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Abstract

Receptor-like kinases (RLKs) are encoded for by one of the largest gene families in
Arabidopsis and represent the predominant form of cell surface receptors in plants. RLKs
mediate signal transduction in diverse processes including steroid-mediated growth pathways,
pathogen-triggered innate immune responses. Here I present characterization of mutant
phenotypes, expression patterns, and genetic interactions for the BAK1 INTERACTING
RECEPTOR (BIR) family of Leucine-rich Repeat-RLKs, three members of which have had no
previous characterization. Furthermore, I show that cell death, aerial growth, and lateral root
development defects in bir1-1 are suppressed by mutations of the LRR-RLK co-receptor BRI1ASSOCIATED KINASE 1 (BAK1); I identify a novel primary root growth phenotype in bir1-1
mutants, as well as a lateral root development phenotype for bir3 mutants; and primary root
growth and aerial defects in bir3.bir4;bak1 triple mutants. Using an allelic series of bak1
mutations I show that bir phenotypes are dependent upon particular functions of BAK1, and
propose that the BIR family exhibits a novel function, previously undescribed for LRR-RLKs, as
regulators of co-receptor/ligand-binding receptor complex specificity.
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Chapter 1: Introduction
Receptor-like Kinases
Based upon similarity of their kinase domain sequences, the Receptor-like kinase (RLK)
family is comprised of more than 610 members, representing one of the largest gene families in
Arabidopsis. Typical RLKs contain a signal sequence, an extracellular domain (ECD), a single
transmembrane region, and a cytoplasmic serine/threonine kinase domain. This large gene
family can be divided into sub-families based upon their ECDs, with the leucine-rich repeat
(LRR) sub-family containing 235 members and the receptor-like cytoplasmic kinase (RLCK)
family, members of which lack an appreciable ECD, numbering 135 (Shiu and Bleecker, 2001).
The Arabidopsis genome additionally contains 56 LRR-containing receptor-like proteins (RLPs),
which share structural similarity to the LRR-RLKs, but lack a cytoplasmic kinase domain (Wang
et al., 2008a).
RLKs containing ECDs are generally thought to be localized to the plasma membrane
and act in the perception and signal transduction of extracellular ligands (Shiu and Bleecker,
2001). Although their sequences possess features similar to serine/threonine kinases, some
RLKs have been found to phosphorylate not only serine and threonine, but also tyrosine
residues; and other RLKs lack in vitro kinase activity (Oh et al., 2012). Despite the large size of
this gene family, only a small fraction of RLKs has an attributed function. Characterized roles of
RLKs are diverse, including functions in innate-immune response, stress response, cell-death
regulation, growth, and developmental pathways (Shiu and Bleecker, 2001).
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RLK-mediated Steroid Signaling
Brassinosteroid (BR) signaling is the most well characterized RLK-mediated pathway in
plants, with components identified connecting ligand perception to transcriptional effectors in the
nucleus (reviewed in Wang et al., 2012; Zhu et al., 2013). BRs function to promote both cell
division and cell expansion, and influence diverse processes in plants including germination,
vascular differentiation, vegetative and reproductive growth, root growth and gravitropism,
photomorphogenesis, flowering time, biotic and abiotic stress response, and male fertility (Zhu et
al., 2013).
BR Perception
BRASSINOSTEROID INSENSITIVE 1 (BRI1) was identified as the major receptor for
BRs with bri1 null mutants displaying extreme dwarfism with a compact curled rosette, male
sterility, impaired root growth, and insensitivity to exogenous BR application (Clouse et al.,
1996; He et al., 2000). Two genes closely-related to BRI1, BRI1-LIKE 1 (BRL1) and BRL3,
encode LRR-RLKs that also bind BR, however, brl1 and brl3 mutants do not show severe BR
phenotypes as bri1 does, but do enhance bri1 phenotypes as triple mutants (the related BRL2 has
not been shown to function as a BR receptor) indicating that BRI1 is the primary BR receptor in
Arabidopsis (Cano-Delgado et al., 2004). Genetic and yeast-two hybrid screens identified an
additional LRR-RLK, BRI1-ASSOCIATED KINASE 1 [(BAK1); also named SOMATIC
EMBRYOGENESIS RECEPTOR KINASE 3 (SERK3); for simplicity, BAK1 will be used in
this text], as a co-receptor of BRI1 capable of suppressing bri1 hypomorphic alleles when overexpressed (Li et al., 2002; Nam and Li, 2002). Additionally, the related SERK1 and BAK1-LIKE
1 [(BKK1) also named SERK4; for simplicity, BKK1 will be used hereafter in this text] genes
encode LRR-RLKs that also can suppress bri1 hypomorphs when over-expressed and interact
with BRI1 (He et al., 2007; Karlova et al., 2006).
BR Signaling Pathway
Summarized in Figure 1, BRI1 resides in the plasma membrane predominantly as
homooligomers and BR binding induces autophosphorylation of its cytoplasmic kinase domain
(Figure 1) (Wang et al., 2005). In the absence of ligand, BRI1 kinase activity is inhibited by an
auto-regulatory C-terminal domain and by association with BRI1 KINASE INHIBITOR 1
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Figure 1. Brassinosteroid Signaling Pathway
The current model for BR signaling. For space, BRI1 is represented as a monomer, however it is
believed to be present as oligomers in vivo; BSK represents BSK1-3 and CDG1, SERK1 and SERK4
likely act similarly to BAK1, and BRL1 and BRL3 likely act similarly to BRI1.

(BKI1), which is believed to prevent BRI1-BAK1 interaction (Wang and Chory, 2006; Wang et
al., 2005). BRs bind to an island domain and LRRs in the BRI1 ECD, and BR binding promotes
BRI1 interactions with BAK1 and SERK1 ECDs as revealed by crystallographic studies
(Santiago et al., 2013; She et al., 2011; She et al., 2013; Sun et al., 2013a). Alternative studies
using FRET-FLIM analysis of live cells, in conjunction with depletion of endogenous BR in root
cells argue that BRI1-SERK complexes are pre-formed and exist in the absence of ligand
(Bucherl et al., 2013). Fluorescence imaging studies of BRI1 and BAK1 have also revealed that
they are present in endosomes, both individually and in complexes, and that the steroid binding
protein MEMBRANE STEROID BINDING PROTEIN 1 (MSBP1) interacts with the BAK1
ECD, increases its rate of endocytosis, and over-expression of MSBP1 negatively regulates BR
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signaling (Russinova et al., 2004; Song et al., 2009). KINASE ASSOCIATED PROTEIN
PHOSPHATASE (KAPP), a known negative-regulator of multiple RLKs, interacts with
phosphorylated SERK1 and promotes its endocytosis (Shah et al., 2002; Stone et al., 1994; Stone
et al., 1998). PROTEIN PHOSPHATASE 2 A (PP2A), when methylated by SUPPRESSOR OF
BRI1 1 (SBI1), can dephosphorylate BRI1 leading to its degradation as part of a negativefeedback loop (Wu et al., 2011).
Sequential auto- and trans-phosphorylation occurs between BRI1 and BAK1 kinase
domains on specific amino acid residues responsible for both activation and inhibition of activity
(Figure 1) (Wang et al., 2008b). Activated BRI1 phosphorylates the RLCKs BR-SIGNALING
KINASE (BSK) 1, BSK2, BSK3, and CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1)
(Kim et al., 2011; Tang et al., 2008). BSK1 and CDG1 bind to and phosphorylate BRI1
SUPPRESSOR 1 (BSU1), a protein phosphatase (Kim et al., 2011; Kim et al., 2009). BSU1
dephosphorylates and inactivates the glycogen synthase kinase 3-like kinase
BRASSINOSTEROID INSENSITIVE 2 (BIN2) (Kim et al., 2009). In the absence of BR, BIN2
is a constitutively active kinase that phosphorylates the transcription factors BRASSINAZOLERESISTANT (BZR) 1 and BRI1-EMS-SUPPRESSOR 1 (BES1)/BZR2, restricting them from
entering the nucleus through interaction with 14-3-3 proteins and promoting their degradation in
the proteasome (Wang et al., 2012). In a less-characterized, BZR-independent, pathway, BIN2
interacts with the Arabidopsis thaliana heterotrimeric G protein ß subunit (AGB1) with agb1
mutants showing weak BR hyposensitive phenotypes, though downstream components of
AGB1-BIN2 are not known (Tsugama et al., 2013). In the presence of BR, PP2A
dephosphorylates BZR1 and BES1/BZR2 and they are localized to the nucleus where they direct
transcription of a large number of BR responsive genes affecting growth and development, as
well as, negative-feedback of BR signaling both through down-regulation of genes encoding
components of BR biosynthesis, and up-regulation of the methyltransferase SBI1, which
deactivates the receptor (Wang et al., 2012).
In addition to BR-specific transcriptional effects, BR signaling shares and/or affects
many transcriptional targets of signaling pathways mediated by the hormones auxin and
gibberellic acid (Wang et al., 2012).
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Defense Signaling through RLKs
LRR-RLKs play critical roles in the perception of fungal and bacterial pathogens and
activation of pathogen-triggered immunity (PTI) pathways in plants (reviewed in Schwessinger
and Ronald, 2012). The ECD of LRR-RLKs shares sequence and structural similarity with
Drosophila TOLL and mouse TOLL-LIKE RECEPTORs (TLRs), components of immune
response pathways, that physically interact with the cytosolic kinases PELLE and IRAK, which
share sequence similarity with RLK kinase domains (Nurnberger et al., 2004; Shiu and Bleecker,
2001). In addition, plant LRR-RLK PTI pathways, Drosophila TOLL pathways, and
mammalian TLR pathways share the common components of MAP kinase cascades and WRKY
transcription factors (Asai et al., 2002).
LRR-RLK-mediated PTI pathways trigger transcriptional changes in the plant to produce
defense compounds, such as defensins, lytic enzymes, and secondary metabolites, as well as
factors to strengthen cell walls and increase concentrations of reactive oxygen species (ROS).
The hypersensitive response (HR) seen as a consequence of pathogen infection is an area of
localized hypersensitive cell death to prevent further infection by biotrophic pathogens, which
require living cells for infection. Cell death activation would be disadvantageous to fighting
necrotrophic pathogens, and instead plants activate pathways to bolster cells against infection
and produce active agents to fight off pathogens (reviewed in Nurnberger et al., 2004). The
primary hormones involved in pathogen defense, salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET), act antagonistically, with SA signaling primarily activated in response to
biotrophic pathogens and JA and ET activated in response to nectrotrophic pathogens, and SA
and JA/ET pathways negatively regulating each other (Robert-Seilaniantz et al., 2011).
In comparison to effector-triggered immunity (ETI), where plants have evolved R genes
whose products target specific pathogen effector molecules in gene-for-gene resistance and large
diversity is seen just between cultivars of a given species, PTI pathways are believed to have
evolved to recognize the presence of conserved elements of pathogens, such as bacterial
flagellin, and are generally shared within a plant species (Boller and Felix, 2009).
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Pathogen Perception
In Arabidopsis, the LRR-RLK FLAGELLIN SENSITIVE 2 (FLS2) binds bacterial
flagellin (Chinchilla et al., 2007; Zipfel et al., 2004) and EF-TU RECEPTOR (EFR) binds
peptides derived from bacterial elongation factor Tu (Kunze et al., 2004). The LRR-RLKs PEP
RECEPTOR (PEPR) 1 and PEPR2, act as receptors for the endogenous immune signaling Pep
peptides which are expressed in response to stress and wounding and induce PTI (Krol et al.,
2010; Yamaguchi et al., 2010; Yamaguchi et al., 2006).
All four of these LRR-RLKs have been recently shown to physically interact with BAK1,
and bak1 mutants show reduced sensitivity to seedling growth inhibition triggered by exposure
to synthetic peptides corresponding to flagellin, flg22, and EF-Tu, elf18 (Chinchilla et al., 2007;
Heese et al., 2007; Postel et al., 2010; Schulze et al., 2010). Of these, most is known about
FLS2-BAK1 interactions, however, this is much less than what is known of BRI1-BAK1
interactions. In addition, FLS2 also interacts with BKK1 (Roux et al., 2011).
Similar to BAK1 activity in BR signaling, BAK1 shows strongest association with FLS2
in the presence of ligand. Ligand binding stimulates phosphorylation of FLS2 and BAK1,
however, unlike BRI1-BAK1 interaction, BAK1 kinase activity is not necessary for FLS2-BAK1
interaction (Schulze et al., 2010). In addition, a crystallographic study has shown that BAK1
not only binds to activated FLS2, but also shows direct physical interaction with flg22 (Sun et
al., 2013b). FLS2-BAK1 complexes endocytose, unlike BRI1-BAK1 complexes, only in the
presence of ligand, occurring 10 – 20 minutes after ligand addition, are hypothesized not to be
recycled to the plasma membrane, and are presumably degraded (Robatzek et al., 2006). Two Ubox E3-ubiquitin ligases, PUB12 and PUB13, were identified as interactors of BAK1.
Subsequent study revealed that PUB12/13 also interact with FLS2 in response to flg22, are
phosphorylated by BAK1, and ubiquitinate FLS2, targeting it for degradation (PUB12/13 do not
appear to affect FLS2 endocytosis) (Lu et al., 2011).
Perhaps owing to the importance of BAK1 in PTI signaling, Pseudomonas syringae has
evolved two effector proteins, AvrPto and AvrPtoB to target BAK1 and abrogate PTI signaling
by preventing BAK1-FLS2 complex formation. In addition, AvrPto affects not only PTI
signaling, but BR signaling pathways (Shan et al., 2008). AvrPto also binds to FLS2 and EFR
and targets FLS2 for degradation through ubiquitination (Gohre et al., 2008). Another lab group
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challenged that AvrPto directly interacts with BAK1, as their lab could not reproduce the results,
but showed that AvrPto affects EFR and BSK3 as well (Xiang et al., 2011).
PTI Signaling Pathways
As in BRI1 signaling, an RLCK has been identified as a downstream component.
BOTRYTIS-INDUCED KINASE 1 (BIK1) physically interacts with FLS2 and BAK1,
independently of each other and this interaction is reduced following flg22 treatment. BIK1 is a
phosphorylation substrate of both; however, FLS2 phosphorylation of BIK1 is BAK1-dependent,
and both FLS2 and BAK1 are substrates of BIK1 kinase activity. Additionally, bik1 mutants, as
well as mutants of related family members, show decreased PTI response indicating BIK1 is a
positive regulator of immune response (Lu et al., 2010; Zhang et al., 2010). As well as
interacting in the FLS2 pathway, BIK1 interacts with EFR, PEPR1/2, and the LysM-RLK,
CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1). CERK1 is the primary PTI receptor for
recognition of fungal chitin and contains LysM motifs, rather than LRR motifs, in its ECD, but is
part of the larger RLK family (Zhang et al., 2010). Of note, CERK1 signaling does not require,
nor has any evidence suggested, involvement of BAK1.
Recently, a point mutation in BSK1, an RLCK acting in BR signaling, bsk1-1, was
identified in a genetic screen for suppressors of ENHANCED DISEASE RESISTANCE 2
(EDR), a negative-regulator of immune response pathways dependent upon the hormone
salicylic acid (SA). In this study, BSK1 was found to interact with FLS2 and positively regulate
ROS production in response to pathogen, but not MAPK cascade activation (Shi et al., 2013).
A complete, connected pathway from the plasma membrane to positive changes in
nuclear transcription is not known for the FLS2 pathway, however many components have been
identified. The identification of MAP kinase cascade involvement used transient expression in a
non-physiological setting and genetic studies indicate a complicated interplay of the implicated
components (Asai et al., 2002; reviewed in Rasmussen et al., 2012). Although activated in
response to PTI stimulation via flg22, the MAPKKK MEKK1, MAPKKs MKK1/2, and MAPK
MPK4 appear to be negative-regulators of immune response as mekk1 and mpk4 single mutants
and mkk1;mkk2 double mutants display constitutive immune response activation (Kong et al.,
2012; Petersen et al., 2000; Suarez-Rodriguez et al., 2007). The MPK4 target MKS1 acts to
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repress defense response by sequestration of WRKY transcription factors (Rasmussen et al.,
2012). A suppressor screen of mkk1;mkk2 mutants identified the R protein SUMM2. summ2
mutants were able to suppress mekk1, and partially suppress mpk4 mutants as well (Zhang et al.,
2012). A bacterial effector protein, HOPAI1, targets MPK4 for deactivation during pathogen
infection. The proposed model has the MEKK1-MKK1/MKK2-MPK4 cascade guarding the R
protein SUMM2 and, in the presence of the bacterial effector HOPAI1, MPK4 is deactivated,
allowing SUMM2 to induce hypersensitive response in the plant, as well as MKS1-WRKY to
activate defense-related transcription (Figure 2B) (Rasmussen et al., 2012; Zhang et al., 2012)
The MAPKs MPK3, MPK6, and MPK11 are positive regulators of PTI response and act
downstream of FLS2, EFR, and CERK PTI pathways (Bethke et al., 2012; Eschen-Lippold et al.,
2012). MPK3 and MPK6 activity is dependent upon MEKK1, but not MEKK1 kinase activity
(Suarez-Rodriguez et al., 2007). Further complexity in this system was revealed when it was
identified that the MEKK1-MKK1/MKK2-MPK4 cascade negatively regulates another
MAPKKK, MEKK2 (Kong et al., 2012; Su et al., 2013). A clear model of how PTI is positively
regulated via MEKK1 activation of MPK3/6/11 has not yet been elucidated.
BAK1 Alleles and Phosphorylation Differentially Affect BAK1 Function in PTI
A point mutant of BAK1, bak1-5, was identified in a genetic screen for mutants
insensitive to treatment with the synthetic peptide EFR ligand elf18 (Schwessinger et al., 2011).
Unlike insertional bak1 mutants, this point mutant shows impaired PTI responses, including
impaired MPK4 activation in bak1-5 single mutants and impaired MPK3/6 activation in bak15;bkk1 double mutants, but does not display impaired BR response in hypocotyl elongation
(photomorphogenesis) or in quantitative analysis of BR induced transcriptional changes. When
overexpressed, BAK1-5 is able to partially suppress a bri1 hypomorphic allele. Biochemically,
BAK1-5 shows a reduction in kinase activity and enhanced physical interaction with BRI1, FLS2
and EFR (Schwessinger et al., 2011).
In a study testing the ability of phosphorylation-site point mutants induced by sitedirected mutagenesis to complement bak1 phenotypes, threonine 450 of BAK1 was identified as
a critical residue for BAK1 function in flg22 sensitivity, showing impairment when mutated to
alanine, but was dispensable in BR response, indicating differential phosphorylation of BAK1 in
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different pathway complexes (Wang et al., 2008b). A subsequent study showed that tyrosine 610
influenced BR signaling, but was not required for sensitivity to flg22, as mutations to alanine
retained seedling growth inhibition, but caused BR-related phenotypes. However, BAK1 Y610A
transgenic plants exhibited suppression of many defense related targets in microarray analysis,
further dissecting differential phosphorylation of BAK1 dependent upon pathway involvement
(Oh et al., 2010).
Cross-talk Between BR and PTI Signaling Pathways
BR and PTI signaling pathways share the common components BAK1, BKK1, and
BSK1, and all three of these play similar functions in both pathways. BIK1, however, was
recently identified as an additional component in BR signaling and furthermore, exhibits an
opposite function in BR signaling from BIK1 function in PTI response (Lin et al., 2013). The
authors’ model is that, in the absence of BL, BIK1 physically associates with BRI1 as a negativeregulator and upon BL binding to BRI1, BIK1 is phosphorylated by BRI1 and dissociates. This
model is supported by biochemical evidence as well as bik1 phenotypes of BL hypersensitivity
and increased activity of downstream components. BIK1-BRI1 interaction, unlike BIK1-FLS2
interaction, is not dependent upon BAK1 (Lin et al., 2013).
In addition to antagonistic action of BIK1 between BR and PTI pathways, two recent
studies revealed that BR signaling can negatively regulate PTI response in both BAK1dependent and independent manners (Albrecht et al., 2012; Belkhadir et al., 2012). Belkhadir et
al. show cell-death phenotypes caused by overexpression of BAK1 are suppressed by concurrent
overexpression of BRI1 and that BRI1 overexpressing plants show impaired PTI response to
flg22. To determine if these effects were dosage or activity dependent, they used a
hypermorphic allele, BRI1sud, and found increased PTI signaling that was lost when combined
with bak1 mutation. From their data, the authors’ propose a model that BRI1 overexpression
inhibits PTI signaling through sequestration of BAK1 from PTI signaling and that BAK1dependent BRI1sud positive impact on PTI signaling is through increased BAK1 function
(Belkhadir et al., 2012).
In contrast, Albrecht et al. demonstrated that treatment with BL did not activate PTI
response, nor did treatment with flg22 induce BR response, however pre- or concurrent-
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treatment of BL and flg22 resulted in reduced PTI output. To test BAK1-dependence of BL
effect on PTI signaling, they showed that the amount of BAK1 in complex with FLS2 was not
altered in response to BL treatment and that in general, more BAK1 is found in complex with
FLS2 than with BRI1. Furthermore, phosphorylation levels of BAK1 in complex with FLS2
were also not altered by BL treatment. Importantly, they showed that BAK1-independent
CERK1 PTI signaling was also impaired by BL treatment (Albrecht et al., 2012). While
Belkhadir et al. did demonstrate BAK1-dependent effects of BR signaling on PTI pathways, their
experiments involved the use of non-physiological overexpression and hypermorphic alleles.
Treatment with purified BL is also not a normal physiological condition, however, Albrecht et
al.’s model may be more relevant when considering how individual cells of developing tissues
might respond to the presence of pathogen elicitors while also responding to endogenous BRs.
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Cell-death Control by Receptor-like Kinases
Controlled cell death is a key component of multiple processes during plant development
and immune response, including large-scale cell death during leaf and organ senescence, as well
as highly-restricted cell death during tracheary element differentiation in vascular development,
embryogenesis, and localized cell death as part of the hypersensitive response in PTI (reviewed
in Lam, 2004).
SERK roles in cell-death regulation
BAK1 and BKK1 have been identified as negative-regulators of cell death, with bak1
single mutants showing defects in containment of necrotic lesions caused by pathogen infection,
and bak1;bkk1 double mutants displaying spontaneous cell death phenotypes, accompanied by
constitutive-defense activation, increased ROS accumulation, and seedling lethality (He et al.,
2007; Kemmerling et al., 2007). bak1 single mutant cell-death phenotypes are seen only in
response to necrotizing pathogens and are believed to be independent of BAK1 function in BR
signaling (Kemmerling et al., 2007). bak1;bkk1 cell-death phenotypes are also thought to be BR
independent as microarray analysis showed no significant overlap of up-regulated defenserelated transcripts present in bak1;bkk1 in bri1-4 null mutants, however, this does not completely
rule out a role for BR signaling in the bak1;bkk1 cell death phenotype. The authors’ hypothesize
that BAK1/BKK1 may function redundantly as co-receptors for an as-of-yet unidentified RLK
controlling cell death similar to BAK1’s role in PTI and BR signaling pathways (Figure 3A) (He
et al., 2007).
An additional LRR-RLK, BAK1-INTERACTING RECEPTOR-LIKE KINASE 1 (BIR1)
was identified as a negative regulator of cell death pathways (Gao et al., 2009). Like bak1;bkk1,
bir1-1 mutants show constitutive expression of defense-related transcripts and increased ROS
accumulation, however, bir1-1 plants are not completely seedling lethal, but are extremely
dwarfed, with reduced rosette leaf size and premature senescence. Unlike bak1;bkk1, bir1-1
phenotypes are partially suppressed by growth at high temperature (28° C). bir1-1 mutants also
show decreased activation of MPK4 and increased resistance to oomycete pathogens (Gao et al.,
2009).
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Figure 3. LRR-RLK Regulated Cell Death Pathways
(A) Model of BAK1, BKK1, and BIR1 negative regulation of cell death pathway. Inset: In complex with an unknown LRRRLK, BAK1 may phosphorylate BIR1 and BON1 to positively-regulate their function, or in complex with PTI LRR-RLKs,
such as FLS2, BAK1 may phosphorylate BIR1 and BON1 to negatively-regulate their function (B) Model of RLP30SOBIR1 in Arabidopsis SCFE1 signaling (C) Model of RLP-SOBIR1 signaling in Tobacco and Tomato (D) Model of BRmediated tracheary element differentiation pathway. BRL1 and BRL3 may function in place of BRI1. Other SERKs may
function as BAK1.
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Mass spectrometric analysis of co-immunoprecipitating (co-IP) proteins of BIR1-FLAG
identified peptides shared by SERK1, SERK2 and BAK1; and BAK1-BIR1 interaction was
confirmed by bimolecular fluorescence complementation (BiFC) (Gao et al., 2009). Tests for
genetic interaction with components of R-protein mediated resistance identified eds1 and pad4 as
partial suppressors of bir1-1, and mutations affecting SA biosynthesis also partially suppressed
bir1-1 (as SA accumulation is often associated with constitutive defense response) (Gao et al.,
2009).
A genetic suppressor screen of bir1-1; pad4-1 double mutants was used to identify
mutations in a gene encoding an LRR-RLK, SUPPRESSOR of BIR1 1 [(SOBIR1), also named
EVERSHED (EVR) for its role in floral organ abscission, which will be discussed in the
following section The SERK family of RLKs], and in AGB1 (AGB1 roles in BR signaling were
discussed in the first section) (Gao et al., 2009; Liu et al., 2013). sobir1;bir1-1 double mutants,
in the absence of pad4-1, only showed partial suppression of bir1-1 defects and no interaction
between BIR1 and SOBIR1 was detected in yeast two hybrid assays. Over-expression of
SOBIR1 led to uncontrolled cell death phenotypes (Gao et al., 2009). In addition to mutations in
AGB1, encoding the Arabidopsis heterotrimeric G-protein ß-subunit, double mutants in
ARABIDOPSIS G PROTEIN GAMMA (AGG1) and AGG2, which code for the γ-subunit, also
partially suppressed bir1-1, however, mutations affecting the α-subunit encoding gene did not
(Liu et al., 2013). The authors of these studies proposed a model wherein BIR functions to
“guard” R protein pathways as a negative regulator and that SOBIR positively regulates a subset
of these pathways, but not all, as sobir1 only partially suppressed bir1-1 (Figure 3A) (Gao et al.,
2009).
BIR1, as well as BAK1, was identified in a yeast two hybrid screen for interactors of
BONZAI1 (BON1), a copine protein with roles as a negative regulator of defense response
through R proteins and plant growth (Wang et al., 2011). Double mutants of bon1 and related
homologs of BON1, bon2 and bon3, show similar phenotypes to bir1-1, which are also
suppressed when grown under high temperature conditions. bir1-1;bon1 double mutants showed
additive effects: overexpression of BIR1 partially suppressed bon1 growth phenotypes, and,
reciprocally, overexpression of BON1 partially suppressed bir1-1 growth defects. Additionally,
BIR1 transcripts were reduced in bon1 and BON1 transcripts were reduced in bir1-1 (Wang et
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al., 2011). Further assays confirmed BIR1-BON1 and BAK1-BON1 interactions using BiFC and
co-IP, as well as BIR1-BON2 interaction using yeast two hybrid. Biochemical analysis
demonstrated that BON1 and BIR1 are both kinase substrates of BAK1, BIR1 can auto
phosphorylate, but BON1 did not auto phosphorylate, nor was it phosphorylated by BIR1 (Wang
et al., 2011). The authors’ model has BON1 and BIR1 acting in parallel to guard R-protein
defense pathways that are also regulated by high temperature; BON1 and BIR1 positively
regulate each other at a downstream transcriptional level; and BAK1 may activate defense
response by negatively regulating BON1 and BIR1 via phosphorylation (Figure 3A)(Wang et al.,
2011).
RLP regulation of cell death
Mutations in RECEPTOR-LIKE PROTEIN 30 (RLP30) were identified in a genetic
screen for loss of PTI pathway sensitivity to SCFE1, an elicitor fraction from the white mold
necrotrophic fungal pathogen Sclerotinia sclerotiorum (Zhang et al., 2013). Unlike PTI induced
by flg22, SCFE1 induces primarily JA/ET responses, rather than SA responses. Additionally,
the authors showed that ETI pathway components were not required for SCFE1 response (Zhang
et al., 2013). As RLPs lack a cytoplasmic kinase domain and cannot transduce signals directly,
the authors hypothesized that an RLK or RLCK functions in complex with RLP30. Mining of
large-scale interactome studies identified SOBIR1/EVR as a potential candidate. sobir1/evr and
rlp30 mutants are more susceptible to necrotrophic fungi, similar to bak1 mutants. Furthermore,
the authors showed that MPK3/4/6 activation and ET production is impaired in rlp30 and
sober/evr mutants when treated with SCFE1, but not flg22 (Zhang et al., 2013). From their data,
they propose that SOBIR1, RLP30, and BAK1 negatively regulate cell death in response to
necrotrophic pathogens – this is in contrast to the role proposed for SOBIR1 by Gao et al.
(Figure 3B) (Gao et al., 2009; Zhang et al., 2013).
In a complementary study, the tomato orthologs of SOBIR1, SlSOBIR1 and SlSOBIR1like were found to interact with the tomato RLPs Cf-4 and Ve1 and positively regulate PTI and
HR response (Liebrand et al., 2013). Despite the genetic requirement for BAK1 seen by Zhang et
al. in SCFE1 signaling in Arabidopsis, no physical interaction was seen in co-IP analysis of
SlSOBIR1 and SlBAK1. In addition to plasma membrane localization, SlSOBIR1-GFP is
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localized to mobile cytoplasmic vesicles of transiently transformed tobacco leaves as has been
reported for Arabidopsis SOBIR1/EVR-GFP (Leslie et al., 2010). Transiently expressed Cf-4
and Ve1 protein levels were greatly reduced following targeted gene silencing of tobacco
SOBIR1 in tobacco leaves, suggesting that SOBIR1 helps stabilize RLPs. Heterologous
expression of Tomato Ve1 in Arabidopsis introduces resistance to the fungal pathogen
Verticullum dahliae, but is dependent upon SOBIR1 as Ve1; sobir1 mutants lose resistance
(Liebrand et al., 2013). Here the authors suggest a model that SOBIR1 acts to stabilize RLPcontaining complexes and promote their internalization (Figure 3C).
Tracheary Element Differentiation
Differentiation of xylem tissue within the vasculature involves programmed cell death
following formation of a secondary cell wall in order to form the mature conductive tissue
(Fukuda, 1997, 2004). BRs have been shown to be critical for differentiating xylem cells to
reach their final stage, as this stage is blocked by treatment with the BR biosynthesis inhibitor
brassinazole (BRZ) and rescued by subsequent BR treatment. HD-ZIP-III transcription factors
are a proposed target of BR signaling in xylem maturation as transcription of a subset of this
class of genes is specifically repressed by BRZ in differentiating xylem cells (Figure 3D)
(Fukuda, 2004). bri1 mutants show a reduction in the proportion of xylem to phloem cells and
bri1;brl1 double mutants and bri1;brl1;brl3 triple mutants show increasing disruption of
vascular development (Cano-Delgado et al., 2010; Cano-Delgado et al., 2004; Kwon et al.,
2010a; Kwon et al., 2010b). At this time, a specific mechanism by which BR induces
programmed cell death in xylem is not clear, but is likely to involve BRI1, BRL1, and BRL3,
and likely BAK1, as BAK1-BRL3 interaction was recently confirmed in vivo (Fàbregas et al.,
2013).
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LRR-RLK Function in Abscission
serk1 mutants were identified in a genetic-screen as suppressors of a mutation in
NEVERSHED (NEV), which encodes an ADP-ribosylation factor GTPase activating protein
(ARF-GAP) (Lewis et al., 2010). nev plants show defects in floral organ abscission, a process in
which cell wall remodeling and cell separation occurs, allowing the outer floral organs of sepals,
petals, and stamen to fall away from fertilized flowers, with nev outer floral organs remaining
attached well after fertilization. Additionally, nev plants show cellular defects in membrane
trafficking including abnormal structures, thought to be composed of Golgi/trans-Golgi network
fusions, specific to the
developmental stage of
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Figure 4. LRR-RLK Regulated Abscission Pathways
HAE and HSL2 redundantly bind the peptide-ligand IDA, undergo
phosphorylation and transduce the signal through MKK4/5 and MPK3/6 to
negatively-regulate KNAT1, allowing transcription of KNAT2/6. KNAT2/6
promote transcription of genes coding for cell wall remodeling enzymes
necessary for floral organ abscission. KNAT1 promotes transcription of
EVR; EVR putatively functions to negatively regulate cell wall remodeling
in parallel to HAE/HSL2. NEV is necessary for membrane trafficking;
SERK1 may also positively-regulate membrane trafficking.
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As mentioned earlier, SOBIR1 was also identified as EVERSHED (EVR); evr was isolated
as a suppressor of nev in the same screen as serk1, with nev;evr plants showing suppression of
the Golgi defects, as well as suppressing floral organ shedding defects to the point that they shed
prematurely (Leslie et al., 2010). A ligand-RLK-MAP kinase pathway was already known to
function in floral organ abscission consisting of the related LRR-RLKs HAESA (HAE) and
HAESA-LIKE2 (HSL2), their peptide ligand, INFLORESCENCE DEFICIENT IN
ABSCISSION (IDA), and the MAP kinase components MKK4/5 and MPK3/6, with ida and
hae;hsl2 double mutants showing similar phenotypes to nev (Figure 4) (Cho et al., 2008; Lewis
et al., 2010). Abscission defects are not suppressed in serk1;ida or serk1;hae;hsl2, but are
suppressed in serk1;ida;nev. From this data, the authors propose that SERK1 functions upstream
or in parallel to HAE and HSL2, as does SOBIR1/EVR, as evr;ida and evr;hae;hsl2 plants are
not suppressed (Figure 4) (Leslie et al., 2010; Lewis et al., 2010).
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Additional SERK-dependent Pathways
As seen in the preceding sections, SERK functions include participation in diverse
processes including BR signaling, positive-regulation of PTI, cell death pathways, and floral
organ abscission. The SERK family was originally identified as orthologs of an LRR-RLK,
SERK, from carrot, transcripts of which are highly expressed in specific cells undergoing
somatic embryogenesis in cultured cells (Schmidt et al., 1997).
In addition to these functions, SERKs also function in floral development, with SERK1
and SERK2 functioning redundantly. serk1;serk2 double mutants show defects in anther
filament elongation and, critically, fail to properly specify the tapetal layer, resulting in defective
microsporogenesis (Albrecht et al., 2005; Colcombet et al., 2005).
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Multiple mutant analysis of serks has suggested that amongst the diverse processes they
control, redundancy in function is not shared by all members, with SERK1 and 2 acting
redundantly in floral organ development, SERK1, BAK1, and BKK1 acting in BR signaling,
BAK1 and BKK1 functioning in PTI and cell-death control, and SERK1, BAK1, and BKK1
functioning in root development (discussed in the following Receptor-like Kinase Regulation of
Root Development section) (Figure 5A) (Albrecht et al., 2008). An additional member of the
SERK family, SERK5, has been hypothesized to be non-functional. No phenotypes have been
observed for serk5 mutants, sequence analysis of SERK5 suggests that key catalytic residues
within its kinase domain have been lost, SERK5 lacks in vitro kinase activity, and, unlike
SERK1, 2, and BKK1, overexpression of SERK5 is unable to partially suppress bri1 hypomorphic
alleles (Gou et al., 2012; He et al., 2007).
Amongst the SERKs, BAK1 shows the highest and most ubiquitous expression, while the
other SERK genes show more restricted expression. Published data indicates that SERK1 and
SERK2 are expressed within developing floral buds, mature flowers, stems, leaves, and 7-dag
seedlings according to RT-PCR analysis. pSERK1:SERK1-YFP and pSERK2:SERK2-YFP show
overlapping expression within anther primordia, but in the root tip, pSERK1:SERK1-YFP is
within the proximal meristem, but appears excluded from the distal meristem, while
pSERK2:SERK2-YFP appears strongest in the provascular cells of the meristem (Albrecht et al.,
2005). Published pSERK:GUS expression showed staining of root vasculature, hypocotyl, the
shoot apex, and cotyledon vasculature and hydathode for pSERK1:GUS; root-hypocotyl junction,
shoot apex, and cotyledon vasculature and hydathodes for pSERK2:GUS; strong expression in
the root tip, mature root, hypocotyl and leaves for pBAK1:GUS; and root elongation zone,
hypocotyl and cotyledon vasculature for pSERK4:GUS (Du et al., 2012). Figure 5B shows
predicted root expression patterns for the SERK family from the AREXdb root developmental
map (www.arexdb.org) (Birnbaum et al., 2003; Brady et al., 2007). In agreement with
pSERK1:SERK1-YFP, SERK1 is predicted to be highly expressed in the epidermal and cortical
layers of the root apical meristem, but additionally, in the quiescent center (QC), and xylem and
phloem companion cells of the vasculature. SERK2 appears to be in the QC, phloem-pole
pericycle and phloem companion cells of the vasculature, and lateral root primordia (LRP).
BAK1 shows expression in all layers of the root, with the exception of procambial cells of the
vasculature; stronger expression in epidermal hair cells is seen than in non-hair cells. Due to
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their high degree of similarity, SERK4 and SERK5 lack unique probe-sets on the Affymetrix
ATH1 genechip. Combined SERK4 and SERK5 expression is predicted to be in the columella,
developing epidermal hair cells, phloem-pole pericycle, and LRP.

