 3 (ASR3), a transcriptional repressor to regulate
immune gene expression (Li et al., 2015). FIg22-induced MPK4-mediated
phosphorylation of ASR3 could be detected by a mobility shift by the WB (Figure 9b)
(Li et al., 2015). In the bak1-4 mutant protoplasts, flg22-induced ASR3 phosphorylation
is abolished (Figure 9b). Similar to BAK1, without the HA tag, PpSERK1.1 and
PpSERK1.2 restore the flg22-induced ASR3 phosphorylation of the bakl1-4 mutant
(Figure 9b). The data suggest that PpSERK1.1 and PpSERK1.2 confer a function similar
to BAK1 in flg22-mediated immune responses, including BIK1 phosphorylation, MAPK
activations, and subsequent ASR3 phosphorylation.

In addition, a ROS burst is among the early immune response in plant, upon
pathogen perception. Measurements of ROS in bakl-5-/-serk4-/- carrying
35S::PpSERK1.1 and 35S::PpSERK1.2, revealed that PpSERKSs were able to restore
ROS bursts defect from serk mutants (Figure 10a). Besides MAPK restoration on bak1-4
protoplasts, bakl-4 and bakl1-5-/-serk4-/- transgenic plants carrying PpSERK1.1 and
PpSERK1.2 were also tested to confirm MAPK activation upon flg22 treatment. As
expected, both PpSERKs without tags were able to restore MAPK activation on serk

mutants (Figure 10 b and c).
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Figure 10. ROS bursts and MAPK activation in transgenic plants. (A) PpSERK1.1 and PpSERK1.2
were able to partially restore ROS production in bakl1-5-/serk4-/- mutant platns (B) PpSERKL.1, and
PpSERK1.2 complement flg22-triggered MAPKSs activation in Arabidopsis bakl-4 and bak1-5-/serk4-/-

transgenic plants.

6.3.4. PpSERKL.1 and PpSERK1.2 play a complex role in brassinosteroid-

mediated growth and development in Arabidopsis

In Arabidopsis, BAK1 together with SERK1 and BKK1 play a role in

Brassinosteroid (BR)-mediated plant growth and development (Gou et al., 2012).

Genetic analysis of different combinations of mutants indicates that BAK1 plays a

primary role followed by SERK1 and then BKK1l in BR-mediated growth and
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development. The serkl-lbakl-4 mutant display BR-related growth defects such as
shorter petioles and more compact and rounder leaves than wide-type (WT) Col-0
Arabidopsis plants (Figure 11a). In order to evaluate the contribution of PpSERKS for
the BR-mediated growth and development, we transformed PpSERK1.1 and PpSERK1.2
genes with an HA tag at their carboxyl (C)-terminus under the control of the cauliflower
mosaic virus (CaMV) 35S promoter (35S::PpSERK1.1-HA and 35S::PpSERK1.2-HA)
into serk1-1bak1-4. Multiple independent lines of transgenic plants with similar protein
expression levels were obtained (Supplemental figure 3). Transgenic plants expressing
PpSERK1.1 or PpSERK1.2 clearly restored the shortened petiole and compact plant
architecture of serkl-1bakl1-4 mutant plants (Figure 11a). Surprisingly, transgenic plants
expressing PPSERK1.1 or PpSERKZ1.2 displayed much longer petioles and less compact
plant architecture when compared with WT plants (Figure 1la and b). These
characteristics resemble those from overexpression of BRI1-GFP due to increased BR