31

Receptor-like Kinase Regulation of Root Development1
Usually hidden from view, a plant’s root system provides essential functions in water and
nutrient acquisition, as well as in structural support. These functions require the formation of
specific cell types and structures during root development. The Arabidopsis thaliana root has
been a very tractable system for studying the underlying cell signaling, temporally coordinated
cell divisions, and cell-type specification using molecular genetic techniques. Cell-cell signaling
represents one mechanism by which growth and development is coordinated. In this section I
will highlight the role of RLKs in mediating cell signaling during various aspects of root
development specifically their ascribed roles in meristem maintenance, epidermal cell patterning,
lateral root development, and vascular differentiation.
Arabidopsis root development has been extensively studied, and cell fates and lineages
show a stereotypical pattern (Comprehensively reviewed in Petricka et al., 2012). The outer
cells of the primary root are organized into four radial layers; these consist, from outer to inner,
of epidermal, cortical, endodermal and pericycle layers (Figure 6A). Inner to the endodermal
layer, the pericycle and vasculature make up the stele. The pericycle encapsulates the
vasculature, which is not composed of radial layers. The vasculature is organized into two
phloem poles and, perpendicular to these, two protoxylem poles oppose one another. Metaxylem
extends between the protoxylem poles, and procambial tissue is located between the phloem and
xylem cells (Figure 6A and C).
Growth of the cell layers and distinct cell types of the primary root occurs through
divisions in the root apical meristem (RAM) at the tip of the root. A stem cell pool of initial
cells surrounds a group of 3-4 infrequently dividing cells, the quiescent center (QC). Cell
divisions of the root cortex-endodermis initial cells located laterally outward to the QC give rise
to files of cells for the cortical and endodermal radial layers. Initial cells shootward of the QC
give rise to the pericycle radial layer and the stele. The lateral-root cap epidermal initial cells,
located rootward and outward of the QC give rise to the epidermal layer and the lateral root cap
(LRC). Together, these make up the proximal meristem. The distal meristem consists of the
columella root cap initial cells (CSCs) directly rootward of the QC that give rise to the columella
cells (CCs) (Figure 6D). The LRC and CCs at the base of the RAM function in protection of the
1

text, figure and table from Appendix 1: Wierzba, M.P., and Tax, F.E. (2013). Notes from the Underground:
Receptor-Like Kinases in Arabidopsis Root Development. J Integr Plant Biol.
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Figure 6. Receptor-like Kinase Pathways in the Arabidopsis Root
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Figure 6. Receptor-like Kinase Pathways in the Arabidopsis Root
(A) Schematic of Arabidopsis root.
The Arabidopsis root is organized into radial layers of epidermis, cortex, endodermis and pericycle,
which surround the vasculature. Longitudinally, the tip of the root contains the root apical meristem
(RAM) stem cell niche, columella and lateral root cap, within the meristematic zone where cells are
actively dividing. Above this, cells expand within the elongation zone and then enter the differentiation
zone where cells take
on their mature functions. Lateral root primordia arise from specific pericycle cells in the elongation
zone and mature along the length of the root (modified from Arabidopsis eFP Browser (Winter et al.
2007).
(B) Model of BRI1 and SCM control of epidermal root hair patterning. SCM acts in H position cells,
adjacent to two underlying cortex cells, to downregulate WER expression. In N position cells, adjacent
to a single underlying cortex cell, BRI1 upregulates WER. WER‐TTG‐GL3/EGL3 upregulates CPC and
GL2, and downregulates SCM and GL3/EGL3 expression. GL2 mediates non‐hair cell fate. CPC
translocates to the
neighboring H cell and prevents activation of GL2.
(C) Cross‐section model of Arabidopsis root vasculature based upon stem vascular functions. The
TDIF (CLE41/42) peptide is expressed within the phloem and phloem pole pericycle and forms a
gradient into the procambium where it is perceived by PXY, which then upregulates WOX4 to promote
differentiation of procambium to phloem. Procambium more distal to the TDIF gradient differentiates
into xylem.
(D) Model of root apical meristem. Control of the distal meristem occurs through CLE 40 peptide,
expressed in mature columella cells, activating ACR4 within columella cells and columella stem cells,
ACR4 then upregulates its own expression and CLV1. ACR4 and CLV1 interact and signal to
downregulate WOX5 and restrict WOX5 expression to the QC. BRI1 within the epidermis is necessary
for expression of AGL42 within the QC and also promotes WOX5 expression via SCR, as well as
promoting cell cycle progression. SERKs are expressed throughout the root and are necessary for
SHR and WOX5 expression, maturation of columella cells and cell cycle progression with the
meristem.
(E) Model of stage I lateral root primordium. ACR4 acts non‐cell autonomously to restrict cell division
in neighboring pericycle cells and cell autonomously in specifying identity of stage 1 primordia.
(F) Model of stage V lateral root primordium. Auxin from developing lateral root primordia is
transported into overlying endodermal, cortical and epidermal layers triggering expression of the
peptide ligand IDA, which activates cell well remodeling through HAE and HSL2.

stem cell pool. Mature CCs also accumulate starch granules and function in gravitropic sensing
of the root. Although cells form a lineage based upon their initial cell of origin, experiments
have shown that the fate of a given cell is determined by its position relative to other layers and
the QC (Kidner et al., 2000).
In addition to its radial pattern, the primary root is patterned longitudinally along its
apical-basal axis. The tip of the root, including the RAM, is the meristematic zone where initial
cells and their daughters divide multiple times. Located shootward of this is the elongation zone,
where cells stop dividing, elongate and expand. Shootward of the elongation zone is the
differentiation zone, where cells take on their mature characteristics and functions, e.g., the
formation of root hairs from epidermal cells and the formation of vascular elements. The
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differentiation zone is also the site of emergence of the lateral roots (Figure 6A) (Petricka et al.,
2012).
Root Apical Meristem Maintenance
The stem cell niche within the RAM is specified during embryogenesis. In the
establishment of the RAM, the hormones auxin and cytokinin are crucial for patterning cells that
will give rise to the QC and initial cells (reviewed in Perilli et al., 2012). For space
consideration, this section will focus on the role of RLKs in post-embryonic root development;
RLKs however play an important role in embryo development, particularly in the formation of
the primary axes of the embryo (Nodine et al., 2011). Primary root growth is dependent upon
the coordinated cell divisions of the initial cells, established during embryogenesis, whose fate is
maintained by the QC. The QC fate is marked by overlapping expression of the AP2 domain
PLETHORA (PLT) and the GRAS family SCARECROW (SCR) transcription factors, mutants of
which show arrested root growth (Petricka et al., 2012). A number of enhancer trap lines have
also been identified that display specific expression within the QC, including QC25, QC46,
QC142 and QC184 (Sabatini et al., 1999).
The GRAS family transcription factor SHORTROOT (SHR), expressed in provascular
cells, moves to the QC to activate SCR expression (Nakajima et al., 2001). PLT and SHR/SCR
act in parallel pathways to maintain QC identity (Aida et al., 2004). Acting downstream of
SHR/SCR is the homeodomain transcription factor WUSCHEL-RELATED HOMEOBOX 5
(WOX5). WOX5 is expressed within the QC and acts non-cell autonomously to maintain stem
cell identity of the QC-adjacent initial cells. This is also supported by the evidence that
expansion of WOX5 expression leads to an enlargement of the stem cell niche and that laser
ablation of a QC cell results in differentiation of the adjacent initial cells (Petricka et al., 2012).
wox5 mutants lack expression of the QC184 marker and CSCs differentiate as indicated by their
accumulation of starch granules – a feature of mature CCs. Conversely, WOX5 overexpression
results in a loss of starch granules from mature CCs as well as gravitropic defects (Sarkar et al.,
2007).
The CLAVATA pathway that acts in the shoot apical meristem (SAM) to restrict the size
of the stem cell niche is a paradigm for stem cell maintenance and RLK signaling. The LRRRLKs CLAVATA1 (CLV1) and RECEPTOR PROTEIN KINASE2/TOADSTOOL2
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(RPK2/TOAD2), the LRR-RLP CLAVATA2 (CLV2) and the RLCK CORYNE (CRN) are all
involved in transducing the small secreted peptide CLAVATA3 (CLV3) signal and act to restrict
the expression of the homeodomain transcription factor WUSCHEL (WUS) to the organizing
center of the SAM (analogous to the QC) (Betsuyaku et al., 2011a).
Overexpression of CLV3 causes a loss of meristematic activity in the SAM known as
consumption of the meristem. CLV3 overexpressing lines display arrested root growth,
suggesting a similar consumption is occurring in the RAM. Furthermore, overexpression of the
CLV3 related members of the CLAVATA3/EMBRYO SURROUNDING REGION (CLE)
family CLE14, CLE19, CLE20 and CLE40, as well as treatment with peptides analogous to the
products of these genes, lead to root growth arrest. This arrest is characterized by reduced root
length, a reduction in size of the meristematic zone, and alterations in radial patterning indicated
by misexpression of cortical and endodermal markers. However, CLE overexpression/treatment
is not thought to affect the identity of the QC or auxin distribution; QC-specific markers and the
DR5:GUS auxin response reporter show normal expression patterns (Casamitjana-Martı́nez et
al., 2003; Fiers et al., 2004; Strabala et al., 2006).
Several groups have used this mechanism of CLE overexpression and/or CLE peptide
treatment in genetic suppressor screens to identify components of pathways involved in RAM
maintenance. Mutants in several CLAVATA pathway genes, notably clv2, crn, and rpk2/toad2
are insensitive to CLE-induced root growth arrest (Casamitjana-Martıń ez et al., 2003; Fiers et al.,
2004; Kinoshita et al., 2010; Müller et al., 2008). However, no root phenotypes have been
reported for clv2, crn, or rpk2/toad2 mutants. CLV2 and CRN are expressed in the RAM based
on promoter fusion data. in situ-hybridization of RPK2/TOAD2 shows expression in the RAM as
well (Kinoshita et al., 2010; Müller et al., 2008; Replogle et al., 2011). Additionally, although
clv1 retains sensitivity to CLEs, some clv1 mutants have reduced root length and a reduced
number of cells within the meristematic region (Fiers et al., 2004; Miwa et al., 2008).
pCLV1:GUS is also expressed within the RAM, as well as in the vasculature of the
differentiation zone and mature regions of the root (Replogle et al., 2013).
It is enticing to speculate that CLV1, CLV2, CRN and RPK2/TOAD2 play parallel roles
in RAM and SAM maintenance, but many questions remain unanswered regarding their
functions. The lack of reported root phenotypes for clv2, crn, and rpk2/toad2 and the lack of
detailed analysis of clv1 root phenotypes make assessing their functions in controlling root

36
growth through maintenance of the RAM difficult. In addition, of the CLE peptides used for
root growth arrest sensitivity screens, only CLE14 and CLE40 are expressed within the RAM
(Meng and Feldman, 2010; Stahl et al., 2009); and only cle40 has a loss-of-function phenotype
which affects the distal meristem (Stahl et al., 2009). Recently, a role for CLV1 has been
described for the distal meristem (see below).
In the distal meristem of wild-type roots, the CSCs immediately below the QC divide
rootward in a synchronous manner to form tiers of CCs. Mature CCs accumulate starch
granules, which function in gravity sensing; however, the CSCs and sometimes the adjacent tier
of daughter cells do not contain starch granules (Figure 6D) (Petricka et al., 2012). The RLK
ARABIDOPSIS CRINKLY4 (ACR4) was originally identified as a homolog of the maize RLK
CRINKLY4, which functions in leaf epidermal development; ACR4 functions in protoderm
development during Arabidopsis embryogenesis (Nodine et al., 2011). ACR4 is also expressed
within CSCs and mature CCs of the root, and acr4 mutants are defective in maintenance of
CSCs. acr4 mutants have additional and aberrant divisions of the CSCs resulting in
disorganization of the tiers of mature CCs, as well as additional tiers of cells lacking starch
granules between the mature CCs and the CSCs. Enhancement of these phenotypes is present in
triple mutants between acr4 and combinations of mutants in its closely related family members
in Arabidopsis, CRINKLY4-RELATED1 (CRR1), CRINKLY4-RELATED2 (CRR2), CRINKLY4RELATED3 (CRR3), CRINKLY4-RELATED4 (CRR4) (De Smet et al., 2008).
A subsequent study revealed similar phenotypes in cle40 mutants, as well as that CLE40
peptide treatment induces starch accumulation in CSCs, reminiscent of wox5 mutants, and that
CLE40 peptide treatment activates ACR4 expression. cle40 and acr4 mutants both exhibit
expansion of WOX5 expression beyond the QC – indicative of an expansion of the stem cell
niche. This, combined with insensitivity of acr4 mutants to CLE40 peptide treatment, led to the
formation of a model whereby CLE40, produced in differentiated CCs, activates ACR4 to
repress expression of WOX5 and restrict stem cell identity along the distal axis of the stem cell
niche to the CSCs (Stahl and Simon, 2009; Stahl et al., 2009).
Recently, CLV1 was also implicated in maintenance of CSCs. CLV1-GFP is detected in
CSCs, the adjacent layer of CCs, the epidermal/LRC initials and in some LRC cells. Similar to
acr4 mutants, clv1 mutants lack starch accumulation in tiers of CCs below the CSCs; however,
unlike acr4 mutants, clv1 mutants are hypersensitive to CLE40 and accumulate starch granules
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in the QC and CSCs when treated with peptide. CLV1 expression is dependent upon ACR4, as
acr4 mutants have reduced CLV1-GFP signal. Furthermore, CLE40 treatment promotes
internalization of CLV1-GFP to lytic vacuoles, indicative of active signaling. Taken together
with the data that ACR4 and CLV1 can physically interact in planta, this suggests a model in
which CLE40 activates ACR4, and through a positive feedback loop upregulates ACR4
expression, as well as increasing CLV1 expression. CLV1 then forms complexes with ACR4 to
reinforce signaling (Figure 6D) (Stahl et al., 2013).
In addition to this CLE peptide/RLK receptor pathway, a steroid hormone/RLK pathway
functions in RAM maintenance. BRI1 is the primary receptor in perception of the hormone BR
to promote cell division and elongation throughout plant growth. Treatment with the BR
brassinolide (BL) stimulates primary root growth at low levels (at or below 0.1 nM BL) and
inhibits growth progressively at levels greater than 0.1 nM BL (Clouse et al., 1996). Two recent
studies focused on identifying a specific role for BRs and BRI1 in regulation of the RAM
(González-García et al., 2011; Hacham et al., 2011). bri1 loss-of-function mutants have a
smaller meristematic zone, which is marked by a reduction in the number of meristematic cells
and reduced cell expansion. In addition, 4 nM BL treatment of wild-type roots, transgenic overexpressing BRI1-GFP lines and dominant mutants in a downstream bHLH transcription factor,
BRI1-EMS-SUPPRESSOR 1, all have reduced numbers of meristematic cells, highlighting a
need for balance in BR control of root growth (González-García et al., 2011).
bri1 mutants express a pWOX5:GFP reporter and a reporter for the QC-specific MADS
box gene pAGL42:GFP in fewer cells than wildtype and show an increase in expression of a cell
cycle inhibitor reporter (González-García et al., 2011; Hacham et al., 2011). Conversely, 4 nM
BL treatment causes increased and expanded WOX5 expression, as well as an increase in SCR
expression and alteration to QC identity markers; but no change is seen in PLT expression. In
genetic analyses, bri1 mutants resembled double mutant combinations with wox5 and scr, but
have additive effects when combined with plt mutants. These observations, combined with
insensitivity of wox5 mutants to BL treatment effects on expression of QC identity markers, led
to a model in which BRI1 is acting as a positive regulator of SCR and WOX5, but acting
independently of the PLT pathway (Figure 6D) (González-García et al., 2011).
Interestingly, although BRI1 is expressed throughout the layers of the root, its effect on
the RAM only requires expression within the epidermis. BRI1-GFP driven by the epidermal-
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specific GLABRA2 (GL2) promoter, is sufficient to completely rescue meristematic defects in
bri1 null mutants, whereas BRI1-GFP driven by pSHR or pSCR in the stele is not sufficient
(Hacham et al., 2011). The mechanism by which BRI1 can signal from outer to inner cell layers
is not known, however it appears that BRI1 expression in the epidermis is necessary for the
expression of pAGL42:GFP within the QC (Figure 6D) (Hacham et al., 2011).
Recently, BAK1 and related members of the SERK family have been found to function
during root development (Du et al., 2012; Gou et al., 2012) serk1;bak1/serk3;
bkk1 triple mutants are insensitive to BL treatment and cannot be rescued by BRI1
overexpression, suggesting that BR signaling is completely impaired in their absence (Gou et al.,
2012). Like bri1 mutants, serk triple mutants have a reduced size of the root meristematic zone,
which is comprised of fewer cells; however, serk defects are more severe than those seen in bri1
or BR biosynthetic mutants, suggesting that they function through an additional BR-independent
pathway in the root. Unlike acr4 mutants that have expanded CSCs, indicated by lack of starch
granule accumulation, serk triples do not form any starch granules in CCs. Additionally, SHR
and WOX5 expression is not detected in serk triple mutants, and mitotic activity indicated by
pCYCB1;1:GUS is greatly reduced. Unlike other RLK mutants affecting the RAM, serk triple
mutants also have a disorganized stele as observed in transverse sections (Du et al., 2012).
Given that SERKs physically interact with many other RLKs as putative co-receptors, multiple
RLK pathways may be abrogated in the serk triple mutants, besides BR signaling, causing their
severe root phenotypes.
Root Epidermal Cell Fate
Beyond their role in controlling maintenance of the RAM, RLKs are necessary for proper
differentiation of specific cell types. In Arabidopsis, root epidermal cells differentiate into
alternating files of root hair and non-hair cells. A network of transcription factors has been
identified that functions to regulate differentiation into these two cell types via lateral inhibition,
including positive and negative feedback. TRANSPARENT TESTA GLABRA (TTG), GLABRA3
(GL3), ENHANCER OF GLABRA3 (EGL3), and WEREWOLF (WER) are necessary for non-hair
cell fate. CAPRICE (CPC), TRIPTYCHON (TRY), and ENHANCER OF TRY AND CPC (ETC1)
are necessary for hair cell fate (Schiefelbein et al., 2009).
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The current model of this positive/negative crosstalk network has a complex of TTGGL3/EGL3-WER in non-hair cells that positively regulate another transcription factor, GL2,
which then represses transcription of hair cell specific genes. The TTG-GL3/EGL3-WER
complex also positively regulates transcription of CPC, TRY and ETC1. A complex of
CPC/TRY/ETC1 moves to the adjacent hair cell, presumably through plasmodesmata, where it
interacts with TTG-GL3/EGL3 and displaces WER. Without WER in complex with TTG and
GL3/EGL3, GL2 expression is not stimulated, thus allowing expression of hair cell specific
genes. Additionally, in a negative feedback loop, TTG-GL3/EGL3-WER represses expression of
GL3/EGL3 in non-hair cells. GL3/EGL3 are expressed primarily in hair cells and GL3/EGL3 are
proposed to move to the adjacent non-hair cells (Figure 6B) (Schiefelbein et al., 2009).
This network allows for the stereotypical pattern of files of hair cells adjacent to files of
non-hair cells in Arabidopsis; however, hair cells are also preferentially found adjacent to two
underlying cortex cells (the H position) whereas non-hair cells are adjacent to a single cortex cell
(the N position) (Figure 6B) (Schiefelbein et al., 2009). The LRR-RLK SCRAMBLED (SCM)
appears to function in part to regulate this position-dependent control of hair cell fate by the
cortex layer. Loss-of-function scm mutants were identified in a screen for alterations to the
expression of pGL2:GUS and showed a “scrambled” pattern of pGL2:GUS compared to wildtype
where pGL2:GUS is seen discretely in files of N cells (Kwak et al., 2005). Further study
revealed that although pSCM:GUS is expressed in all layers of the root, including both hair and
non-hair cells of the epidermis within the meristematic zone, SCM-GFP accumulates
preferentially in hair cells in more mature zones. wer and gl3 egl3 mutants have increased
pSCM:GUS expression in epidermal cells, and cpc try mutants have reduced expression. These
data suggest a model that SCM expression in non-hair cells is repressed in a negative feedback
loop through TTG-GL3/EGL3-WER and promoted via CPC and TRY in hair cells. SCM
negatively regulates WER expression, thus helping to set the position-dependent context of hair
cells in the lateral inhibition pathway (Figure 6B) (Kwak and Schiefelbein, 2008a; Kwak and
Schiefelbein, 2008b).
This model posits that SCM is functioning primarily within the epidermis to control root
hair patterning and is supported by data that H cell-expressed SCM-GFP using pGL3 suppresses
scm pGL2:GUS patterning defects, whereas expression in inner cell layers using pSCR or pSHR
only partially suppresses defects (Kwak and Schiefelbein, 2008a; Kwak and Schiefelbein,
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2008b). This is in contrast to characterization of SCM function in stem, floral and ovule
development, where it is named STRUBBELIG (SUB); and these data suggest a model where
SCM/SUB is acting in a non-cell autonomous fashion, signaling from inner layers to outer layers
(Chevalier et al., 2005; Yadav et al., 2008).
Although a role for SCM has been established in controlling the positional dependence of
root hair cell fate, scm mutants are not fully penetrant in their loss of positional signaling of hair
cells; scm mutants do not display alteration in pGL2:GUS expression until 3 days after
germination, and a portion of epidermal cells still appear to follow a position-dependent pattern
(Kwak and Schiefelbein, 2007). Kuppusamy et al., 2009 identified that WER expression was
induced by treatment with BR and that mutants of the LRR-RLK BRI1 exhibited misexpression
of pGL2:GUS, as well as a reduction in WER and CPC expression. Furthermore, bri1 scm
double mutants showed an additive effect of increased numbers of root hair cells in the H
position possessing a non-hair cell fate, suggesting that BRI1 and SCM are acting in parallel
pathways. The authors incorporated this data into the existing model, proposing that BRI1
functions in epidermal cells adjacent to a single cortex cell to promote WER expression, which
in turn stimulates CPC expression, reinforces non-hair cell fate in N cells, and, through
movement of CPC, promotes hair cell fate in H cells (Figure 6B) (Kuppusamy et al., 2009).
Lateral Root Development
In Arabidopsis, most organs are generated from the SAM and RAM. Lateral roots (LRs),
however, arise from differentiated cells of the primary root and contain their own meristematic
tissues when mature (Malamy and Benfey, 1997). Immediately shootward of the RAM, within
the basal meristem region, pericycle cells along the xylem pole (XPP) are primed as lateral rootfounder cells. Within the elongation zone, these founder cells can reenter the cell cycle and
begin forming LRP in an alternating pattern on each xylem pole (Figure 6A) (Benková and
Bielach, 2010). Initiated LRP can then mature through a series of seven distinguishable stages
(I-VII) before emerging through the endodermal, cortical and epidermal layers of the primary
root and acquiring meristematic capability as a mature LR (Malamy and Benfey, 1997). Only a
subset of initiated LRP mature into LRs, and this is controlled in part by hormone and nutrient
concentration (Malamy, 2005). Founder cells are correlated to a local maximum of response to
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the hormone auxin, and roots treated with high concentrations of auxin show proliferation of the
entire XPP layer (De Smet et al., 2007; Geldner et al., 2004).
Stage I of LRP development begins with an asymmetric, anticlinal division of a XPP cell,
followed by a similar anticlinal division of the adjacent XPP cell (Figure 6E). In stage II
primordium, the innermost cells divide periclinally forming a two-layered structure, while cells
towards the periphery show fewer divisions. This pattern proceeds in stage III, giving rise to a
dome-shaped primordia, with three cell layers in the center, and fewer layers at the periphery.
Cell division continues and primordia penetrate the endodermis by stage IV, the cortex by stage
V and the epidermis by stage VI. Stage VI and VII primordia begin to show similarity to the
primary root tip in morphology of cell layers. Through cell expansion, these LRP emerge from
the epidermis, and cell divisions in the tip mark the lateral root apical meristem as active
(Malamy and Benfey, 1997).
Transcriptome analysis of pericycle cells from auxin-treated roots led to the finding that
the RLK ACR4 is preferentially expressed within asymmetrically dividing XPP cells during LRP
initiation. I In fact, within this transcriptome analysis, ACR4 transcripts were the only transcripts
specific to dividing XPP cells (De Smet et al., 2008).
acr4 loss-of-function mutants showed a 19% increase in LRP density relative to wildtype
but an overall reduction of mature LRs. Conversely, overexpression of ACR4 within XPP cells
led to an increase in mature LR density. acr4 stage I LRP contain additional anticlinal divisions,
initiate from pericycle cells directly opposite one another, and at times appear fused to each
other. Similarly to acr4 mutant interactions in the RAM, higher-order mutants between acr4 and
combinations of crr1, crr2, crr3 and crr4, displayed enhanced LR phenotypes, suggesting that
these family members have overlapping functions in LR development.