signaling (Figure 11a) (Nam and Li, 2002).
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Figure 11. PpSERK1.1 and PpSERKZ1.2 play a role in brassinosteroid (BR)-mediated Arabidopsis
growth and development. (A) Constitutive expression of PpSERK1.1 and PpSERK1.2 complement the
growth defects of the serk1-1bak1-4 mutant and resemble the growth phenotypes of BRI1 overexpression
transgenic plants. Compared to WT plants, serk1-1bak1-4 plants display shorter petioles and rounder
leaves due to impaired BR signaling while BRI1-GFP transgenic plants exhibit elongated and curling
petioles associated with elevated BR signaling. (B) Constitutive expression of PpSERK1.1 and
PpSERK1.2 complement the hypocotyl elongation defects of the serkl-1bak1l-4 mutant in the dark. The
seedlings were grown on 1/2 MS plates in the dark for 8 days. Compared to WT, serk1-1bak1-4 plants
display reduced hypocotyl elongation due to impaired BR signaling. Transgenic plants PpSERK1.1 or
PpSERKZ1.2 restore the hypocotyl elongation defects of serk1-1bak1-4 with even longer hypocotyls than
WT plants. In the presence of BRZ, serk1-1bak1-4 plants display reduced hypocotyl elongation under the
dark due to impaired BR signaling. Transgenic plants PpSERK1.1 or PpSERK1.2 restore the hypocotyl
elongation defects of serk1-1bak1-4 with even longer hypocotyls than WT plants. The data are shown as
mean + SE from at least 25 seedlings. Means with different letters are significantly different with P < 0.05.
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BR stimulates hypocotyl elongation of Arabidopsis seedlings when grown in the
dark (Yin et al., 2002). The serkl-1bak1-4 mutant plants, which bear defects in the BR
signaling, display shorter hypocotyls than WT plants (Figure 11b) (Gou et al., 2012).
Transgenic plants expressing PpSERK1.1 or PpSERKL1.2 restored the hypocotyl
elongation defects of serkl-lbakl-4 mutant plants (Figure 11b). Notably, transgenic
plants expressing PpSERK1.1 or PpSERK1.2 displayed even longer hypocotyls when
compared with WT plants, particularly for PpSERK1.2 plants (Figure 11b). Meanwhile,
treatment of brassinazole (BRZ), an inhibitor of BR biosynthesis, inhibits hypocotyl
elongation of Arabidopsis seedlings when grown in the dark, hence plants with a defect
in the BR pathway become hypersensitive to BRZ and display further shortened
hypocotyls (Figure 11b) (Yin et al., 2002,). Transgenic plants expressing PpSERK1.1 or
PpSERKZ1.2 showed similar or even longer hypocotyls than WT plants, suggesting that
PpSERKZ1.1 or PpSERK1.2 could restore or even reduce the hypersensitivity to BRZ of
serk1l-1bak1-4 mutant plants (Figure 11b). Thus, the data reveal that PpSERK1.1 and
PpSERKZ1.2 restore the growth defects of serkl-1/bak1-4 and play a positive role in the

BR signaling.

6.3.5. PpSERKZ1.2 is essential for Physcomitrella growth, development, and
survival

To assess the role of PpSERKSs in Physcomitrella, we generated knockout lines

of PpSERK1.1, PpSERK1.2 or PpSERK?2 via double homologous recombination, where

two identical or similar region of nucleotide sequences are exchanged. In order to
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achieve that, regions with a size of approximately 1 kilo-base pair (Kb) upstream (UP)
and downstream (DS) of each PpSERKs were cloned into the pBHRF vector upstream
and downstream of the hygromycin (Hyg) gene, encoding a selection marker,
respectively (Figure 12a). The constructs were introduced into Physcomitrella by using a
PEG-mediated protoplast transfection method (Liu and Vidali, 2011). The double
homologous recombination in the UP and DS regions between the vector and the
Physcomitrella endogenous genomic region will replace PpSERKSs with the Hyg gene in
the genome, enabling transformed Physcomitrella lines to gain resistance to hygromycin
(Figure 12a). Such lines were further screened and confirmed by genotyping and Sanger-
sequencing using multiple combinations of primers including reverse primers that anneal
to a region downstream of each PpSERKS, forward primers that anneal to a region from
Hyg and an internal region of each PpSERKS (Figure 12b).

Furthermore, transformation of PpSERK1.1, PpSERK1.2 or PpSERK2 KO
constructs was conducted at the same time for several independent attempts. We
obtained multiple lines of ppserkl.l and ppserk2 bearing resistance to hygromycin.
However, the transformants for ppserkl.2 survived on plates carrying the same
concentration of hygromycin for only two to three weeks and subsequently the plants
displayed stunted development and became brown and yellowish, leading to death
(Figure 12c). The ppserkl.1 and ppserk2 lines develop morphologically
indistinguishable from WT untransformed Physcomitrella lines (Figure 12c). The data
indicate that PpSERK1.2, the ancestral PpSERKs genes may play an essential role in

Physcomitrella growth, development, and survival.
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Figure 12. Physcomitrella transformation and putative transformants. (A)
Schematic diagram of the homologous recombination-based knock-out (KO) strategy.
The top scheme represents the genomic position of PpSERKS and its regions upstream
(US) and downstream (DS) used in the homologous recombination (approximately 1Kb).
The bottom scheme represents the vector containing hygromycin (Hyg) selection marker
flanked by the corresponding US and DS of PpSERKS. The dash lines indicate potential
recombination. (b) Genotyping of ppserkl1.1 and ppserk2 (C) Phenotype of the knockout
ppserk lines.