Furthermore, higher-

order mutants in this family exhibited altered patterns for the cell cycle marker pCYCB1;1:GUS,
the auxin response marker DR5:GUS and a marker for lateral boundaries of LRP, pLBD5:GUS.
Given the reduction of mature LR formation, it is inferred that these defective LRP lack proper
cell specification and are therefore unable to proceed through development.

gnomR5 and slr-1,

mutants in auxin response that fail to initiate LRP, lacked expression of ACR4 within pericycle
cells (De Smet et al., 2008).
Based upon these data, De Smet et al. propose a model wherein ACR4 is required cellautonomously for pericycle cells to be specified as LRP, given the specific expression of ACR4
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in asymmetrically divided XPP cells and the loss of ACR4 expression in auxin mutants lacking
LRP initiation. Additionally, ACR4 may act non-cell autonomously to restrict neighboring
pericycle cells from being initiated as LRP. ACR4 expression is not observed in these
neighboring pericycle cells, and these cells have increased division in acr4 mutants. The
mechanism by which ACR4 might act non-cell autonomously is not known; ACR4 might
activate mobile peptides or proteins that laterally inhibit adjacent cells, or it might alter
movement of hormones such as auxin (Figure 6E). Fundamentally, it appears that ACR4 is
functioning similarly in LRP and the RAM – in both regions ACR4 restricts stem cell identity.
In order for LRP to emerge from the primary root, they must push through the
endodermal, cortical and epidermal layers. Cell wall remodeling is necessary for cells within
these layers to separate and allow expansion of the LRP. Auxin emanating from the tip of the
developing LRP induces expression of the auxin influx carrier LIKE AUX1-3 (LAX3) within
cortical and epidermal cells overlying the LRP. Influx and accumulation of auxin in these
overlying cells triggers degradation of the SOLITARY ROOT1/IAA14 (SLR1) repressor,
releasing the transcription factors AUXIN RESPONSE FACTOR (ARF) 7 and ARF19, which
can then activate expression of cell wall remodeling factors (Figure 6F) (reviewed in Péret et al.,
2009). A recent study highlighted that, rather than the pattern of cell divisions in the LRP, it is
in fact these overlying layers functioning in a mechanistic role to determine the shape of the
LRP, and that cell division patterns within the LRP are highly variable (Lucas et al., 2013).
The related LRR-RLKs HAESA (HAE) and HAESA-LIKE2 (HSL2) and their peptide
ligand, INFLORESCENCE DEFICIENT IN ABSCISSION (IDA), were identified for their role
in cell separation during abscission of floral organs, and function presumably through activation
of cell wall remodeling enzymes (Cai and Lashbrook, 2008; Cho et al., 2008; Stenvik et al.,
2008). Analysis of ida, hae, and hsl2 mutants in other processes requiring cell separation and
cell wall remodeling led to the discovery that this receptor/ligand pair also functions to control
cell separation in LR development. ida, hae, and hsl2 single mutants, as well as hae; hsl2 double
mutants, exhibit reduced LR density compared to wild-type roots and show a reduction in LR
emergence in gravitropism-induced LR assays. Detailed analysis of LR stages revealed an
increased proportion of stage IV-VII LRP in mutants compared to wildtype and, furthermore,
that stage VI-VII LRP in mutants had not penetrated as many outer layers as comparable stages
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in the wildtype. 35S:IDA overexpression leads to a reduction in LR number, which is suppressed
in hae; hsl2 mutants (Kumpf et al., 2013).
Interestingly, HAE and HSL2 appear to be redundant in floral abscission, as only double
mutants show abscission phenotypes; however, both hae and hsl2 single mutants show LR
phenotypes (Cho et al., 2008; Kumpf et al., 2013). The authors argue that in comparison to ida
and hae; hsl2 double mutants, the hae and hsl2 single mutant phenotypes are consistent with an
additive mode of action (Kumpf et al., 2013). In an assay to visualize pectin, which in wild-type
roots is normally broken down in cortical and endodermal cells overlying LRP, hae, ida, and
hae; hsl2 mutants retained pectin around these cells, whereas hsl2 single mutants showed normal
pectin breakdown. In addition, expression of markers for the cell wall-remodeling components
XYLOGLUCAN ENDOTRANSLYCOSYLASE6 and EXPANSIN 17 was reduced only in hae; hsl2
double mutants, whereas markers for PG LATERAL ROOT and PG ABSCISSION ZONE
ARABIDOPSIS THALIANA were reduced in hae and hae; hsl2 but not hsl2 single mutants.
These data indicate only partial redundancy between HAE and HSL2 (Kumpf et al., 2013).
In expression analyses, pIDA:GUS is found in endodermal cells overlying stage I-IV
LRP, cortical cells prior to penetration by LRP and epidermal cells overlying stage VI and V
LRP. pHAE:HAE-YFP translational fusions express in cells overlying LRP from stage II
onwards, including increased epidermal expression at later stages and at the base of LRP
beginning at stage VI. pHSL2:YFP signal is found in endodermis, cortex and epidermis
overlying LRP from stage II-III and within LRP from stage II onward. IDA transcripts increased
>100 fold upon treatment with auxin and are dependent upon functional ARF7 and ARF19
Additionally, pIDA:GUS expression is delayed in lax3 mutants. In contrast, HAE and HSL2 are
only weakly induced by auxins, with modest reduction in arf7 and arf19 mutants (Kumpf et al.,
2013).
The authors propose a model whereby auxin movement from the LRP into overlying cell
layers via LAX3 triggers IDA production through ARF7 and ARF19 and IDA signals through
HAE and HSL2 to induce changes in expression of cell wall-remodeling components. Given
that IDA overexpression only triggers cell separation phenotypes in HAE and HSL2 expressing
cells, the receptors are thought to be the limiting component in the signaling module. Unlike in
floral organ abscission, HAE and HSL2 are only partially redundant in function during LR
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development, acting additively in IDA signaling. However pectin breakdown is dependent upon
HAE, but not HSL2 (Figure 6F) (Kumpf et al., 2013).
Initial characterization of the TRANSMEMBRANE KINASE (TMK) family of LRR-RLKs
suggests that some of its members could play a role in the auxin-mediated control of LR
development. tmk1; tmk4 double mutants and tmk1; tmk3; tmk4 triple mutants show reduced LR
density. Additionally, tmk1; tmk4 double mutants are partially insensitive to root growth
inhibition caused by treatment with auxin, and tmk1; tmk3; tmk4 triple mutants are complete
insensitive to auxin treatment (Dai et al., 2013). Cell-specific expression of these genes within
the root remains to be analyzed, as well as detailed studies of LRP initiation and development to
establish a clear functional role for this family.
In addition to auxin, the other major plant hormones abscisic acid, BRs, cytokinin and
ethylene have effects on LR development, though they act primarily upon auxin transport, and/or
synthesis (Fukaki and Tasaka, 2009). Similar to its low-concentration stimulatory and highconcentration inhibitory effects on the primary root, BL treatments at 50 nM and below increase
the density of LRP, specifically stage I LRP, and treatments with 1 µM epi-BL reduce the
density of mature LRs (Bao et al., 2004; Kim et al., 2006; Yoshimitsu et al., 2011). A C-22
hydroxylase involved in BR biosynthesis, DWARF4 (DWF4), is expressed within LRP, and
dwf4 mutants have fewer LRs, and are insensitive to elongation of mature LRs by treatment with
the auxin IAA (Yoshimitsu et al., 2011). BL stimulation of LR development is dependent upon
auxin, as the auxin transport inhibitor 1-N-naphthylphthalamic acid, blocks BL stimulation of LR
growth. In addition, a decrease in expression of the DR5:GUS auxin reporter within LRP was
observed in bri1-119 mutants, as well as a general decrease in LR number in bri1 mutants (Bao
et al., 2004). These data suggest that BRI1 is likely playing a role in LR development but
detailed analyses need to be performed on bri1 mutants to help determine the nature of BRI1’s
function in LR development beyond stimulation of auxin signaling. Morphological alterations to
LRP in bri1 plants have not been reported, nor has numerical evaluation of reduced LR and LRP
density.
Vascular Patterning
The vasculature of the root arises from the provascular initial cells shootward of the QC.
The outermost of these are the pericycle initial cells. At opposite poles, one layer inward from
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the pericycle, are the phloem initial cells. At a right angle to these are the initial cells that will
give rise to the protoxylem. The cell files between the protoxylem initials give rise to the
metaxylem and the initial cells between the phloem and xylem initials give rise to the procambial
cells (Figure 6A and D). During secondary growth, these undifferentiated procambial cells will
act as vascular stem cells in later development, dividing periclinally and differentiating into
xylem or phloem depending upon the direction of division (Figure 6C) (reviewed in CanoDelgado et al., 2010).
The LRR-RLK, BARELY ANY MERISTEM 3 (BAM3), is one of 4 members of the LRR
XIa sub-clade, which includes CLV1, as well as BAM1 and BAM2 (DeYoung et al., 2006; Shiu
and Bleecker, 2001). Mutant phenotypes have not been observed for single bam1, bam2, or
bam3 mutants. However, bam;1 bam2;bam3 triple mutants have reduced SAM size and bam1
and bam2 mutants display synergistic effects on SAM size and fruit development when
combined with clv1 (DeYoung et al., 2006; Deyoung and Clark, 2008; Durbak and Tax, 2011).
Recently, bam3 mutants were isolated as suppressors of root defects in mutants of the phloem
specific transcription factor BREVIS RADIX (BRX). brx roots have decreased RAM size, and
discontinuity of protophloem differentiation (Depuydt et al., 2013). BRX is believed to be
involved in crosstalk between multiple hormones, as brx mutants show altered auxin-responsive
gene expression, that can be rescued by BL treatment, decreased expression of BR biosynthesis
components, and hypersensitivity to abscisic acid-induced root-growth inhibition (Mouchel et
al., 2006; Rodrigues et al., 2009).
In addition to suppressing brx, bam3 is insensitive to CLE45 root-growth inhibition and
suppresses CLE45 treatment-induced, brx-like phenotypes of decreased RAM size, and
discontinuity of protophloem differentiation. pBAM3:GUS expression overlaps with expression
of pCLE45:GUS and pBRX:GUS and is found in developing protophloem cells within the
transition zone and pericycle of the elongation zone. BAM3 expression is increased in both brx
mutants and roots treated with CLE45 peptide. The authors also provide a link between
protophloem differentiation and RAM size; laser-ablation of protophloem cells reduced the
number of cortex cells within the meristematic zone. Their data proffers a model in which
CLE45 activates BAM3 signaling to inhibit protophloem differentiation and BRX acts to
promote protophloem differentiation through inhibition of BAM3 expression (Depuydt et al.,
2013). This study circumstantially suggests that CLE45/BAM3 act as a receptor/ligand pair,
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although this has yet to be proven biochemically. In addition, the lack of root phenotypes in
bam3 and non-physiological nature of CLE peptide treatment are impediments to ascribing a
definite function for BAM3 in vascular differentiation.
As with SAM and CSC maintenance, the conserved module of a CLE peptide ligand,
LRR-RLK receptor, and downstream homeodomain transcription factor is present in stem
vascular development. The 12-amino acid peptide TRACHEARY ELEMENT
DIFFERENTIATION INHIBITORY FACTOR (TDIF) is coded for by CLE41 and CLE44 in
Arabidopsis. TDIF binds to the LRR-RLK PHLOEM INTERCALATED WITH XYLEM/TDIF
RECEPTOR (PXY/TDR), which positively regulates the homeodomain transcription factor
WUSCHEL-RELATED HOMEOBOX 4 (WOX4). pxy mutants were identified in a screen for
defects in stem vasculature organization, as well as a screen for mutants insensitive to TDIFinduced venation discontinuity (Fisher and Turner, 2007; Hirakawa et al., 2008).
In wild-type plants, vascular cells are always organized with procambial cells dividing to
form xylem cells adaxially and phloem cells abaxially (Figure 6C). In stem vascular bundles of
pyx/tdr mutants, xylem and phloem cells appear interspersed with each other rather than being
strictly separated by procambium. Altered cell division planes are also evident in the mutant,
resulting in discontinuity of vessels. However, transverse sections of pxy roots do not show
alterations from wild-type patterns (Fisher and Turner, 2007)(Fisher and Turner 2007). TDIF is
detected within pericycle and phloem cells, pPXY/TDR:GUS within procambium, and
pWOX4:GUS within procambium, phloem and pericycle of the root (Hirakawa et al., 2010b;
Hirakawa et al., 2008). Alterations to TDIF level via overexpression of CLE41, CLE42 or
CLE44; or application of TDIF peptide results in increases in procambium proliferation and a
reduction to xylem formation in stems and hypocotyls. pxy/tdr mutants, however, are insensitive
to these treatments. Additionally, wox4 mutants are insensitive to effects on procambium
proliferation, but not xylem differentiation (Etchells and Turner, 2010; Hirakawa et al., 2010b;
Hirakawa et al., 2008). These data led to a model in which a gradient of TDIF, emanating from
the phloem, activates PXY/TDR in nearby procambial cells, promoting their division and,
through activation of WOX4, inhibiting their differentiation into xylem. Procambial cells at a
distance from TDIF, however, are able to differentiate into xylem (Hirakawa et al., 2010a).
Figure 6C illustrates a hypothetical model for this pathway within root vasculature.
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Other RLKs have been implicated in vascular development as well. Mutations in the
LRR-RLK XYLEM INTERMIXED WITH PHLOEM1 (XIP1) have similar phenotypes to
pxy/tdr mutants with respect to altered orientation of cell divisions and xylem and phloem cells
adjacent to one another in stem sections. In addition to expression in stems, leaves and
hypocotyls, pXIP1:GUS expresses within the phloem and procambium of the root vasculature,
though no root phenotypes are observed (Bryan et al., 2012). The LRR-RLKs MORE
LATERAL GROWTH1 (MOL1) and REDUCED IN LATERAL GROWTH1 (RUL1) were
identified in a screen for genes upregulated in an in vitro system to induce cambium formation
via auxin in stem sections. mol1 mutants have increased secondary vascular formation, while
rul1 mutants exhibit a decrease in secondary vascular formation (Agusti et al., 2011). Although
specific root expression is not reported by the authors, publically available microarray data
suggests that MOL1 is expressed within the phloem and phloem pole pericycle, and RUL1 is
expressed throughout the pericycle, phloem and, to a lesser extent, the xylem (Brady et al., 2007;
Winter et al., 2007).
Closely related to BRI1, BRL1 and BRL3 are LRR-RLKs that also participate in BR
perception. While BRI1 is expressed in all layers of the root, BRL1 and BRL3 are specifically
expressed in vasculature tissues throughout the plant in a complementary pattern. Within the
root, pBRL1:GUS is expressed in the columella, vascular initials, and stele of the early
differentiation zone as well as within mature vascular tissues. pBRL3:GUS is evident in the
protophloem of the elongation zone. brl1-1 and the weak bri1-5 allele both have increased
amounts of phloem and decreased amounts of xylem in stem sections. brl1-1;bri1-5 doubles
additionally have a collapsed phloem phenotype and brl1-2;brl3;bri1-101 triples are more severe
with further loss of xylem differentiation and altered morphology of phloem (Cano-Delgado et
al., 2004).
Despite all of these RLKs being expressed in the root, no root phenotypes have been
observed or reported for them. In the case of the PXY/TDR pathway, TDIF, PXY/TDR and
WOX4 all show root expression and this expression is conserved within the same respective
vascular components. PXY/TDR has two closely related family members, PXY-LIKE1 (PXL1)
and PXY-LIKE2 (PXL2). In stem vasculature, pxy; pxl1 and pxy; pxl2 doubles enhance pxy
single mutant phenotypes (Fisher and Turner 2007). The lack of a pxy root phenotype may be
due to redundant function in the root between these family members, which has not yet been
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analyzed. For the BR perception pathway in the root, the severe dwarf phenotype of the brl12;brl3;bri1-101 triple may be limiting in analysis of the role of BR receptors in root vascular
development. This factor may be overcome by the use of conditional mutants. Although at this
point no clear RLK signaling pathway in root vascular differentiation has been established, we
expect that future study in this area will likely reveal roles for these RLKs.
Here I have reviewed data for 13 RLKs that clearly function in Arabidopsis root
development and hypothesized possible roles for 13 additional RLKs with specific expression
within the root (Table 1). RLKs are integral in the maintenance of stem cells, proper
differentiation of specific cell types in the epidermis, as well as controlling establishment and
proper cell divisions of LRP and communication between LRP and their overlying cell layers.
Positionally, RLKs act both cell and non-cell autonomously. This is seen in ACR4 control of LR
development and in BRI1 control of RAM maintenance where signaling in the outer epidermal
layer affects the innermost QC cells.
The RLKs described here are but a fraction of the 600+ RLKs and RLPs in Arabidopsis.
Analysis of publicly available microarray data in a recent reverse-genetic screen identified an
additional 76 LRR-RLKs and 6 non-LRR-RLKs showing expression within the root (ten Hove et
al., 2011). In addition to the processes reviewed here, RLKs are candidate molecules to function
in regulation of the proximal RAM, in gravitropic responses, and in nutrient responses.

Table 1. Expression Domains and Mutant Phenotypes of Receptor-like Kinases Implicated in Arabidopsis
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Root Development
Mutant Root Phenotypesa

CC, CSC, LRP

CSC differentiation
Overproliferation of LRP

Type

ARABIDOPSIS CRINKLY4 (ACR4)

CR4L

BARELY ANY MERISTEM 3 (BAM3)

LRR

Pp (TZ), Pe (EZ, DZ)

BRI1-ASSOCIATED
KINASE1/SOMATIC
EMBRYOGENESIS RECEPTOR-LIKE
PROTEIN KINASE3(BAK1/SERK3)

LRR

All cell layers of root

BRASSINOSTEROID INSENSITIVE 1
(BRI1)

LRR

All cell layers of root

BRI1 LIKE1 (BRL1)

LRR

CC, Vasculature (VI,
DZ)

BRI1 LIKE3 (BRL3)

LRR

CLAVATA1 (CLV1)

LRR

CLAVATA2 (CLV2)

RLP

LRP, Vasculature
(EZ), RAM

CLE insensitivity

CORYNE (CRN)

RLCK

LRP, RAM

CLE insensitivity

CRINKLY4 related 1 (CCR1)
CRINKLY4 related 2 (CCR2)
CRINKLY4 related 3 (CCR3)
CRINKLY4 related 4 (CCR4)

CR4L

Not reported

Enhancement of acr4 phenotypes

(De Smet et al., 2008)

HAESA (HAE)

LRR

Reduced LR density
Altered LRP
Cell separation defects

(Kumpf et al., 2013)

HAESA-LIKE2 (HSL2)

LRR

EN, CO, EP
(overlying LRP)
LRP (base)
EN, CO, EP
(overlying LRP)
LRP
LR (tip)
RAM (tip)

Reduced LR density
Altered LRP
Cell separation defects

(Kumpf et al., 2013)

MORE LATERAL GROWTH1 (MOL1)

LRR

Ph, PPP

None reported

PHLOEM INTERCALATED WITH
XYLEM/TDIF RECEPTOR (PXY/TDR)

LRR

Pc

None reported

LRR

RAM

CLE insensitivity

LRR

Pe, Ph, Xy

None reported

LRR

All layers of the root

Scrambled hair/non-hair cell pattern

LRR

Vasculature

bak1 serk1 bkk1
see BAK1

(Du et al., 2012)

LRR

EZ, MZ

bak1 serk1 bkk1
see BAK1

(Du et al., 2012)

LRR

Ph, Pc

None reported

(Bryan et al., 2012)

RECEPTOR PROTEIN
KINASE2/TOADSTOOL2
(RPK2/TOAD2)
REDUCED IN LATERAL GROWTH1
(RUL1)
SCRAMBLED/STRUBBELIG
(SCM/SUB)
SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE PROTEIN KINASE1
(SERK1)
SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE PROTEIN
KINASE4/BAK1-LIKE1 (SERK4/BKK1)
XYLEM INTERMIXED WITH
PHLOEM1 (XIP1)
a

Root Expressiona

Gene

Vasculature (EZ, Pp)
CC, CSC, LRC,
Ep/LRC initials,
Vasculature (DZ)

Suppression of brx and CLE45
protophloem differentiation defect and
reduced meristem size phenotypes
BL insensitivity
bak1; serk1; bkk1:
Reduced root length
Reduced meristem size
Loss of starch accumulation
Loss of SHR and WOX5 expression
Reduced root length
Reduced meristem size
Fewer LR/reduced LRP density
Scrambled hair/non-hair cell pattern
Reduced CPC and WER expression
None reported
None reported
CSC differentiation

References
(De Smet et al., 2008; Stahl
et al., 2013; Stahl and Simon,
2009; Stahl et al., 2009)
(Depuydt et al., 2013)

(Du et al., 2012)

(Cano-Delgado et al., 2004;
González-García et al., 2011;
Hacham et al., 2011)
(Birnbaum et al., 2003; CanoDelgado et al., 2004; Halter
et al., 2013; Zhou et al.,
2004)
(Cano-Delgado et al., 2004)
(Fiers et al., 2004; Replogle
et al., 2013; Stahl et al.,
2013)
(Betsuyaku et al., 2011b;
Fiers et al., 2004; Wang et
al., 2008a)
(Miwa et al., 2008; Replogle
et al., 2013)

(Agusti et al., 2011; Brady et
al., 2007; Winter et al., 2007)
(Etchells and Turner, 2010;
Fisher and Turner, 2007;
Hirakawa et al., 2010b; Suer
et al., 2011)
(Kinoshita et al., 2010;
Replogle et al., 2013)
(Agusti et al., 2011; Brady et
al., 2007; Winter et al., 2007)
(Kwak and Schiefelbein,
2007, 2008a; Kwak et al.,
2005; Kwak and Schiefelbein,
2008b)

CC: Columella Cells, CSC: Columella Root Cap Initial Cells, DZ: Differentiation Zone, Ep: Epidermis, EZ: Elongation Zone, LR: Lateral Root
(mature), Lateral Root Cap: LRC, LRP: Lateral Root Primordia, Pe: Pericycle, Ph: Phloem, Pc: Procambium, Pp: Protophloem, PPP:
Phloem Pole Pericycle, RAM: Root Apical Meristem, VI: Vascular Initial Cells, XY: Xylem
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Chapter 2: Material and Methods
Plant Growth
For soil grown plants, approximately five seeds were planted in 2” square pots with soil
(4 parts Sunshine mix 3, Sungro Horticulture: 1 part vermiculite, CAS# 1318-00-9, Therm-ORock West, Inc.) presoaked in water. Trays containing the pots were covered in plastic wrap and
cold treated for 3 to 4 days (d) before transfer to a Conviron MTR30 or E7 growth chamber (16
hours (h) of light and 8 h of dark at 22°C or 28°C respectively, with 75% relative humidity, and a
light intensity of approximately 120 µE/m2 from cool white fluorescent tube lamps (Philips
F96/CW/VHO or F48/CW/VHO) supplemented by 40 watt incandescent bulbs (Philips). Plastic
wrap was removed after the seedlings were established (3-5 d), and one representative seedling
was allowed to grow per pot. The pots were sub-irrigated with Hoagland nutrient solution as
necessary.
Plate assays were performed using surface sterilized seeds, which were soaked in 70%
ethanol and 0.1% Triton X-100 for ten minutes, then rinsed three times with 95% ethanol.
Seedlings were grown vertically on 1% agar plates with 0.5X Murashige and Skoog (MS) media
(Sigma-Aldrich #M5524) and 0.05% 2-(N-morpholino)ethane sulfonic acid (MES) (SigmaAldrich #M2933) pH 5.7. Plates were sealed with Micropore surgical tape (3M), stratified in the
dark at 4ºC for 72 hours and grown vertically at 22ºC in a controlled temperature room, with
16hr light/8hr dark, under cool-white fluorescent tubes (Phillips Alto F40CW/RS/EW) with an
average output of 90µE/m2. For hypocotyl elongation assays, plates were kept wrapped in
aluminum foil during growth.
Mutant and Transgenic Lines
bir1-1, bak1-1, bak1-3, bak1-4, bak1-5, bkk1-2, and bri1-301 lines are as previously
described (Du et al., 2012; Gao et al., 2009; Gou et al., 2012; Kang et al., 2010; Kemmerling et
al., 2007; Li et al., 2002; Roux et al., 2011; Schwessinger et al., 2011).
bir1-3 is in the WS ecotype and was isolated from the FLAG_193B06 line obtained from
the Versailles Arabidopsis Stock Center (IJPB-INRA, Versailles, France) (Samson et al., 2002).
Sense primer At5g48380 F4, anti-sense primer At5g48380 R4, and left border primer LB4 were
used for genotyping (Table 3). For RT-PCR, the sense primer At5g48380 RT F3, and antisense
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primer At5g48380 RT R3 were used. (Table 3) bir1-4 and bir1-5 were isolated from the
Arabidopsis Tilling Project (Till et al., 2003).
The bir2-1 T-DNA mutant was isolated from seed pool GK-793F12 from GABI-KAT
(Kleinboelting et al., 2012). The sense primer At3g28450 F, anti-sense primer At3g28450 R4,
and left border primer JL-202 were used for genotyping (Table 3). The bir2-2 T-DNA mutant
was isolated from the Wisconsin Arabidopsis Knockout facility ß-Pool collection (Sussman et
al., 2000) (Halter et al., 2014) The sense primer At3g28450 F, anti-sense primer At3g28450 R4,
and left border primer JL-202 were used for genotyping (Table 2).
bir3-1 (SALK_132078), bir3-2 (SALK_116632), and bir4-1 (SALK_002259) T-DNA lines are
from the Arabidopsis Biological Resource Center (Alonso et al., 2003). PCR and sequence
analysis confirmed the presences of T-DNA left borders 622 bp downstream of the ATG of BIR3
for bir3-1 and 1061 bp for bir3-2 using The sense primer At1g27190 F2 and anti-sense primer
At1g27190 R2, and the left border primer Signal-LB were used for genotyping bir3-1. The sense
primer At1g27190 F3, anti-sense primer At1g27190 R3, and the left border primer Signal-LB
were used for genotyping bir3-2 (Table 2).
bir4-1 appears to contain a complex T-DNA insertion and rearrangement as described in
the text. Genotyping of bir4-1 was performed using sense primer At1g69990 F5 and anti-sense
primer At1g69990 R5, followed by digestion with the restriction enzyme HpaI. bir4-1 yields
fragments of 668, 348 and 100 bp, whereas Col yields fragments of 668 and 472 bp. (Table 2).
bir4-2 (CSHL_ET9428) and bir4-3 (CSHL_ET11166) were isolated from the Cold
Spring Harbor Genetrap collection (Martienssen, 1998). bir4-2 and bir4-3 were both genotyped
using the sense primer At1g69990 F4, anti-sense primer At1g69990 R, and the transposon
specific primer DS5-1 (Table 2).
Cloning
For pBIR1:BIR1:GFP the region from 1516 bp upstream of the ATG up to, but not
including the stop codon, was amplified from BAC clone MJE7 (ABRC) using ExTaq
polymerase (TaKaRa Bio Inc.) and cloned into the pCR8/GW-TOPO vector (Life Technologies)
followed by Gateway LR recombination (Life Technologies) into the pBIBKAN-GWR-GFP
vector (Gou et al., 2010). For pBIR1:GUS and pBIR1:NLS:YFP, the region 1516 bp upstream of
and including the start codon of BIR1 was amplified using PrimeSTAR polymerase (TaKaRa Bio
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Inc.) and cloned into the pENTR/D-TOPO vector (Life Technologies) followed by Gateway LR
recombination (Life Technologies) into the pBIB-GUS-BASTA (Gou et al., 2010) and pFYTAG
(GenBank acc.DQ370421) vectors.
For pBIR2:BIR2:GFP the region from 2511 bp upstream of the ATG up to, but not
including the stop codon of BIR2, was amplified from BAC clone MFJ20 (ABRC) using ExTaq
polymerase (TaKaRa Bio Inc.) and cloned into the pCR8/GW-TOPO vector (Life Technologies)
followed by Gateway LR recombination (Life Technologies) into the pBIBKAN-GWR-GFP
vector (Gou et al., 2010). For pBIR2:GUS and pBIR2:NLS:YFP, the region 2511 bp upstream of
and including the start codon of BIR2 was amplified using ExTaq polymerase (TaKaRa Bio Inc.)
and cloned into the pCR8/GW-TOPO vector (Life Technologies) followed by Gateway LR
recombination (Life Technologies) into the pBIB-GUS-BASTA (Gou et al., 2010) and pFYTAG
(GenBank acc.DQ370421) vectors.
For pBIR3:BIR3:GFP the region from 1084 bp upstream of the ATG up to, but not
including the stop codon of BIR3, was amplified from BAC clone T7N9 (ABRC) using ExTaq
polymerase (TaKaRa Bio Inc.) and cloned into the pCR8/GW-TOPO vector (Life Technologies)
followed by Gateway LR recombination (Life Technologies) into the pBIBBASTA-GWR-GFP
vector (Gou et al., 2010). For pBIR3:GUS the region 1084 bp upstream of and including the start
codon of BIR3 was amplified using ExTaq polymerase (TaKaRa Bio Inc.) including BamHI
primer extensions and cloned into the pCR2.1-TOPO vector (Life Technologies), followed by
restriction digestion and ligation into the BamHI site of pBI101-GUS (Jefferson et al., 1987).
pBIR3:NLS:YFP, this same 1084 bp region was amplified using ExTaq polymerase (TaKaRa
Bio Inc.) and cloned into the pCR8/GW-TOPO vector (Life Technologies) followed by Gateway
LR recombination (Life Technologies) into the pFYTAG (GenBank acc.DQ370421) vector.
For pBIR4:BIR4:GFP the region from 1674 bp upstream of the ATG up to, but not
including the stop codon of BIR4, was amplified from BAC clone F20P5 (ABRC) using LaTaq
polymerase (TaKaRa Bio Inc.) and cloned into the pCR8/GW-TOPO vector (Life Technologies)
followed by Gateway LR recombination (Life Technologies) into the pBIBBASTA-GWR-GFP
vector (Gou et al., 2010). For pBIR4:GUS the region 1674 bp upstream of and including the start
codon of BIR4 was amplified using ExTaq polymerase (TaKaRa Bio Inc.). including BamHI
primer extensions, and cloned into the pCR2.1-TOPO vector (Life Technologies), followed by
restriction digestion and ligation into the BamHI site of pBI101-GUS (Jefferson et al., 1987).
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pBIR4:NLS:YFP, this same 1674 bp region was amplified using ExTaq polymerase (TaKaRa
Bio Inc.) and cloned into the pCR8/GW-TOPO vector (Life Technologies) followed by Gateway
LR recombination (Life Technologies) into the pFYTAG (GenBank acc.DQ370421) vector.
Constructs were transformed into the Col accession or indicated mutant background
using Agrobacterium GV3103 and the floral dip method (Clough and Bent, 1998).
Sequence Analysis
Sequence analysis, gene and protein diagrams, sequence alignments and phylogenetic
trees were generated using Vector NTI Suite 9.0 (Life Technologies).
Hormone and Peptide Treatment
For hormone and peptide treatments, plates were prepared immediately before use. For
BL treatment, epi-brassinolide (Sigma-Aldrich #E1641) dissolved in 80% ethanol was added to
media for at the indicated concentrations and an ethanol control was used. For BRZ treatment,
brassinazole (TCI-America #B2829) dissolved in dimethyl sulfoxide (DMSO) was added to
media at a concentration of 1 µM and DMSO alone used as control. For BL and BRZ treatment,
seeds were sown directly onto the hormone-containing media.
flg22 (QRLSTGSRINSAKDDAAGLQIA) peptides (Mimotopes, Australia) were
dissolved in water to 1 mM and diluted to 500 µM in 100 mM NaCl 0.1% BSA before addition
to media cooled to 45° C at a concentration of 100 nM. elf18 (SKEKFERTKPHVNVGTIG)
peptide (Mimotopes, Australia) was dissolved in water and added to media at a concentration of
1 µM. Seedlings were grown for 5 days on 0.5X MS+MES 1% agar plates then transferred to
liquid 0.5X MS+MES liquid media in 24-well plates containing peptide or an equal volume of
100 mM NaCl 0.1% BSA as control (400 µl media/well, 2 seedlings/well) and grown for an
additional 5 days.
RNA Extraction and RT-PCR
Tissue was frozen in liquid nitrogen and total RNA extracted using a Plant RNeasy Kit
(Qiagen #74904). For RT-PCR to verify insertional mutant lines, cDNA synthesis was
performed using 0.1 µg total RNA and a Fermentas kit (Thermo-Fisher #K1622) , followed by
30 cycles of PCR amplification in an MJ PTC-1196 thermocycler (Bio-Rad) using ExTaq DNA
polymerase (TaKaRa Bio Inc.). For RT-PCR of PR1, FRK1 and EF1α, following RNA
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extraction, 1µg total RNA was treated with DNase I (Life Technologies #18068015); cDNA
synthesis was performed using a High Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor and random primers (Life Technologies #4374966). FRK1 and EF1α (as control) were
amplified by 30 cycles of PCR using ExTaq DNA polymerase and the indicated primers (Table
2).
PCR
Unless otherwise indicated, standard PCR amplification consisted of denaturation at 94°,
40 cycles of 94° for 30 sec., 30 sec. at optimal annealing temperature, and extension at 72° 1
min./kb of amplicon, and finally 10 min. at 72° in an MJ PTC-1196 themocycler using lab
purified Taq polymerase or the indicated commercial polymerase.
Histology and Histochemical Analysis
Seedling containing transcriptional fusions to GUS were stained with GUS solution
containing X-Gluc [2 mM X-Gluc (Gold Bio Technology) dissolved in DMSO, 2 mM potassium
ferricyanide, 2 mM potassium ferrocyanide, 0.2% Triton X-100 50 mM sodium phosphate pH
7.2] at 37°C for 1-16 hours. For DIC imaging, samples were then fixed in 90% ethanol, 10%
acetic acid for 12 hours, cleared and mounted on slides in chloral hydrate solution (8:2:1 chloral
hydrate:ddH2O:glycerol). For transverse sectioning of roots, GUS stained seedlings were
embedded in 1% agarose, fixed in 4% gluteraldehyde, 3% paraformaldehyde, 50 mM sodium
phosphate buffer pH 7.2 for 3 hours; rinsed twice in 50 mM sodium phosphate pH 7.2;
dehydrated in an increasing series of 10, 20, 50, 70, 90 and 100% ethanol; infiltrated with
increasing concentrations of Technovit 7100 (Heraeus, Germany) and cured in BEEM capsules
according to the manufacturer’s instructions. 8-12 µm sections were cut using a Sorval MT2B
ultramicrotome equipped with glass knives.
For analysis of RAM morphology, roots were fixed and stained with a modified-Schiff
propidium iodide method (mS-PI) (Truernit et al., 2008), cleared, and mounted in chloral hydrate
solution.
Visualization of starch granules within the RAM was performed as in (Li et al., 2011).
Samples were fixed overnight in 9:1 ethanol:acetic acid, incubated in 70% ethanol for 10 min.,
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transferred to chloral hydrate solution and mounted on slides in 6:1 chloral hydrate
solution:Lugol solution (MP Biomedical #155269).
For analysis of lateral root morphology, roots were fixed and cleared using an acid/base
method according to (Malamy and Benfey, 1997) or a modified acid/base method incorporating
mS-PI staining by incubating rehydrated samples in 1% periodic acid for 40 min, rinsing with
ddH2O, incubation in 100 mM sodium metabisulphite, 0.15N HCl, 100 µg/ml propidium iodide
for 1 hour and finally, clearing and mounting in chloral hydrate solution.
Trypan blue staining was performed by boiling leaf samples for 1 min. in trypan blue
solution [trypan blue (EMD Chemicals #368) dissolved in lactophenol solution (EMD Chemical
#R03266) to a concentration of 2.5 mg/ml and then diluted with two volumes of 100% ethanol],
incubation overnight in trypan blue solution at room temperature, clearing with chloral hydrate
solution at 37° C for 3 days, and mounting in chloral hydrate solution.
DAB staining was performed by vacuum infiltrating samples with DAB solution [1
mg/ml 3,3’-diaminobenzidine (Sigma-Aldrich #D5637) in 50 mM Tris pH 5.0, 0.05% Tween 20
(Sigma-Aldrich #P9416)] until soaked, followed by incubation for 24 hours at room temperature
in the dark. Samples were then cleared in boiling ethanol for 10 min., and further cleared and
mounted in chloral hydrate solution.
Microscopy, Image Acquisition and Measurements
DIC imaging of LRP, root tips and transverse sections was performed using 10 or 20X
magnification as indicated on a Zeiss Axioplan compound microscope equipped with a QImaging Micro Publisher 3.3 RTV camera and Q-CapturePro 5.0 software.
Confocal microscopy was performed using a Zeiss LSM 510 and Axiovision software.
For mS-PI stained tissues, samples were excited at 488 nm and emission collected through an LP
505 filter. Imaging of YFP and GFP was with excitation at 488 nm and emission detected with a
BP 505-530 filter. YFP and GFP imaging of RAMs was counterstained by incubation of roots
for 5 min in 10 µM propidium iodide (PI), mounting in ddH2O and PI detected with an LP 560
filter. YFP and GFP imaging of LRP and mature regions of the root was counterstained with
neutral red (NR) [4 µM neutral red (Fluka #72210) in 0.5% MS media pH 5.8 (Dubrovsky et al.,
2006)] incubation for 10 minutes and mounted in NR. Neutral red was excited at 543 nm and
detected with a BP 560-615 filter.
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Mature plant and rosette images were taken individually with a Canon Power Shot
SX110 digital camera, scaled to each other, backgrounds removed, brightness and contrast
adjusted, and merged into a composite image in Adobe Photoshop. Images of seedlings for root
measurements were obtained by scanning plates at 720 dpi on an Epson Perfection 2400 Photo
scanner.
To measure plant height, leaf length and width, the first 4 rosette leaves, axillary leaves
and primary bolt of 5 week old plants were affixed to paper and scanned at 720 dpi. Leaf length
was measured along the midvein and width at the widest point. The primary bolt was measured
from its base to the youngest inflorescence.
All measurements were made using ImageJ 1.42q software (NIH). Data was analyzed
and charts produced in Microsoft Excel. Student’s t-test was used for calculating statistical
differences between sample populations.
Table 2: Primers used in this study
Primer

Sequence

At5g48380 F4

5’-ATGAAGAGAATCAATATCGTCAATCACG-3’

At5g48380 R4
LB4

5’-CACTGAACTTGCAGATATAACCAGCAGTCT-3’
5’-CGTGTGCCAGGTGCCCACGGAATAGT-3’

At5g48380 RT F3

5’-TCGGTTATGTTGCTCCCGAGTATTCAAGA-3’

At5g48380 RT R3

5’-CCTTCACCTGATTCAGATGGGATTAAGA-3’

At3g28450 F

5’-TTAAATAGGAAGTCGCTAACCATGGGAG-3’

At3g28450 R4

5’-GTGAGCTAAAGAACACAGGAATG-3’

JL-202

5’-CATTTTATAATAACGCTGCGGACATCTAC-3’

At1g27190 F2

5’-TCTCAACAGTATCACACAGTCAATGACC-3’

At1g27190 R2

5’-GTTTCTCACCAAACCCACAAGCACTAAG-3’

Signal-LB

5’-TGGTTCACGTAGTGGGCCATCG-3’

At1g27190 F3

5’-CTCGCCGGTGAGATTCCTGAGTCTCTTA-3’

At1g27190 R3

5’-ACAGACAAAGGCTTTTGCCCTGTAACCA-3’

At1g69990 F5

5’-CATTCACTAAAACAAACTCTCAAACTGC-3’

At1g69990 R5

5’-ACCACTTCTCGACGAAACAACGATATTC-3’

At1g69990 F4

5’-AAACTTGTACAGTTGTACTATTTAGAGCCC-3’

At1g69990 R

5’-TCAAATTTTTCATTAGCGACTTGGGAAAC-3’

DS5-1

5’-GAAACGGTCGGGAAACTAGCTCTAC-3’
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Chapter 3: Results and Discussion
Reverse-genetic screen of LRR-RLKs
In a reverse-genetic screen to identify functions for previously uncharacterized LRRRLKs, I identified insertion mutants in At1g27190, At1g69990, At3g28450 and At5g48380 –
members of the LRR Xa subclade. LRR Xa is closely related to the LRR Xb clade, whose
members play key roles in Arabidopsis development and include the primary steroid receptor,
BRI1. At the time this study commenced, LRR Xa was entirely uncharacterized, however the
protein encoded by At5g48380, BAK1-INTERACTING RECEPTOR 1 (BIR1), was later
described for its functions in cell-death regulation (Gao et al., 2009) as reviewed in Chapter 1:
Cell-death Control by Receptor-like Kinases. The remaining three members of LRR Xa,
At3g28450, At1g27190 and At1g69990 were named BIR2, 3 and 4, respectively, in accordance
with the naming of BIR1. In a
neighbor-joining phylogenetic
tree constructed using their

BIR3 (0.1179)
BIR4 (0.1227)

full-length amino acid

BIR2 (0.2196)

sequence, LRR Xa groups as a

BIR1 (0.2929)

distinct clade from the LRR-

BRI1 (0.3587)

RLKs BRI1, BAK1,

BAK1 (0.0971)

SERK1,2,4 and 5, FLS2 and

BKK1/SERK4 (0.0642)

EFR (Figure 7) Within LRR

SERK5 (0.0705)

Xa, BIR1 is the most outlying

SERK1 (0.0508)

member; BIR2 shares greater

SERK2 (0.0548)

similarity with BIR3 and BIR4
than does BIR1, and BIR3 and
BIR4 are most closely related,
sharing 88% identity (Table 3).
BIR1, 2, 3 and 4 share a
similar domain structure
consisting of a signal sequence,

CLV1 (0.3488)
EFR (0.3582)
FLS2 (0.3500)
Figure 7. Neighbor-joining Tree of LRR Xa and Selected LRRRLKs
Neighbor-joining tree using full amino acid sequences of LRR Xa, the
SERK sub-clade (LRR II), BRI1 (LRR Xb), CLV1 (LRR XIa), EFR (LRR
XII), and FLS2 (LRR XII). Distance values are noted in parentheses.
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Table 3. Percent Identity between LRR Xa and Selected LRR-RLKs
BIR3
BIR4
BIR2
BIR1
BRI1
BAK1
BKK1/
SERK4
SERK5
SERK1
SERK2
CLV1
EFR
FLS2

BIR3 BIR4
100 88
100

BIR2
79
77
100

BIR1
71
70
70
100

BRI1
21
20
21
21
100

BAK1
64
65
65
64
19
100

BKK1/SERK4 SERK5 SERK1 SERK2 CLV1
64
65
64
63
33
64
65
64
63
33
65
65
64
64
32
64
65
64
64
32
19
19
19
19
26
91
88
88
88
32
100

EFR
30
29
29
29
23
30

FLS2
19
18
19
19
26
18

92

86

87

33

30

18

100

84
100

84
95
100

33
33
32
100

30
30
30
38
100

18
19
19
29
26
100

an ECD containing an N-terminal leucine-rich repeat (LRR), 4-5 typical LRRs, and two paired
cysteine residues, followed by a single transmembrane domain and a cytoplasmic kinase domain
(Figure 9B). Of the BIR proteins, only BIR1 contains a conserved DFG motif within the
activation loop of the kinase domain thought to be essential for phosphorylation activity (Figure
8 (Castells and Casacuberta, 2007). In addition, none of the BIR proteins contain the conserved
RD motif or glycine-rich loop characteristic of autophosphorylating kinases (Figure 8) (Halter et
al., 2014).
Two T-DNA insertions were identified for BIR1. Consistent with published data, bir1-1
(Gao et al., 2009) contains a T-DNA insertion 1453 bp downstream of its ATG within its CDS.
RT-PCR analysis confirmed the lack of full-length transcript in this line (data not shown). bir1-3
contains a T-DNA insertion within the putative 5’ untranslated region (UTR), 343 bp upstream
of its ATG as confirmed by PCR and sequence analysis (Figure 9A). In addition, two missense
mutations in bir1 were identified from the Arabidopsis TILLING project populations (Till et al.,
2003): bir1-4, containing a c to t transition resulting in a change of amino acid position 296
from leucine to phenylalanine, and bir1-5 containing a g to a transition resulting in a change of
amino acid position 504 from glycine to serine. Neither bir1-4 or bir1-5 exhibit significant
phenotypes (data not shown).
For BIR2, two T-DNA insertions were identified located within the putative 5’ UTR:
bir2-1 and bir2-2, 85 and 186 bp upstream of the ATG, respectively (Figure 9A). No full-length
transcript is detected for bir2-2 by RT-PCR, however for bir2-1 transcript is still present (data
not shown). Within the coding sequence (CDS) of BIR3, two T-DNA insertions,

Figure 8. Sequence
Alignment of LRR Xa
Sequence alignment of BIR1,
2, 3, 4 and bir1-4. DFG motif
is boxed in black. RD motif is
boxed in red. Sub-domains
are
noted
above
the
corresponding
sequence.
Identical
sequences
are
indicated
as
red
text
highlighted
in
yellow,
conserved sequences are
indicated as dark blue text
highlighted in blue, blocks of
similar
sequences
are
indicated by black text
highlighted in green.
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PCR (data not shown) (Figure
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9A).

BIR3
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BIR4, bir4-1 (Figure 9A).
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At1g69980
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BIR1
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BIR2
605 aa

PCR amplification using a
gene-specific BIR4 primer and

BIR3
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591 aa

a T-DNA right border 1403
upstream of the BIR4 ATG.
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Furthermore, sequence

Cysteine Pair

Transmembrane Region

Kinase Domain

Missense Mutation

analysis of this PCR fragment
revealed that the amplified
sequence corresponded to 1403
bp of upstream sequence, the
first 270 bp of BIR4 CDS

Figure 9. LRR Xa Gene and Protein Structures
(A) Predicted gene structure and insertion locations for BIR1-4. Exons
are in black, predicted transcripts in grey. bir4-1 contains a
rearrangement as a result of T-DNA insertion. (B) Predicted protein
domains of BIR1-4.
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including 31 bp of unknown origin, that
results in a premature stop codon after 176
codons, and the presence of an HpaI
restriction enzyme cut site that is not present
in the wild-type BIR4 CDS.