6.3.6. PpSERK1.1 and PpSERK2 play negative roles in chitin-mediated

responses and immunity to Botrytis cinerea

It has been reported that Physcomitrella is not responsive to bacterial elicitors
such as flg22, but it is responsive to fungal elicitors such as chitin in terms of MAPK
activation (Bressendorff et al., 2016). Similar to this report, we observed that chitin and
chitosan, but not bacterial elicitors, including flg22, lipopolysaccharide (LPS) or
peptidoglycan (PGN), activate MAPKSs detected by anti-phosphoErk antibodies (Figure
13a). To examine the involvement of PpSERK1.1 and PpSERK2 in immunity, we

compared chitin-induced MAPK activations of ppserk1.1 and ppserk2 mutants with WT
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Physcomitrella. The KO ppserkl.1 and ppserk2 lines displayed an enhanced MAPK
activation compared with WT (Figure 13b). These findings suggested that PpSERK1.1
and PpSERK2 may negatively regulate chitin-triggered immunity in Physcomitrella. To
further investigate this conclusion, Arabidopsis serk mutants were also treated with
chitin. Surprisingly, the mutants also showed an enhanced MAPK activation, indicating
that SERKs may act as a negative regulator of plant immunity mediated by chitin
(Figure 13c). In addition, compared to WT plants, the KO ppserk1.1, and ppserk2, when
treated with B. cinerea, a necrotrophic fungal pathogen, displayed delayed necrosis of
the gametophyte tissues, suggesting PpSERK1.1 and PpSERK2 plays a negative role in
mediating resistance to the fungal pathogen B. cinerea (Figure 13d and Supplemental
figure 4). Furthermore, Arabidopsis mutants bak1-3, bakl-4, and bak1-5 displayed an

enhanced resistance to B. cinerea infection compared to WT plants (Figure 13e).
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Figure 13. Characterization of PpSERKSs in plant immunity. (A) MAPK activation of WT
Physcomitrella upon different bacterial and fungi elicitors. The activation of MAPK was observed upon
the treatment of chitosan, but not flg22, lipopolysaccharide (LPS) nor peptidoglycan (PGN). Protonemata
tissues of 7-days old were treated with 100 pg/mL chitosan, 100 uM flg22, 200 ug/mL (LPS), and 200
ug/mL (PGN) for 0, 10 and 20 minutes. The top panel indicates the elicitor-triggered MAPK activation,
the bottom panel shows the equal protein loading by Ponceau staining for Rubisco. (B) MAPK activation
of knockout ppserks in response to chitin led to an increase of MAPK actication, indicating that ppserks
play a negative role in chitin-mediated immunity. (C) MAPK activation of Arabidopsis serks mutants also
displayed similar response to ppserks, suggesting that Arabidopsis SERKs may also play a negative role in
chitin-induced immune response. (D) ppserks knockouts showed a delayed disease phenotype when
sprayed with B. cinerea spores compared with WT. (E) Arabidopsis bakl mutants displayed enhanced
resistance to B. cinerea infection

67



6.3.7. PpSERK1.1 and PpSERK?2 function in BR-mediated growth and
development in Physcomitrella

Although there are no reports about the existence of a brassinosteroid receptor in
Physcomitrella, a biologically active BR named castasterone was identified in moss, but
the common BR, brassinolide, was not (Yokota et al., 2017). Despite that, we tested WT
Physcomitrella response to BRZ, the BR biosynthesis inhibitor. Interestingly, WT
Physcomitrella displayed growth inhibition of the protonemata and a stunted
gametophore growth in a dosage-dependent manner (Figure 14a). In addition, when
treated with BRZ, the ppserks knockout displayed strong stunted gametophore growth
and more severe reduction of protonemata development (Figure 14b).
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Figure 14. Characterization of PpSERKSs in plant growth and development. (A) Morphology of
protonemata, gametophores, and 1-month old colonies of P. patens WT upon the different concentrations
of BRZ (0, 5, 10, 15 uM). Upon the increase of BRZ concentration, the protonemata growth was reduced
and the gametophore displayed an impaired growth phenotype. (B) Both Physcomitrella tissues where
treated with BRZ to observe the mutant phenotype. The knockout lines displayed severe stunt growth of
the gametophore and reduction of development of protonemata.
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6.4. Discussion

The perception of endogenous and exogenous signals by plant cell surface
receptors contribute to the ability of plants to defend themselves against biotic and
abiotic stress while maintaining their continuous growth and development. The tradeoff
between immunity and development is tightly regulated by plants and to ensure the plant
homeostasis, signaling pathways are often modulated by shared components. In
Arabidopsis, several pathways mediated by RLKs and RLPs converge at the SERK co-
regulatory protein family, which regulates a wide range of process including plant innate
immunity, brassinosteroid signaling, male sporogenesis, cell death, stomata patterning,
and floral organ abscission. Although SERKs are ubiquitously spread among plant
species, little is known about their function conservation and evolution in early evolved
species.