It appears that

a T-DNA inserted into BIR4, and then a
rearrangement occurred whereby the T-DNA
and ~1.6 kb of sequence, including the first
270 bp of the BIR4 coding sequence, were
tandemly duplicated. In the process of TDNA excision, 31 bp of sequence, at the
original site of integration, was replaced with
sequence of an unknown origin, resulting in
the frame-shift.
Two additional alleles of BIR4 were
identified from the Cold Spring Harbor gene
trap transposon insertion collection. PCR
and sequence analysis confirmed the
presence of Ds transposon insertions 520 bp
downstream of the ATG of BIR4 for bir4-2
and 1147 bp for bir4-3 (Figure 9A).
Although the Ds transposon present in these
lines contains the CDS for ß-glucuronidase
(GUS) and splice acceptor sites for
integration into endogenous transcripts, no
GUS activity using the substrate X-gluc was
seen for these lines (data not shown.)
Phenotypically, bir1-1 is consistent
with previous characterization (Gao et al.,
2009); homozygous plants are extremely

Figure 10: LRR Xa Mutant Aerial Phenotypes
(A) Five-week-old Col, bir1-1, bir2-1, bir3-2, and bir4-1
plants. Inset is a magnified view of bir1-1 homozygous
plants. Scale bar = 1 cm. (B) Average plant height,
(C) rosette leaf length, and (D) width of Col, bir1-1,
bir2-1, bir3-1, bir3-2, and bir4-1 plants grown at 22° C
and Col and bir1-1 plants grown at 28° C. a indicates
values that are not statistically different from one
another.

62
dwarfed at only 1% the height of wild type
Col, with epinastic cotyledons, and a compact
rosette leaves, 7% the length and 12% the
width of Col, that show premature senescence
(Figure 10A-D). When grown under standard
conditions at 22° C, bir1-1 plants rarely
survive to bolting and if they do, produce a
single, very-short bolt and only one or two
siliques. However, these siliques do produce
viable homozygous seed. Homozygous bir1-3
plants, which are in the WS ecotype, present
similar phenotypes to those of bir1-1 (Figure
11A). As reported for bir1-1 and other
mutants exhibiting constitutive cell-death
phenotypes, growth at 28° C partially
suppresses phenotypes in bir1-1 and bir1-3
plants restoring plant height to 36% that of
Col and restoring rosette leaf length and width
to 21 and 27% of wild type respectively for
bir1-1 (Figure 10 A-D). Transgenic
pBIR1:BIR1-GFP plants containing the
genomic sequence corresponding to the

Figure 11. Complementation of bir1-1 by
pBIR1:BIR1-GFP
(A) Five-week-old Col, bir1-1, and bir1-1 containing
the pBIR1:BIR1-GFP transgene. (B) Plant height
measured at 5 weeks. Col and bir1-1; pBIR1:BIR1GFP are not statistically different from each other.

putative promoter and CDS, translationally-fused to the CDS of Green Fluorescent Protein
(GFP), are able to fully complement bir1-1 height phenotypes (Figure 12 A and B).
In the aerial portion of the plant, bir3-1, bir3-2, and bir4-1 plants resemble wild-type Col
plants, with no significant difference in plant height or rosette leaf length and width (Figure
10A). bir2-1 plants are semi-dwarfed; plant height and rosette leaf length and width are reduced
to 70%, 68% and 73% that of the wild type, respectively.
When grown on MS media, bir2-1 and bir4-1 do not differ significantly from Col in
primary root length at 10 dag (Figure 11 A and B). bir3-2 primary roots are 33% longer than
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wild type on average. The majority of bir1-1 primary roots are near to Col length at 79% of wild
type, but are statistically different (p<0.001). Furthermore, 24% of bir1-1 seedlings [bir1-1
(short)] display primary roots that are dramatically shorter than Col, with an average length of
7% that of wild type. Only minor increases in bir1-1 (short) root growth were seen after three
days of growth, suggesting that most of these roots had already ceased growing (Figure 11 B).
The majority of bir3-2;bir1-1 and bir4-1;bir1-1 primary roots, like bir1-1 primary roots, are
indistinguishable from wild type; however, both double mutant combinations also contain a short
root class, with 42% of bir3-2;bir1-1 and 28% of bir4-1;bir1-1 falling into this class.
Statistically, bir3-2;bir1-1 and bir4-1;bir1-1 short roots are indistinguishable from bir1-1 short
roots in length.
It has previously been reported that bir1-1 mutants are reduced in lateral root number,
however no quantification has been published (Wang et al., 2011). To determine the basis of the
apparent reduction of mature lateral roots in bir1-1, as well as any LR phenotypes in other LRR
Xa mutants, 14 dag roots were fixed, cleared and analyzed microscopically to assess the density
of LRP at stages I-VII of development, as well as LRs at the emergence and mature stages. Total
LRP and LR density did not differ greatly from Col for those genotypes tested, except for bir3-2
which contained an average density of 0.87 LRP/mm compared to 0.59 LRP/mm for Col (Figure
11 D).
With regard to individual stages of LRP development, all bir mutants show a significant
increase in the density of stage I primordia compared to Col (bir1-1, bir2-1, and bir4-1;bir1-1:
p<0.01; bir3-2, bir4-1, and bir3-2;bir1-1: p<0.001) (Figure 11 C). Stage II-IV densities did not
differ significantly amongst genotypes. bir1-1 roots contain significantly fewer stage V and VII
primordia, as well as emerging and mature LRs. bir2-1 and bir3-2 mutants produced mature
LRs at significantly increased density compared to wild types. bir3-2;bir1-1 double mutants
produce significantly higher densities of stage VI and VII primordia than bir1-1 single mutants,
suggesting that bir3-2 can partially suppress some bir1-1 LRP defects, however bir3-2;bir1-1
mutants produce a similar density of stage I primordia to bir1-1, unlike the significant increase in
stage I primordia for bir3-2 single mutants. bir4-1;bir1-1 double mutants do not differ
significantly from bir1-1 single mutants suggesting that BIR4 does not act redundantly to BIR in
lateral root development. (Figure 11 C).
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From these results it can be concluded that BIR family members possess distinct
functions, though some of these are in overlapping pathways. Primary root defects observed in
bir1-1 mutants suggest BIR1 plays a key role in root development. Enhancement of the
penetrance of primary root defects in bir3-2;bir1-1 double mutants suggests that BIR1 and BIR3
both function in primary root development. The dramatic alteration in LRP density in bir1-1
points towards a role for BIR1 function in lateral root development. BIR3 may function
antagonistically in lateral root development to BIR1 as bir3-2 mutants produce greater numbers
of LRP than wild type and bir3-2;bir1-1 double mutants show partial suppression of bir1-1
lateral root development defects.

Figure 12. LRR Xa Mutant Root Phenotypes
(A) 14 dag seedlings grown on 0.5X MS media. (B) Primary root length of indicated genotypes measured
at 10 dag for all genotypes and 3 and 7 dag for Col and bir1-1. a and b indicate genotypes that are not
statistically different from each other.(C) Density of lateral root primordia at indicated stages assayed at 14
dag. *** and ** indicate values that are statistically different from wild-type Col p<0.001 and p<0.01,
respectively. *** and ** indicate values that are statistically different from bir1-1 at p<0.001 and p<0.01,
respectively. (D) Total lateral root primordia.
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LRR Xa Expression Analysis
In the course of my study of LRR Xa,
a collaboration was initiated between my lab
group and the Kemmerling lab group,
University of Tübingen, Tübingen, Germany,
due to their interest in defense roles of LRR
Xa genes. Public microarray data from the
AtGenExpress project revealed that LRR Xa
gene expression is differentially affected by
pathogen elicitor treatment (Halter et al., 2014;
Kemmerling et al., 2011; Winter et al., 2007).
BIR1 and BIR2 are upregulated at least 1.5-fold
in response to the bacterial pathogen elicitors
flg22 and hrpZ and modestly by the oomycete
elicitor NPP1; BIR3, on the other hand, is down-

hpi

Figure 13. Induction of LRR Xa expression by
pathogen elicitors
Relative fold change induction of BIR1-4 one and
four hours after treatment with bacterial pathogen
elicitors flg22, hrpZ, and LPS, and oomycete
elicitor NPP1 assayed on Affymetrix ATH1
genechips. Data is from the publicly available
AtGenExpress
microarray
database
(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi)
(Halter et al., 2014; Kemmerling et al., 2011;
Winter et al., 2007).

regulated in response to these same elicitors;
BIR4 shows only modest changes in response to NPP1 (Figure 13). Furthermore, my
collaborators identified physical interactions between all members of LRR Xa and the SERK
BAK1 (Halter et al., 2014). Relevant results from this collaboration will be addressed later
within the Discussion section.
In addition to biotic stress microarray datasets, developmental maps of gene expression
based upon cell-sorting experiments have been made public (www.arexdb.org) (Birnbaum et al.,
2003; Brady et al., 2007). From this dataset, all members of LRR Xa are predicted to be
expressed within the root; BIR1 within differentiating epidermal, cortical, endodermal, pericycle,
protoxylem, LRP, and LRC cells; BIR2 within trichoblasts, cortical, endodermal, pericycle,
protoxylem, LRP and columella cells; BIR3 within cortical, xylem, and meristematic/elongation
zone epidermal cells; BIR4 is predicted to be expressed at low levels and only within procambial
and vascular initial cells (Figure 14). That LRR Xa members share overlapping, but distinct,
predicted expression patterns suggests that they may possess individual, as well as, redundant
functions dependent upon the tissue.
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To verify microarray expression patterns
and to better understand the connection between
BIR function and mutant phenotypes,
transcriptional fusions to ß-glucuronidase (GUS)
and Yellow Fluorescent Protein containing the
histone HTA6 nuclear-localization signal (NLSYFP) CDSs were constructed using the putative
upstream promoter sequences of BIR1-4. In
addition, translational fusions to GFP were
constructed using the same putative promoter
sequences driving expression of their respective
BIR CDS in frame with GFP.
In the aerial portion of the plant,

BIR1

BIR2

BIR3

BIR4

Figure 14. Predicted LRR Xa expression
from microarray data

pBIR1:GUS expresses strongly within development Expression patterns from AREX database
leaf primordia (Figure 15D), as well as in the
vasculature of cotyledons and leaves, stomata and

based upon cell sorted transcript profiling using
Affymetrix ATH1 genechips (www.arexdb.org)
(Birnbaum et al., 2003; Brady et al., 2007).

the hydathodes (Figure 15B and C). Strong
expression is also seen after mechanical wounding
of leaf tissue (Figure 15A).
Within the root, pBIR1:GUS shows strong expression throughout mature regions of the
root at 3, 7, 10, and 14 dag (7 dag: Figure 15C), as do pBIR1:NLS-YFP and pBIR1:BIR1-GFP
(Figure 17A-D). Expression also extends along mature LRs (Figure 15E). Transverse sectioning
of plastic embedded root tissue reveals that within mature root tissue, pBIR1:GUS primarily
expresses within the cortical cell layer (Figure 15M). Within the differentiation zone (Figure
2A), pBIR1:GUS expression remains strongest in the cortex, but is expressed within epidermal
cells and strongly within pericycle, procambium and protoxylem cells, however is completely
absent from metaxylem cells (Figure 15G and N). Orthogonally sectioned z-series of confocalimaged pBIR1:BIR1-GFP and pBIR1:NLS-YFP show similar results (Figure 17A-D). No
pBIR1:GUS expression is seen in the endodermal cell layer as predicted by microarray data.
pBIR1:GUS expression appears reduced within the elongation zone and within the RAM
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Figure 15. pBIR1:GUS
Expression
X-gluc
stained
pBIR1:GUS
plants.
(Scale bar = 20 µm
unless otherwise noted)
(A) wounded leaf, (B) 3
dag cotyledon, (C) 7 dag
seedling (Scale bar =
500 µm), (D) leaf
primordia (Scale bar =
200 µm), (E) mature
lateral
root,
(F)
meristematic, elongation
and differentiation zones
of 7 dag root, (G) DIC
image of mature root, (H)
DIC image of root apical
meristem, (I) stage VI
lateral root primordium,
(J) stage VII lateral root
primordium,
(K)
emerging lateral root.
Transverse sections of
plastic embedded root at
(L) emerging lateral root,
(M) mature region, (N)
differentiation
region,
and (O) root apical
meristem.
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expresses primarily within LRC cells (Figure 15H and O). Unlike microarray predictions,
pBIR1:GUS is not seen preferentially within developing LRP (Figure 15I-K); although,
transverse sections of emerging LRs show pBIR1:GUS expression throughout the primary root
vasculature joining to the developing LR (Figure 15M).
pBIR2:GUS expresses throughout the vasculature of rosette leaves and is seen is leaf
stomata (Figure 16B and F). In inflorescences, it expresses at the base of anthesing flowers and
in stigma (Figure 16A and D). Developed siliques show expression in the abscission zone
(Figure 16E). In the root, pBIR2:GUS expresses throughout mature regions of 3, 7, 10, and 14
dag root tissue (7 dag: Figure 16C). Specific expression is not seen within LRP (Figure 16G).
At the root tip, pBIR2:GUS is absent from the RAM, but expresses in a distinct stripe of the
vasculature in the elongation zone (Figure 16H). Columella expression predicted by microarray
data is not seen (Figure 16H). Consistent with microarray data, pBIR2:NLS-YFP expresses
within epidermal, cortical and endodermal cell layers as seen by orthogonally sectioned z-series
of confocal images (Figure 17E and F). Vascular expression predicted by microarray data is not
seen in pBIR2:NLS-YFP.
pBIR3:GUS, similarly to pBIR2:GUS, expresses within the abscission zone of siliques
and within stomata and vasculature of rosette leaves (Figure 16I and J). pBIR3:GUS root
expression is restricted to inner cell layers; within mature regions it appears to be in cortical
layers (Figure 16K), which is consistent with orthogonal z-series confocal sections of
pBIR3:BIR3-GFP (Figure 17G and H), and with microarray predicted expression (Figure 14). In
younger root tissue, pBIR3:GUS expresses in vasculature and throughout early stage LRP
(Figure 16L). Within the RAM, pBIR3:GUS expresses throughout the proximal meristematic
region (Figure 16M).
As predicted by microarray data, pBIR4:GUS expresses very lowly. In the aerial portion
of the plant it expresses only in the stipules of leaves and nectaries of flowers (data not shown).
In the root, pBIR4:GUS is only seen in the vasculature surrounding the LRP and at the base of
LRP (Figure 16N and O). Perhaps due to more sensitive detection, pBIR4:NLS-YFP is seen in
orthogonal confocal z-series sections of vasculature not surrounding LRP (Figure 17I and J).
This expression is within the procambial tissue consistent with microarray data. In the RAM,
both pBIR4:GUS and pBIR4:NLS-YFP express in the distal meristem columella cells, with the
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Figure 16.
pBIR2:GUS,
pBIR3:GUS,
and
pBIR4:GUS
Expression
X-gluc stained
plants.
pBIR2:GUS (A)
inflorescence,
(B) rosette leaf,
(C)
7
dag
seedling
(D)
floral organs,
(E) abscission
zone,
DIC
images of (F)
stomata
and
rosette
leaf
vasculature,
(G) mature root
including
emerged lateral
root, (H) 7 dag
root
apical
meristem.
pBIR3:GUS:
(I) abscission
zone,
DIC
images of (J)
rosette
leaf
stomata,
(K)
mature root at
base of lateral
root, (L) stage
III lateral root
primordium,
(M) 7 dag root
apical
meristem.
pBIR4:GUS
DIC images of
(N) base of
emerged lateral
root, (O) stage
III lateral root
primordium,
and (P) root
apical
meristem.
(Scale bar = 2
mm for A-D, 1
mm for E and I,
100 µm for F
and 50 µm for
G, H, and K-P.)
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strongest expression (Figure 16P
and Figure 17K).
Taken together,
transcriptional and translational
fusion analysis is predominantly
consistent with microarray

L

K

analysis and confirms a model of
distinct but overlapping
expression patterns for LRR Xa
family members (Figure 17L). It
appears that BIR2 is the primary
member expressed in the
epidermis. BIR1, BIR2, and
BIR3 overlap in expression
within the cortex. BIR2 alone
shows endodermal expression.
In the vasculature BIR1, and
possibly, BIR2 are expressed
within the pericycle. BIR1 and
BIR4 express within procambial
cells, while BIR1 also expresses in
the protoxylem. BIR3 is predicted
to be in proto and metaxylem and
pBIR3:GUS expression is seen
within vasculature, however

BIR1 BIR2 BIR3 BIR4
Figure 17. LRR Xa GFP and YFP Fusion Expression
Confocal images of pBIR1:BIR1-GFP mature root (A) orthogonal
section of z-series and (B) longitudinal view. pBIR1:NLS-YFP (C)
orthogonal section of z-series and (D) longitudinal view.
pBIR2:NLS-YFP (E) orthogonal section of z-series and (F)
longitudinal view. pBIR3:BIR3:GFP (G) orthogonal section of zseries and (H) longitudinal view. pBIR4:NLS-YFP mature root (I)
orthogonal section of z-series (J) longitudinal view, (K) columella
cells. (L) Model of LRR Xa radial expression within the root:
BIR1 in cortical, pericycle, procambium and metaxylem cells,
BIR2 in epidermal, cortical and endodermal layers, BIR3 in
cortical and xylem cells, and BIR4 in procambial cells. Scale bar
= 50 µm.

further analysis of transversely-sectioned pBIR3:GUS roots is necessary to determine its specific
vasculature expression pattern.
As early root development begins during embryogenesis and given that bir1-1 mutants
show root defects within three days after germination, mature embryos dissected from seeds
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imbibed overnight in water were
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analyzed for transcriptional fusion
expression. pBIR1:GUS expresses very
strongly in just the tip of the immature
RAM (Figure 18A and B). This
expression corresponds to the LRC, of
which there are two layers in the mature
embryo (Scheres et al., 1994).
pBIR3:GUS expresses strongly
throughout inner layers of the immature
root (Figure 18C and D). pBIR4:GUS
expresses much more strongly in the
mature embryo than in the root and is seen
in parallel files of vasculature extending
into the hypocotyl, as well as outer cell

Figure 18: Mature Embryo Expression
DIC images of embryos dissected from seeds imbibed in
water overnight and stained in X-gluc solution for
pBIR1:GUS at (A) 5X and (B) 20 X magnification,
pBIR3:GUS at (C) 5X and (D) 20X magnification, and
pBIR4:GUS at (E) 5X and (F) 20X magnification. Scale
bar = 50 µm.

layers in the immature meristem (Figure 18E and F). Interestingly, pBIR1:GUS and pBIR4:GUS
expression patterns within the immature meristem are complementary to one another and do not
appear to overlap. At the time of this analysis, pBIR2:GUS lines were not available to analyze,
however, microarray profiling of laser-capture micro-dissected embryos indicates they are
transcribed during embryogenesis (Spencer et al., 2007).
The expression of LRR Xa genes during late embryogenesis suggests that members may
function in regulation or formation of the embryonic root and/or other embryonic tissues,
however, those roles are beyond the scope of this study.
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Suppression of bir1 phenotypes by an allelic series of bak1 mutations2
Given the physical interaction between BIR1 and BAK1 (Gao et al., 2009; Halter et al.,
2014), as well as shared aspects between bir1 and bak1-4;bkk1-2 cell-death phenotypes (He et
al., 2007), we hypothesized that BIR1, BAK1, and BKK1 act in a common pathway to control
cell-death, and crossed bir1 mutants to bak1 mutants to test for a genetic interaction.
Surprisingly, rather than bak1;bir1 double mutants exhibiting either enhancement of or having
no effect on bir1 phenotypes, bak1;bir1 double mutants showed suppression of bir1 phenotypes.
To further examine their genetic interaction, bak1;bir1 double mutants were crossed to an allelic
series of bak1 mutations: bak1-4, a null allele that displays defects in BL signaling, immune
response activation, pathogen-induced cell-death, and, as a double with bkk1, general loss of
cell-death regulation; bak1-3, a hypomorphic T-DNA insertion, that greatly reduces BAK1
transcript level, but is not fully null, and shares all bak1-4 phenotypes, except for loss of celldeath regulation in bak1-3;bkk1 double mutants; and bak1-5, a single-amino-acid-substitution
mutant of BAK1, that results in hypo-active kinase activity and has been reported to show
defects in positive regulation of immune response pathways, but appears no to affect BL
signaling or cell-death regulation pathways (Albrecht et al., 2008; Du et al., 2012; Gou et al.,
2012; He et al., 2007; Roux et al., 2011; Schwessinger et al., 2011).
bak1 Suppression of bir1 Aerial Growth Defects
When grown at 22° C, bak1-3;bir1-1, bak1-4;bir1-1, and bak1-5;bir1-1 double mutant
combinations all show partial suppression of bir1 reduced height and rosette leaf length and
width defects (Figure 19A-D). The height of bak1-3;bir1-1 and bak1-4;bir1-1 plants are 25 and
31% that of wild-type Col, as compared to 1% for bir1-1 single mutants, statistically the same as
high-temperature suppression of bir1-1 single mutants which restores bir1-1 height to 36% of
Col. The bak1-5;bir1-1 phenotype, at 65% of Col, showed the most pronounced suppression of
bir1 height defects (Figure 19A and B). When grown at 28° C, bak1-3;bir1-1 and bak1-5;bir1-1
plants were statistically the same as wild-type plants in height and bak1-4;bir1-1 plants were
indistinguishable from bak1-4 single mutants in height. At 22° C, rosette leaf length and width
were restored in bak1-3;bir1-1 plants to a similar level as bir1-1 grown under high temperature