A phylogenetic analysis revealed the presence of three homolog SERKS in
Physcomitrella, PpSERK1,1, PpSERK1.2, and PpSERK?2. A recent study demonstrated
that the current genome of Physcomitrella comes from two whole genome duplication
(WGD) events (Lang et., al 2018). Based on chromosome localization and sequence
identities, PpSERK1.2 (chromosome 3) was hypothesized to be the ancestral of the
PpSERKSs. During WGD1, chromosome 3 was duplicated originating chromosome 12,
where PpSERK?2 is localized. Meanwhile, in the WGD2, chromosome 3 was duplicated
again originating chromosome 8, where PpSERK1.1 is located. The degree of similarity
of PpSERKs amino acids sequences corroborated the idea that PpSERK1.2 and

PpSERK2 diverged earlier, they shared 83% identity. While PpSERK1.2 and
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PpSERK1.1 shared 97% identity, indicating that they diverged later on (Figure 7).
Furthermore, sequence analysis of neighboring genes upstream and downstream of each
PpSERKS support the hypothesis that PpSERK1.2 is the ancestral SERK (Supplemental
figure 2). Homologous genes adjacent to PpSERK1.2 were found in sequence adjacent
to both PpSERK1.1 and PpSERK2. Moreover, phylogenic analysis between
Physcomitrella and Arabidopsis showed that PpSERKS bear a higher homology with
SERK1 and SERK2. Even so, PpPSERKs were clustered together with Arabidopsis
SERK family when using either Neighbor-Joining (NJ) or Maximum Likelihood (ML)
method to position all LRR-RLKSs class Il (Figure 6 and Supplemental figure 1). In
addition, we found that all the SERK domains were conserved in PpSERKS.

The kinase activity and the conserved phosphorylation sites are crucial for
SERKSs to function properly. Our biochemical assays revealed that PpPSERK1.1 and
PpSERK1.2 displayed autophosphorylation activity similar to SERK1 and SERK2,
whereas the kinase activity in PPSERK2 was almost undetectable (Figure 8a). Similar
outcome was observed when testing the ability of SERKSs to phosphorylate the RLCK
BIK1 (Figure 8c). In addition, a differential phosphorylation pattern was observed in
PpSERKSs compared to BAK1 when Thr and Tyr specific antibody was used (Figure 8b).
This behavior is likely due to the polymorphism present in the kinase domain of
PpSERKSs. For instance, PpSERK1.1 and PpSERK1.2 possess two Asn and one Glu
amino acid sites instead of two Ser and one Tyr sites in BAK1 (Figure 8d). Additionally,
PpSERK2 display a polymorphism in an essential phosphorylation site in the activation

loop of the kinase domain, which could explain its almost undetectable kinase activity.
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Taken together, we conclude that, although PpSERKs possess differential
phosphorylation activity, they exhibit a functional kinase.

Subsequently, we tested the ability of PpSERKSs to complement Arabidopsis serk
mutants defective in PTI activation (bak1-4 and bakl-5-/-serk4-/-) and BR-mediated
growth and development (serkl-lbak1-4). Our findings indicate that, upon flg22
treatment, PpSERK1.1 and PpSERK2 were able to partially restore BIK and ASR3
phosphorylation in bak1-4 protoplasts and MAPK activation in bak1-4 protoplasts and
Jbakl-4 and bakl-5-/-serk4-/- transgenic plants (Figures 9 and 10). Additionally,
PpSERK1.1 and PpSERK1.2 were also able to partially recover ROS burst upon flg22
treatment in bak1-5-/-serk4-/- transgenic plants (Figure 10). Surprisingly, in BR
defective mutant, PpSERK1.1 and PpSERK1.2 not only restore the short petiole mutant
phenotype but also displayed a much longer petiole compared to WT plants (Figure 11).
The longer petiole phenotype is typical of BRI1 overexpression, where elevated BR
signaling results in elongated petioles and curling leaves. Although PpSERKS were able
to restore BRI defective phenotype, it was unclear why they display a phenotype similar
to BRI overexpression plants. Altogether, we were able to demonstrate that PpSERKS
play a role similar to flg22-induced PTI activation and BR-mediated growth and
development. Nevertheless, the role of PpSERKS in mediating male sporogenesis as well
as the complementation analysis of PpSERK2 is still under investigation.

Afterwards, we demonstrated that ppserkl.l and ppserk2 knockout lines in
Physcomitrella play a negative role in chitin-based immunity activation. In addition, the

knockout lines also displayed a delayed disease phenotype when treated with B. cinerea.
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These unexpected findings prompted us to test the response of Arabidopsis serk mutants
to chitin. Surprisingly, when treated with chitin, bak1-5-/-serk4-/- mutant also showed
enhanced MAPK activation. Furthermore, bak1-4 and bak1-3 mutants exhibit enhanced
resistance to the necrotrophic fungus B. cinerea in Arabidopsis. Another surprising
discovery was the ability of Physcomitrella to perceive and respond a treatment using
BR biosynthesis inhibitor, even though they do not possess a homolog of BR receptor.
Our results showed that BRZ affect the protonemata growth and displayed a stunted
gametophore in WT Physcomitrella. The knockout lines showed slightly severe
phenotype when compared with WT. Further researches are necessary to address the
new found function of SERK in chitin-mediated susceptibility and BR responses in

Physcomitrella.
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Figure 15. Model of PpSERKS function in Physcomitrella and Arabidopsis.
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Our model summarizes the function conservation of PpSERKSs in Arabidopsis
and their function in Physcomitrella (Figure 15). In terms of brassinosteroid signaling,
PpSERKSs displayed stronger responses to BR indicating that PpSERKSs can boost up
their growth and development in response to the hormone. In fact, due to the high
homology between SERKS, more research can uncover specific amino acids sites that
are responsible for the magnification of BR response. This discovery can significantly
impact the productivity of crop plants and could be a more practical approach to improve
crop yields. Additionally, the partial recovery of flagellin-induced plant immunity
activation can indicate that the ability of plants to overcome bacterial infections
happened after their establishment on land. Similar to BR, the knowledge about
important amino acid sites in SERK genes can fine-tune plant response to pathogen,
which has a direct effect on crop growth.

Taking everything into consideration, our work suggests that the function
conservation of SERKS, in response to PTI regulation and BR-mediated growth and
development, dates back to more than 400 mya. This observation indicates that very
likely Arabidopsis SERKs evolved from Physcomitrella SERKs. Additionally,
considering how ancient the function conservation of SERKSs is, we can speculate that

SERK family is essential for plant survival.
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CHAPTER VII

CONCLUSIONS

In the past decade, remarkable advances have been made to reveal the critical
role of the plant cell surface receptors in regulating plant immunity, growth, and
development. Despite the fact that the functions of a large body of RLKs and RLPs
await to be ascertained, many RLKs and RLPs have been uncovered to play novel
sentinel roles in perceiving diverse endogenous and exogenous signals. Subsequently,
the signals perceived by the RLK and RLP complexes are relayed to the downstream
signaling modules that further transduce the signaling to activate and coordinate distinct
physiological responses.

The co-regulatory protein SERKs are essential for signaling perception,
transduction and activation. Due to their multiple roles in plant immunity and
development, our research focused on understating how SERKSs evolved to modulate
distinct signaling pathways. Our findings suggest that Physcomitrella possess three
homologs SERKSs sharing around 80% identity with Arabidopsis SERKS. In addition, we
showed that PpSERKSs possess kinase activity and are able to restore the function of
mutants defective in flg22-induced immunity and Br-mediated growth and development.
Interestingly, we also uncover a new function for SERK proteins in Physcomitrella and
Arabidopsis. Our data suggests that SERKs play a negative role in chitin induced
immunity activation. Besides, we showed that although Physcomitrella does not have a

BR receptor homolog, WT and mutant display phenotypic responses to BR inhibitor.

74



Our work demonstrates that even though Physcomitrella and Arabidopsis are placed
evolutionary distant from each other, SERKs functions are conserved between them;
indicating SERKs may have evolved from a common ancestral.