2

This text is modified from Appendix B
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(Figure 19C and D). bak1-4;bir1-1 and bak1-5;bir1-1 plants showed a greater suppression of
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Figure 19. Suppression of bir1-1 by an Allelic
Series of bak1 Mutations and High Temperature
(A) Five-week-old plants of indicated genotypes. Inset
is a magnified view of bir1-1 homozygous plants.
Scale bar = 1 cm. (B) Average plant height, (C) rosette
leaf length, and (D) width of 5 wag plants of indicated
genotypes grown at 22° and 28° C. a, b, and c
indicate values that are not statistically different from
one another.
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bir1-1 rosette leaf length and width at 22°

A

C than bak1-3;bir1-1 plants, at 55 and 50%
of Col, respectively, though still
intermediate of the wild type. At 28° C,
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plants of all three double-mutant
combinations were fully restored to wildtype rosette leaf width, however only bak15;bir1-1 plants were similar to wild type in
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bak1 Suppression of bir1 Cell Death
phenotypes
It has been previously reported that bir1-1
phenotypes include accumulation of reactive
oxygen species and increased cell death (Gao
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bak1-1

bak1-1; bir1-3

Figure 20. Suppression of bir1-3 by bak1-1 and
High Temperature
(A) Five-week-old WS, bir1-3, bak1-1, and bak1-1;
bir1-1 grown at 22° and 28° C. (B) Plant height
measured at 5 weeks. a and b indicate genotypes
that are not statistically different for one another

et al., 2009; Wang et al., 2011). To test suppression of these phenotypes by bak1, double-mutant
plants grown at 22° and 28° C were stained with 3, 3’-diaminobenzidine (DAB), an indicator of
hydrogen peroxide within cells, and the vital stain trypan blue, which cannot be readily absorbed
by live cells. When stained with DAB, 22° C grown two-week-old bir1-1 leaves show a
pronounced increase in precipitate formation, especially surrounding the vasculature and
hydathodes, as compared to Col (Figure 21). bak1-3;bir1-1 and bak1-4;bir1-1 leaves also show
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Figure 21. bak1 Suppression of bir1-1 Cell Death Phenotypes
Leaves from two-week-old seedlings grown at 22° and 28° C stained with DAB and trypan blue.

increased DAB staining compared to Col, but with less severity than bir1-1. bak1-5;bir1-1
leaves were indistinguishable from wild type, as were bak1-3, bak1-4, and bak1-5 single
mutants. Prior studies have shown increased reactive oxygen species production for bak1-3 and
bak1-4, but not bak1-5, when inoculated with bacterial and fungal pathogens or elicitors, and not
in the absence of infection unless in the bak1-4;bkk1 double mutant (He et al., 2007;
Kemmerling et al., 2007; Schwessinger et al., 2011). At 28° C, bir1-1 plants do not exhibit an
increase in DAB staining compared to Col, nor do any of the double mutant combinations or
bak1 single mutants (Figure 21).
Trypan blue staining of bir1-1 shows extensive staining of dead cells within two-weekold leaves grown at 22° C, compared to wild type as indicated by solid blue stained cells (Figure
21). bak1-3;bir1-1, bak1-4;bir1-1, and bak1-5;bir1-1 22° C-grown two-week-old leaves are all
greatly reduced in staining compared to bir1-1, but still contained occasional dead cells, however
least frequently in bak1-5;bir1-1 leaves. Of note, occasional dead cells are seen in bak1-3 and
bak1-4 single mutant leaves, but not as often as in their respective double mutant combinations
with bir1-1 and are not seen in bak1-5. For all genotypes tested, 28° C-grown leaves do not
show substantial trypan blue staining cells.

77
From these results we conclude that bir1-1 growth phenotypes are at least partially
dependent upon BAK1-mediated pathways and, furthermore, that abrogation of only those
pathways affected in the bak1-5 mutant are sufficient to revert ROS accumulation, cell-death,
plant height, and rosette-size defects in bir1-1. When combined with biotic stress pathways
negatively-regulated by high temperature stress, bir1-1 plants are fully reverted to wild type.
bak1 Interaction with bir1 Root Phenotypes
To assess the effect of bak1 mutants on bir1-1 root phenotypes, seedlings were grown on
MS media to measure primary root length and 14 dag roots were fixed, cleared and examined
under a microscope to quantify LRP density. As bak1-3;bkk1-2 double mutants also show lateral
root phenotypes (Jia Li, personal communication), bkk1-2 single and bak1-3;bkk1-2 and bak15;bkk1-2 double mutants were also examined.
bak1-3 and bak1-4 single mutants, like bir1-1 single mutants, show a modest but
significant decrease in primary root growth compared to Col (bak1-3: 88% of Col, p<0.01;bak14: 83% of Col, p<0.001) (Figure 22B). bkk1-2 single mutants are 118% the length of Col
(p<0.001) and bak1-5 did not differ significantly from Col. The majority of bak1-3;bir1-1,
bak1-5;bir1-1, and bak1-3;bkk1-2 double mutants are all similar to the long class of bir1-1 single
mutant roots (p<0.01). Only bak1-4;bir1-1 primary roots are shorter at 61% of the wild type
(Figure 22B.
As in bir1-1 single mutants, all double mutants containing bir1-1 contain a short root
class that is less than 50% the length of Col [bak1-3;bir1-1 (short), bak1-4;bir1-1 (short) and
bak1-5;bir1-1 (short)]; additionally, 37% of bak1-3;bkk1-2 double mutants display a similar
short root phenotype [bak1-3;bkk1-2 (short); Figure 22B]. In bak1-3;bir1-1 and bak1-4;bir1-1
genotypes, an increase from 24% short roots for bir1-1 to 46% is observed. bak1-5;bir1-1
(short) make up only 6% of bak1-5;bir1-1 mutants tested. Furthermore, whereas bak1-3;bir1-1
(short), bak1-4;bir1-1 (short), and bak1-3,bkk1-2 (short) root length is on average statistically
the same length as bir1-1(short) (21%, 13%, 12% and 7% of Col, respectively, p<0.001), bak15;bir1-1 (short) roots are intermediate compared to Col (40%). bak1-5;bkk1-2 double mutants
do not contain a short root class and primary root length is similar to that of Col.
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Figure 22. bak1 Interaction with bir1-1 Primary Root Growth Phenotypes
(A) 14 dag seedlings grown on 0.5X MS media. (B) Primary root length of 10 dag
seedlings. a-f indicate values that are not significantly different.
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To more closely examine the basis of the bir1 (short) root length defect, roots were
stained with a modified-Schiff propidium iodide method (mS-PI) for high-resolution imaging of
RAMs using confocal microscopy (Truernit et al., 2008). RAM length was measured from the
QC to the first elongating epidermal cell. bir1-1 (long), bak1-3, and bak1-4 meristems are
statistically similar to each other (p>0.01) and show a modest decrease relative to Col (bir1-1
77%, bak1-3 83% and bak1-4 78%) (Figure 23J). bir1-1 (short) meristems are significantly
shorter than Col at only 52%. bak1-3;bir1-1 and bak1-4;bir1-1 double mutants are intermediate
between bir1-1 and bir1-1 (short) at 61 and 66% of Col, respectively. bak1-5 meristem size does
not statistically differ from that of Col and bak1-5;bir1-1 meristems are similar to bir1-1, bak1-3,
and bak1-4 in size (Figure 23J).
To differentiate between cell division and cell elongation defects in the RAM, the number
of cortical cells within the meristematic zone were counted (Figure 23K). bir1-1 and bak1-4
contain significantly fewer cortical cells than Col at 74 and 78%, respectively. bir1-1 (short)
meristems contain only 35% that of Col. Similar to analysis of meristem size, bak1-3;bir1-1 and
bak1-4;bir1-1 cortical cell numbers are intermediate between bir1-1 and bir1-1 (short) at 50 and
61% of Col. bak1-5;bir1-1 double mutants are statistically similar to bir1-1, and bak1-5 does
not differ from Col (Figure 23K). Extrapolating cortical cell length from meristem size and
cortical cell number, only bir1-1 (short) is significantly different from Col (p<0.001) with
cortical cells averaging 150% the length of Col (Figure 23L).
From this I conclude that bir1 (short) root length defects are likely caused by a decrease
in cell division within the RAM. The increased cortical cell length observed in bir1-1 (short)
RAMs is likely due to a lack of transit-amplifying cell divisions within cortex cells. The fact that
bak1-3;bir1-1 and bak1-4;bir1-1 enhance bir1-1 reduced meristem size and cortical cell number,
rather than suppress these defects, and bak1-5;bir1-1 mutants resemble bir1-1 with respect to
meristem defects, suggests that this defect is due to effects in separate pathways than BAK1mediated pathways affected in bak1-5.
To examine the distal meristem morphologically, 14 dag roots were fixed, stained with
Lugol’s solution to visualize starch granules within mature columella cells and cleared. In
addition, mS-PI treated roots also stain starch granules. Wild-type roots typically contain 3-4
tiers of starch granule-containing mature columella cells. bak1-3, bak1-4, bak1-5, and bkk1-2 all
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display a similar pattern to wild-type Col (Figure 23A, D-F, and M). bir1-1 roots predominantly
contained only 3 layers of starch granule-containing columella tiers and bir1-1 (short) roots
contained fewer or none at all (Figure 23B, C, and M). Similar to bir1-1, bak1-3;bkk1-2 roots
predominantly contain only 3 staining tiers (Figure 23M). Furthermore, bak1-3;bkk1-2 (short)
roots contain few layers of starch-granule staining columella cells and are disorganized. This is
similar to that of bak1-4;bkk1-2 roots, which are short owing to seedling lethality (Figure 22A)
(Du et al., 2012). bak1-3;bir1-1, bak1-4;bir1-1, and bak1-5;bir1-1 all resemble wild-type Col
(Figure 23L and M).
Visually, bak1;bir1-1 plate-grown roots appear to suppress the reduction in lateral root
formation seen in bir1-1. To determine the basis of this suppression, double mutant
combinations were assayed for the density of LRP stages relative to Col and the respective single
mutants. Examination of LRP density in bir1-1 shows a significant increase in stage I primordia,
as well as significant decreases in stage V and VII primordia and emerged and mature LRs (stage
I and stage V, p<0.01; stage VII, emergence and LR, p<0.001) (Figure 24A). All bak1 single
mutants appeared increased in stage I LRP density, but only bak1-3 and bak1-5, not bak1-4,
contained a significant increase compared to Col roots (bak1-3, p<0.01 and bak1-5, p<0.001)
(Figure 24A). In addition, bak1-3 LRP density was significantly increased at stages VI and VII,
as well as emerging and mature LRs (stage VI, p<0.01; stage VII and emergence, p<0.05; and
LR, p<0.001) (Figure 24A). bak1-4 showed a similar trend at these stages, although only stage
VI and emerging LRs were significantly increased (p<0.01 and p<0.05, respectively). bak1-5
LRP density only increases at stages I, VI and VII (I, p<0.001; VI and VII, p<0.05).

Figure 23. Analysis of bir1-1 Root Apical Meristem Defects
mS-PI stained 7 dag root apical meristems of: (A) Col, (B) bir1-1, (C) bir1-1 (short) (D) bak1-3, (E) bak1-4,
(F) bak1-5, (G) bak1-3; bir1-1, (H) bak1-4; bir1-1, (I) bak1-5; bir1-1. (J) Root apical meristem size for
indicated genotypes. a-d indicate values that are not significantly different. (K) Cortical cell number within
the RAM of indicated genotypes. a and b indicated values that are not significantly different. (L) average
cortical cell length within the RAM of indicated genotypes. bir1-1 (short) is the only genotype significantly
different. (*** p<0.001). (M) RAMs of 4 dag seedlings of the indicated genotypes stained with Lugol’s
solution to visualize columella cell starch granules.
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All bak1;bir1-1 double mutants tested share an increase in stage I LRP, but do not
different significantly from each other (Figure 24A). Stages V-VII, emerging and mature LRs
are all significantly increased in bak1;bir1-1 double mutants compared to bir1-1 single mutants
(Figure 24A - blue asterisks). For stage V, all double mutants do not differ statistically from
Col. Stage VI LRP density for all bir1-1 containing double mutants is statistically increased
compared to bir1-1, but not compared to the respective bak1 single mutants (Figure 24A green
asterisks). Stage VII LRP density is increased and emergence and mature LR density is
decreased in bak1-3;bir1-1 compared to bak1-3 (Figure 24A; stage VII and emergence, p<0.01;
LR, p<0.001). These stages do not differ significantly between bak1-4;bir1-1, bak1-5;bir1-1 and
their respective bak1 single mutants.
Assessing overall LRP and LR density, bir1-1 is similar to Col, however all three bak1
alleles show an increase in total LRP and LR density, suggesting that more primordia are
initiated in these mutants (Figure 24B). The greatest increase is seen in bak1-3 and all
bak1;bir1-1 double mutants are increased in total LRP density relative to Col (Figure 24B).
From this I conclude that all three bak1 alleles are sufficient to alleviate late stage LRP
developmental defects in bir1-1. Furthermore, previously undescribed alterations to LRP
development have been identified for bak1, including bak1-5, which had so far only been
implicated in immune response pathways, suggesting a novel function of BAK1 in LRP
development.
Effects of bak1;bir1 Mutants on BR and Defense Signaling Pathways
As BAK1 is a critical component in positive regulation of immune response pathways
and contributes significantly to steroid signaling pathways, bir1-1 and bak1;bir1-1 were tested
for sensitivity to alterations to steroid levels and induction of immune response by pathogen
elicitors. To test sensitivity to a reduction in endogenous BR levels, plants were grown on media
containing the BR biosynthesis inhibitor brassinazole (BRZ) or control, followed by growth in
the dark to assess steroid-dependent hypocotyl elongation, or growth vertically to assess effects
on primary root growth. In wild-type plants, BRZ-mediated reduction to steroid level, results in
impaired hypocotyl elongation in dark-grown seedlings. bir1-1 single mutants do not differ
significantly from wild type in hypocotyl elongation either in the presence or absence of BRZ
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(Figure 25A and B). bak1-3, bak1-4, and bri1-301, a hypomorphic allele of the primary BR
receptor, show a greater reduction in hypocotyl elongation when grown on BRZ-containing
media, as would be expected when endogenous steroid level is reduced in conjunction with
impaired BR signaling. bak1-3;bir1-1 and bak1-4;bir1-1 seedlings exhibit reduced hypocotyl
elongation on both control and BRZ-containing media compared to Col (Figure 25A and B).
Furthermore, BRZ-treated bak1-3;bir1-1 and bak1-4;bir1-1 more closely resembled bri1-301 in
hypocotyl elongation than their respective bak1 single mutants. bak1-5 does not differ
significantly from Col, in line with previous reports (Schwessinger et al., 2011), nor do bak15;bir1-1 double mutants (Figure 25A and B).
BRZ significantly reduces primary root growth of wild-type plants. Growth on BRZcontaining media has a greater effect on bir1-1 than on Col (Figure 25C). This is similar to what
is seen for bak1-4, as well as, bak1-3;bir1-1, and bak1-4;bir1-1; however bak1-5;bir1-1 roots
were similar to wild type in the presence of BRZ.
Treatment of seedlings with the major steroid epi-brassinolide (epi-BL) causes
stimulatory effects at low concentrations and inhibitory effects at high concentration in both
hypocotyl elongation and primary root growth assays. Under our experimental conditions, bir11 does not differ significantly from Col in epi-BL effect on hypocotyl elongation (Figure 25D).
bak1-3 and bak1-4 show a shift in stimulatory effect from 10 nM to 100 nM epi-BL. bri1-301
shows a loss of inhibition of hypocotyl elongation at high epi-BL concentrations (Figure 25D).
Interestingly, bak1-5 is insensitive to stimulatory effects of epi-BL in hypocotyl elongation.
bak1-3;bir1-1, bak1-4;bir1-1, and bak1-5;bir1-1 resemble their respective bak1 single mutants
in this assay (Figure 25D).
As observed for hypocotyl elongation, stimulatory effects of epi-BL on bak1-3 and bak14 primary root growth is shifted to a higher concentration, in this case from 1 nM to 10 nM epiBL, and shows reduced inhibition at 100 nM and 100 µM (Figure 25E). bri1-301 exhibits only
stimulation of root growth, as expected. bir1-1 and bak1-5 are similar in trend to Col, however
the stimulatory effect at 1 nM is somewhat reduced, as is the case for bak1-5;bir1-1 (Figure
25E). bak1-3;bir-1-1 resembles bak1-3 in response (Figure 25E). Unlike bak1-4 or bir1-1,
bak1-4;bir1-1 displays a dampened response with a less distinct stimulatory peak (Figure 25E).
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RT-PCR of FRK1 and EF1α control on using total RNA extracted from seedlings grown for five days on MS
media followed by transfer to liquid MS media containing 100 nM flg22 or control. Ladder bands correspond
to 100 and 200 bp.

Based upon these results, it appears that BIR1 has BAK1-dependent functions in
hypocotyl elongation, as bak1-3;bir1-1 and bak1-4;bir1-1 show reduced hypocotyl elongation in
the absence of BRZ and greater sensitivity to BRZ-mediated inhibition of hypocotyl elongation.
Additionally, BIR1 may play a minor role in BL stimulation of root growth at low
concentrations.
To assay activation of immune-response pathways in bir1-1 and bak1;bir1-1, five-dayold seedlings were grown for seven days in the presence of the synthetic 22-amino acid peptide
elicitor flg22 (derived from bacterial flagellin sequence) or control, and total RNA extracted to
assess expression of defense-related transcripts. Preliminary analysis using traditional RT-PCR,
shows that in the absence of flg22, FRK1, a marker for pathogen-triggered-immunity (PTI),
shows elevated expression in bir1-1 and similar levels in flg22-treated seedlings (Figure 26).
bak1-3, bak1-4, and bak1-5 all show very low levels of FRK1 in the absence of flg22 and of
these only bak1-3 shows elevation in response to flg22 treatment (Figure 26). These results are
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consistent with published reports that bak1-4 and bak1-5 are impaired in activation of PTI
(Schwessinger et al., 2011). bak1-3;bir1-1 and bak1-4;bir1-1 FRK1 levels appear similar to
bir1-1 in the presence and absence of flg22, however bak1-5;bir1-1 FRK1 levels are very low in
the presence and absence of flg22, similar to bak1-5 single mutants (Figure 26).
This assay needs to be repeated using quantitative RT-PCR methods and additional
markers of PTI, however, these results suggest that only bak1-5 is capable of suppressing PTI
transcript activation in bir1-1 and furthermore, that PTI activation defects of bak1-4 are
suppressed by bir1-1.
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Genetic interactions between bir3, bir4, and bak1
Given the physical interaction between BAK1 and all members of the BIR family (Halter
et al., 2014), I sought to test their genetic interactions and I assembled higher order mutant
combinations between bir3 and bir4 mutants and the allelic series of bak1 mutations. Crosses
were made between bir3-2,bir4-2 double mutants and bak1 single mutants, bir3-2,bir4-1;bak1-4
triple homozygotes were identified before bir3-2; bak1-4 double homozygotes could be
identified because of their physical linkage. At five-weeks old, bir3-2,bir4-1;bak1-4 triple
mutant plants have just begun to flower, whereas wild-type Col plants have already reached most
of their mature height (Figure 27A). In addition, bir3-2,bir4-1;bak1-4 rosette leaves are dark
green, elongated, and curled, reminiscent of mutants affecting BR signaling (Figure 27B). bir32,bir4-1, bir3-2;bak1-5, and bir4-1;bak1-4 double mutants do not display these phenotypes, nor
do bir3-2,bir4;bak1-5 triple mutants, and bir4-1;bak1-4 resemble bak1-4 single mutants (Figure
27A). In preliminary analysis bir3-2,bir4-1;bak1-3 plants share bir3-2,bir4-1;bak1-4 aerial
phenotypes (data not shown).
Given the similarity between bir3-2,bir4-1;bak1-3/4 and BR mutants, root sensitivity to
epi-BL was assayed. As seen in Figure 28A, Col root growth is stimulated at 1 nM epi-BL to
121% of untreated and is progressively inhibited at higher concentrations to 98% at 10 nM, 84%
at 100 nM, and 43% at 1 µM epi-BL. bak1-3 and bak1-4 mutants, known to be partially
insensitive to BR treatment, are not affected at 1 nM epi-BL and remain at 99% and 103% of
untreated length, respectively; stimulatory BL effect is shifted to 10 nM epi-BL where they are
114% and 121% of untreated length, respectively (Figure 28A). These mutants show less
stimulation at 100 nM to 94% and 104% and are inhibited in root growth at 1µM epi-BL where
both are 87% of untreated length. This inhibition is to a lesser extent than wild type and differs
significantly from Col (bak1-3, p<0.01; bak1-4, p<0.001). bak1-5 is less stimulated at 1 nM epiBL compared to Col and is 109% of untreated (p<0.05). At 10 and 100 nM epi-BL, bak1-5
shows greater inhibition than Col to 78 and 71% (p<0.01 and p<0.05, respectively), but is
similarly inhibited to Col at 1 µM at 46% of untreated (Figure 27 A).
serk1-1 mutants behave similarly to Col at 1, 10, 100 nM, with root length of 115, 99 and
81% of untreated except for 1 µM, where they are 64% of untreated length (Figure 27 A;
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(A) 5 week old plants of indicated genotypes. (B) close-up images of bir3-2, bir4-1; bak1-4 homozygotes.