Although remarkable progress has been made in understanding RLKs and RLPs
together with signaling transduction, a lot more needs to be uncover downstream
receptor complexes. For instance, most pathways activated by RLKs and RLPs lead to
the activation of MAPK cascades, and RLCKs often act downstream of the several
known PRR complexes. However, how RLCKSs dir;ectly link the signaling to the MAPK
cascades is not fully elucidated. Besides, the substrates downstream MAPK cascades are
not fully understood. Other components that function at the different modules to regulate
the activities of RLKs, RLPs, and RLCKs are emerging. Besides, recent studies have
indicated that the plasma membrane is compartmentalized into microdomains that harbor
PRRs and their associated co-regulatory receptors to promote rapid and optimized
response to different stimuli (Ott, 2017; Bucherl et al., 2017; Jaillais 2020). It would be
interesting to examine the composition and dynamics of the microdomains containing
PRRs complexes with shared components in response to various stimuli in plant
immunity, growth, and development. Functional characterization of plasma membrane-
resident RLKs and RLPs perceiving diverse environmental and endogenous cues will be
continuously a burgeoning area of investigation and offer insight into strategic

development for improved crop resilience.
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APPENDIX A

SUPPLEMENTAL FIGURES
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Supplemental figure 1. Identification of SERKs in Physcomitrella patens. (A) Neighbor-Joining
(NJ) tree based on the alignment of the LRR Class Il family of Arabidopsis thaliana and putative LRR
Class Il family of Physcomitrella patens amino acid sequence. (B) Maximum likelihood (ML) tree based
on the alignment of the LRR Class Il family of Arabidopsis thaliana and putative LRR Class Il family of
Physcomitrella patens amino acid sequence.
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Supplemental figure 2. Evolution of SERKSs in Physcomitrella patens. (A) Schematic diagram of
PpSERKs chromosomes region. Genes upstream and downstream of PpSERKs with the same color
indicate they have a high identity with each other. Genes in gray indicate that the similarity among them
was not significant. (B) Summary tables indicate the percentage of identity between genes localized
upstream and downstream PpSERKSs. The amino acid sequence of at least 10 genes upstream and
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downstream of each PpSERK were retrieved and blasted against each other.
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pCB302-35S::PpSERK1.1-HA

pCB302-35S::PpSERK1.2-HA
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pCB302-35S::PpSERK2-HA

In serk1-1/bak1-4 In serk1-1/bak1-4

Transgenic cascades introduced Numbers of TO Numbers of lines with Numbers of lines % of lines resembling
into lines obtained PpSERK protein resembling BRI1-GFP BRI1-GFP transgenic
serk1-1/bak1-4 after Basta spray expression positive transgenic plants plants
35S::PpSERK1.1-HA 9 Yes 7 80%
35S::PpSERK1.2-HA 9 Yes 8 90%
358::PpSERK2-HA 10 Yes None 0%

Supplemental figure 3. PpSERK1.1 and PpSERKZ1.2 play a role in BR-mediated Arabidopsis growth
and development. (A) Multiple transgenic lines carrying 35S::PpSERK1.1-HA or 35S::PpSERK1.2-HA
in the serk4-1/bakl-4 background from the TO generation grown in soil resemble BRI1-GFP
overexpression phenotypes with elongated and curling petioles. Notably, 35S::PpSERK1.2-HA transgenic
plants show more pronounced petiole elongation compared to 35S::PpSERK1.1-HA transgenic plants. All
transgenic lines carrying 35S::PpSERK2-HA resemble the ser4-1/bakl1l-4 mutant with shorter petioles,
rounder leaves, and dwarf architecture compared to WT plants. Protein expressions were shown below by
WB using anti-HA antibodies. (B) The summary table shows percentages of TO transgenic lines carrying
35S::PpSERKs-HA in the serkl-1bak1-4 background resembling BRI1-GFP transgenic plants. 80% to
90% of transgenic lines carrying 35S::PpSERK1.1-HA or 35S::PpSERK1.2-HA serkl-1bak1-4 with
positive PpSERK protein expressions at the TO stage show similar growth phenotypes as BRI1-GFP
transgenic plants. Despite the high protein expression, all transgenic plants carrying 35S::PpSERK2-HA in
the serk4-1bak1-4 background resemble the serk4-1bak1-4 mutant plants.
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Supplemental figure 4. B. cinerea infection in Physcomitrella WT protonemata and gametophores.
WT Physcomitrella tissues are susceptible to the pathogen, exhibiting a brownish tissue resembling cell
death. Microscopy of the protonemata and gametophore leaves indicate that the presence of the pathogen
leads to cell death.
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