p<0.01). serk1-1;bak1-4 double mutants, show little stimulation at 1 nM and are only 104% of
untreated length. At 10 nM and 100 nM, serk1-1;bak1-4 roots are more inhibited than Col, at 88
and 70% of untreated length and differ significantly from bak1-4 single mutants (Figure 28A;
p<0.001), however at 1 µM, this double mutant shows less inhibition than Col at 58% of
untreated length (p<0.05). The hypomorphic bri1-301 allele of the primary steroid receptor
shows progressive root growth stimulation from 1 to 100 nM epi-BL to 117, 126, and 138%,
then is reduced at 1 µM to 120% of untreated (Figure 28A; p<0.001).
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Compared to Col, bir4-1 single mutants show a similar trend, but the stimulatory effect of
epi-BL is reduced at 1 nM to 113% of untreated (Figure 28B). bir3-2 single mutants, like bir4-1,
lack stimulatory effect at 1 nM concentration and are 102% of untreated (p<0.05), but are more
strongly inhibited than Col at 10 and 100 nM to 76 and 74% of untreated length, respectively. At
1 µM, however, bir3-2 is less inhibited than Col (Figure 28B; p<0.05). bir3-2,bir4-1 double
mutants are intermediate to the respective single mutants at 1 nM epi-BL with 109% of untreated
length, but are reduced in stimulation compared to Col. At 10 and 100 nM epi-BL, they
resemble wild type with 96 and 78% of untreated length, however at 1µM epi-BL, they resemble
bir3-2 single mutants showing reduced inhibition of only 70%, significantly different from Col
(p<0.001) and bir4-1 (p<0.05) (Figure 28B). The bir3-2,bir4-1;bak1-3 triple mutant resembles
bir3-2,bir4-1 double mutants with reduced stimulation at 1 nM at 98% of untreated 100% of
untreated at 10 nM, 83% at 100 nM, and 68% of untreated at 1 µM epi-BL (p<0.001).
Furthermore, bir3-2,bir4-1;bak1-3 differs significantly from bak1-3 (p<0.001) at 1 µM,
indicating suppression of bak1-3 insensitivity (Figure 28B).
bir4-1;bak1-4 double mutants are statistically different from both Col (p<0.01) and bir41 (p<0.05), but resemble bak1-4 at 107% of untreated at 1 nM epi-BL (Figure 28C). At 10 and
100 nM epi-BL, bir4-1;bak1-4 shares the same trend as bir4-1 and is 111% and 94% of
untreated. At 1 µM epi-BL, bir4-1;bak1-4 is statistically different from bak1-4 single mutants
(p<0.001) and suppresses bak1-4 partial insensitivity. The bir3-2,bir4-1;bak1-4 triple mutant
shows greater stimulatory effects at 1 nM epi-BL with 125% untreated length. 128% untreated
length at 10 nM when compared to Col differs significantly (p<0.01). bir3-2,bir4-1;bak1-4
resembles the bak1-4 null at 100 nM and 1 µM concentrations showing 105 and 98% of
untreated length (Figure 28C). bir3-2,bir4-1;bak1-5 triple mutants, rather than resembling bir32,bir4-1 double mutants resemble bak1-5 single mutants with 104, 81, 62, and 42% of untreated
length at 1, 10 and 100 nM and 1 µM epi-BL (Figure 28D).
When grown on media containing 1 µM of the BR biosynthesis inhibitor BRZ, Col
primary root growth is inhibited to 13% that of untreated control at 7 dag (Figure 28F). bak1-3,
bak1-4, and bak1-5 treated roots are 41, 32 and 38% that of their respective untreated root length
and bri1-301 39% of untreated length. bir3-1 and bir3-2 also appear to be less inhibited by
BRZ than Col with treated roots averaging 51 and 46% of untreated length, respectively,
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compared to treated wild type. bir4-1 treated roots at 24% of the length of untreated are
intermediate between bak1 and bir3 levels of inhibition. With treated roots averaging 44% of
untreated, bir3-2, bir4-1 double mutants are more similar to bir3 than to bir4-1. bir4-1;bak1-4
double mutants at 37% of untreated length, are more similar to bak1-4 than bir4-1. bir3-2,bir41;bak1-3, bir3-2,bir4-1;bak1-4, and bir3-2,bir4-1;bak1-5 treated root length is 45, 29 and 43%
of untreated (Figure 28F).
Amongst these mutant combinations, it does not appear that any combination either
enhances or suppresses the effect of BRZ above that of single mutants. Interestingly, although in
other experiments, where root length was assayed at 10 days bir3-2 showed a significant increase
in length at 133% of Col (Figure 9 B), in this experiment at 7 dag, bir3-2 does not differ
significantly from Col. This suggests that either bir3-2 growth increase occurs primarily post-7
dag, or that bir3-2 root length is sensitive to differences in experimental conditions.
The results that bir3-2 mutants show a reduced stimulatory effect of epi-BL at 1 nM and
increased inhibitory effects at 10 and 100 nM epi-BL suggests that bir3-2 is hypersensitive to BL
treatment in the root. Converse to the shift of stimulatory effect to higher concentrations in
bak1-3 and bak1-4 mutants, the BR signaling pathway may already be acting at a “stimulatory”
level in the absence of applied hormone in bir3-2 and lower levels of BL treatment are necessary
to begin inhibiting root growth. In addition, reduced root growth inhibition by BRZ in bir3-2
may be due to increased BR signaling in this mutant. This is consistent with the observations
that bir3-2 10 dag roots are significantly longer than Col and that bir3-2 produce a greater
density of LRP than Col. The lack of increased inhibition in bir3-2,bir4-1;bak1-3 suggests that
bir3-2 hypersensitivity is BAK1-dependent, however until bir3-2;bak1-3 and bir3-2;bak1-4
double mutants are identified and analyzed, this cannot yet be confirmed. bir3-2,bir4-1;bak1-3
triple mutants show suppression of bak1-3 partial insensitivity and bir4-1;bak1-4 double mutants
suppress bak1-4 partial insensitivity at high BL levels. That bir4-1 can suppress the null bak1-4
allele suggests that BIR4 may either act directly on BRI1 as a negative-regulator and its loss
results in increased BRI1 activity or that in bir4-1, loss of BAK1 is compensated for by other
BRI1 interactors such as SERK1 or BKK1, in which case, BIR4 may act as a negative-regulator
of SERK1 and/or BKK1.
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This assay also shows that bir3-
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Figure 29. bir3-2, bir4-1; bak1 Root Analysis

have a root length less than half that of wild 4 dag primary roots stained with Lugol’s solution. Scale
bar = 50 µm.

type. bir3-2,bir4-1;bak1-4 short roots
number 32 and 53% of control and treated plants (Figure 28F). No short-rooted class was seen
for bir3-2,bir4-1;bak1-5. bir3-2,bir4-1;bak1-3 (short) BRZ control plants average 15% of Col
length, while, bir3-2,bir4-1;bak1-4 (short) BRZ control plants are more severely affected at 6%
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of Col root length. Furthermore, whereas bir3-2,bir4-1;bak1-3 (short) plants grown on BRZ
media show inhibition to 44% reduction in root length, bir3-2,bir4-1;bak1-4 (short) treated roots
are 95% that of untreated. When fixed, stained with Lugol’s solution, and cleared, bir3-2,bir41;bak1-4 (short) RAMs are severely disordered compared to wild type and lack clearly
organized tiers of columella cells. bir3-2,bir4-1;bak1-5, bir3-2,bir4-1, and bir4-1;bak1-4
genotypes do not show this phenotype (Figure 29). Interestingly, bir3-2,bir4-1;bak1-4 RAM
disorganization shows some similarities to that of bak1-4;bkk1-2 seedling lethal mutants.
As SERKs are involved in both BR-dependent and independent root growth pathways,
with serk1;bkk1;bak1 triple mutants showing severe disruption of root growth (Du et al., 2012;
Gou et al., 2012), this short root phenotype, present only when bak1-3 or bak1-4 is combined
with bir3-2,bir4-1 may be due to a loss of SERK1 and BKK1 function.
Similar to its effect on root growth, 1 µM BRZ treatment inhibits hypocotyl elongation of
dark-grown seedlings, a BR-dependent process. Amongst untreated seedlings, only bir3-2,bir41;bak1-4 show a significant increase from Col in hypocotyl length with an average of 17.3 mm
compared to 14.4 mm (Figure 28E; p<0.01). At 12.0 and 12.2 mm, bir3-2,bir4-1 and bir41;bak1-4 hypocotyls are shorter than Col, as well as bir3-1 and bir3-2 single mutants which are
16.3 and 15.5 mm, respectively (Figure 28E; Col, p<0.05; bir3-2, p<0.01). bak1-3, bak1-4,
bak1-5, and bri1-301 BRZ treated seedlings were more severely inhibited at 11.4, 13.5, 15.2, and
14% of untreated hypocotyl length compared to 29% untreated length for Col seedlings
(p<0.001). At 18 and 17% of untreated length, bir3-2,bir4-1 and bir3-2,bir4-1;bak1-4 differ
significantly in their percent change from untreated compared to Col (p<0.01). In addition, bir32,bir4-1 differs significantly from bak1-4 single mutants (p<0.01). bir3-2,bir4-1;bak1-3 and
bir3-2,bir4-1;bak1-5, however do not differ from Col in their level of inhibition by BRZ and,
additionally, are significantly different from bir3-2,bir4-1 (Figure 28E; p<0.001).
From this assay, it appears that BIR3 and BIR4 share redundant function in BRdependent hypocotyl elongation as the bir3-2,bir4-1 double mutant has a significant increase in
BRZ inhibition of hypocotyl elongation that is absent in either single mutant. That this inhibition
is not substantially enhanced by removal of BAK1 in the bir3-2,bir4-1;bak1-4 triple mutant
suggests that BIR3, BIR4 and BAK1 act together in this process. Furthermore, that only partial
removal of BAK1 transcript or a reduction in BAK1 function in bir3-2,bir4-1;bak1-3 and bir3-
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2,bir4-1;bak1-5 triple mutants can suppress hypersensitivity of bir3-2,bir4-1 to BRZ inhibition,
suggests that this bir3-2,bir4-1 phenotype is caused by an effect on BAK1 by the absence of
BIR3 and BIR4.
Further analysis of bir3,bir4;bak1 triple mutants and identification and analysis of
bir4;bak1 double mutants is necessary to fully dissect the function of BIR3 and BIR4 in root
development and steroid signaling.
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Discussion
In this study I have identified novel alleles in a reverse-genetic screen of the LRR Xa
family, characterized phenotypes for mutants of LRR Xa members, and profiled their expression
using transcriptional and translational fusions. From this work, I have determined that members
of LRR Xa play critical roles in plant development: BIR1 possesses a previously undescribed
function in root development based upon a characterization of bir1-1 defects in primary root
growth and the root apical meristem; BIR3 has novel functions in root growth as seen by bir3-2
increases in primary root growth and mature lateral root density; and that BIR3 and BIR4 share
redundant function in BAK1-mediated root growth as shown by bir3-2,bir4-1;bak1-4 severe
defects in root growth.
From the results presented in this study, it is evident that there is a complex interplay
between the BIR family and BAK1 function. The common theme in the genetic interactions
between BIRs and BAK1, is that bir phenotypes appear to be either BAK1-dependent – loss of
BAK1 in bir;bak1 combinations results in suppression; bak1-dependent – the phenotype is only
seen in bir;bak1 combinations; or bak1-enhancing – the phenotype is present in the bir single
mutant, but is enhanced in bir;bak1 mutants.
bir1 phenotypes can be divided into both BAK1-dependent phenotypes, such as
uncontrolled cell death and lateral root development defects, and bak1-enhancing phenotypes in
primary root growth and root apical meristem defects. bir3 also presents both BAK1-dependent
and, in combination with bir4, bak1-dependent phenotypes, which are only present in
combination with bak1 mutations. bir3 increased primary root growth and mature LR density is
suppressed in bir3-2,bir4-1 double mutants and in bir3-2,bir4-1;bak1-4 increases in primary root
growth are not just suppressed, but primary root growth is severely perturbed in a significant
proportion of individuals of this genotype. bir2 also shows BAK1-dependent phenotypes which
will be discussed later.
Given that BAK1 is known to function in diverse pathways, the use of an allelic series of
bak1 mutations allows these BAK1-dependent and bak1-enhancing phenotypes to be classified
into the different BAK1-functioning pathways. Specifically, double and triple mutant analysis
using the bak1-5 allele, which is primarily affected in positive regulation of PTI, reveals that loss
of BAK1-mediated PTI is sufficient for suppression of bir1-1 BAK1-dependent phenotypes and
that in both bir1-1 bak1-enhancing phenotypes and bir3-2,bir4-1;bak1 bak1-dependent
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phenotypes, loss of BAK1-mediated PTI is not sufficient to enhance or produce these
phenotypes. In addition, bak1-5 was previously characterized as an allele affecting only BAK1
PTI function and not BAK1 function in steroid signaling or cell-death regulation; however, no
analysis for root phenotypes were examined (Roux et al., 2011; Schwessinger et al., 2011); here I
identify an additional root-specific phenotype for bak1-5 in its effect of increasing LRP density
at stages I, VI, and VII (Figure 25A and B).
Based upon the phenotypes and genetic interactions I have presented here, as well as the
work of my collaborators, I propose that the BIR family of LRR-RLKs function to regulate
BAK1 and SERK participation in innate immune response pathways, such as FLS2 and EFRmediated PTI pathways; cell-death regulation via restriction of PTI signaling; the BR-dependent
growth pathways mediated by BRI1; and the BR-independent growth pathway of SERK
regulation of root growth.
Model of BIR1 Control of Cell Death
A previously published model of BIR as a negative regulator of R-proteins is not
sufficient to explain the suppression of bir1-1 by bak1 seen in this study (Gao et al., 2009).
Neither is the proposed model for BAK1/BKK1 control of cell death, in which BAK1 and BKK1
are redundantly required to regulate an unknown LRR-RLK (He et al., 2007). If this unknown
LRR-RLK “X” regulates cell death and in bak1-4;bkk1 mutants this X could be either a negative
regulator of cell death that cannot function “-X”, or X is a positive regulator of cell death that
BAK1 and BKK1 inhibit, “+X”. In this scenario, BIR1 might be required for BAK1/BKK1 and
X interaction. bak1 suppression of bir1-1 excludes -X, as -X would be non-functional in both
bir1-1 and bak1;bir1-1. Thus far, no negative regulatory role of BAK1 has been identified in
BAK1-RLK interactions, only BAK1 roles as a positively regulating co-receptor. Furthermore,
suppression of cell death in bak1-5;bir1-1 would require BAK1-5 to be defective in interacting
with “X”, however bak1-5;bkk1 mutants do not show cell death phenotypes. That bak1-5;bkk1
double mutants do not show cell death phenotypes and bak1-5;bir1-1 mutants show suppression
of bir1-1 cell death phenotypes argues that bir1-1 phenotypes are not due to an unknown LRRRLK that regulates cell death in a BAK1-dependent manner.
If BIR1, BAK1, and BKK1 acted together in a complex to negatively regulate cell death,
it would be expected that bir1-1 phenotypes would be: 1) as severe as bak1-4;bkk1 double
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mutants; 2) would not be suppressed by high temperature; or 3) bak1-4;bkk1 double mutants
would be suppressed by high temperature; none of these are the case.
In the Gao et al. model (illustrated in Figure 3), BIR1 acts to negatively regulate an Rprotein and in bir1-1 this R-protein activates cell death uncontrollably in a pathway partially
dependent upon EDS1 and PAD4, negatively regulated by high temperature stress, and activated
by SOBIR1/EVR. Suppression of bir1-1 by bak1 mutations would require bak1 mutants to
either regain control of this R-protein, or act downstream of the R-protein. Again, given the
suppression seen in bak1-5;bir1-1, this would likely require loss of BAK1-mediated PTI seen in
bak1-5. As BAK1 is targeted by AvrPto, the possibility exists that BAK1 and BKK1 may
function as R-proteins and in bak1-4;bkk1 mutants, when both BAK1 and BKK1 are lost,
defense-response is activated; however this does not explain the suppression of bir1-1 by bak1,
and in particular, the ability of bak1-5 to suppress bir1-1.
What I propose is that BIR negatively regulates a cell death pathway that is in part
dependent upon BAK1-mediated PTI signaling and in part dependent upon a separate pathway
that is negatively regulated by high temperature stress. These pathways are independent of one
another as neither high temperature stress nor loss of BAK1 PTI function in bak1-5 is sufficient
to suppress bir1-1, however, when combined, bak1-5;bir1-1 plants are fully suppressed. The
ability of bak1-5 to suppress bir1-1 indicates that BAK1-dependent PTI is downstream of BIR1.
Given that BAK1 is ubiquitously expressed, functions as a co-receptor positively regulating PTI
through several pathways, and, given the large number of uncharacterized RLKs, is likely acting
in additional PTI pathways for other pathogens, BAK1 participation in these pathways must be
tightly regulated. BIR1 may function to negatively regulate BAK1 interaction in PTI signaling
pathways to prevent precocious or inappropriate activation and additionally, as BIR1 is
transcriptionally induced in response to several pathogen elicitors (Figure 13), BIR1 may be
upregulated in a negative feedback loop to attenuate and prevent over-activation of PTI signaling
(Figure 30A and C). The ability of high temperature to partially suppress bir1-1, but not bak14;bkk1 and loss of BAK1-mediated PTI to suppress bir1-1 suggests that the BAK1/BKK1
controlled cell death pathway is a separate pathway.
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BIR2 is a Negative-Regulator of BAK1-mediated PTI
Analysis of BIR2 has been primarily conducted by our collaborators. Their studies
revealed not only that all four BIR family members physically interact with BAK1, using co-IP,
FRET and yeast two hybrid analysis, but that bir2 mutants exhibit increased resistance to
pathogens, enhanced pathogen-induced cell death and hypersensitivity to pathogen elicitors
(Halter et al., 2014). Analysis of bir2;bak1 double mutants showed that bir2 phenotypes were
BAK1-dependent, as bak1 suppressed bir2 immune response phenotypes (Halter et al., 2014).
Additionally, BIR2 and BIR3 appear to act antagonistically to one another as bir3 mutants
exhibit decreased pathogen resistance, opposite that of bir2 mutants (Birgit Kemmerling,
personal communication). Biochemical analysis showed that BAK1-BIR2 interaction is
dependent upon BAK1 kinase activity, BIR2 lacks in vitro kinase activity, and in bir2 mutants,
BAK1 association with the PTI receptor FLS2 is enhanced and conversely, when BIR2 is
overexpressed, BAK1 association with FLS2 is greatly decreased (Halter et al., 2014). These
results led to a model wherein BIR2 functions as a negative-regulator of BAK1-mediated PTI
and acts to sequester BAK1 from the PTI receptor FLS2 in the absence of ligand (Figure 30B
and D).
Combining these models has both BIR1 and BIR3 as negative-regulators of BAK1mediated PTI. The lack of a dwarfed phenotype in bir2 mutants may be because BIR1 and BIR3
negatively regulate PTI in different cellular contexts, to different extents, or may act to restrict
BAK1 only from particular LRR-RLK PTI complexes (Figure 30A-D). bir2-1;bir1-1 double
mutants have been very difficult to isolate and from the few individuals isolated, may be more
severe than bir1-1 (data not shown). It may be that the combined loss of bir2 and bir1 leads to
even higher activation of BAK1-mediated PTI.
Model of BIR1 and BIR3 Function in Lateral Root Development
bir1-1 LR defects could be due to three possible functions. A recent study looked at
RLK activation of PTI response in Arabidopsis roots for the first time and showed that several
elicitors induced defense response in the root, including flg22 induction of a WRKY
transcription factor. This response was specific to the elongation zone of the root and was lost in
fls2 and bak1-3 mutants (Millet et al., 2010). Seedling growth inhibition is a commonly used
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Figure 30. Graphical Model of BIR1 and BIR2 Function in PTI Pathways
(A) In the absence of ligand, BIR1 and BIR2 prevent BAK1 (and BKK1) association with ligand binding
LRR-RLKs controlling PTI pathways. (B) In the presence of ligand, BIR1 and BIR dissociate from BAK1
allowing BAK1 to complex with the ligand binding LRR-RLK (FLS2 in this example). (C) In bir1-1
mutants, BAK1 and BKK1 are able to bind to multiple LRR-RLKs in PTI in the absence of ligand resulting
in an inappropriate activation of PTI pathways, which leads to uncontrolled cell death. (D) In bir2
mutants, BAK1 activates PTI inappropriately, but only in a subset of BAK1-mediated PTI pathways.
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assay for elicitor sensitivity, however the effect of elicitor specifically on root growth has not
been studied. As in the model for BIR1 regulation of cell death control (Figure 30A and C),
BIR1 may negatively regulate BAK1 participation in PTI response in the root and overactive/inappropriately activated PTI in the root may inhibit LR development (Figure 31A).
Alternatively, BIR1 and/or BIR3 may function in BR-dependent LR development. As
reviewed in the introduction, BL treatment has effects on LR development, and both biosynthetic
and bri1 mutants show reduced LR density. As was seen in this study, bak1 mutants show
alterations to LRP density, including bak1-5, with all showing increased stage I and stage VI or
later LRP density, as well as an overall increase in LRP density (Figure 24A and B). bir1-1
mutants, however, show decreases in density in later stage LRP and bir3-2 only has increases in
mature LR density (Figure 24A and B; Figure 12C and D). BIR1 and BIR3 may have
antagonistic effects on BAK1-mediated BR signaling, or act on BR pathways independently of
SERKs (Figure 31B).
The identification of agb1 mutants as partial suppressors of bir1-1 cell death phenotypes
provides a possible link (Liu et al., 2013). As reviewed in the Introduction section, RLKmediated Steroid Signaling, AGB1 functions downstream of BRI1 and agb1 mutants affect
BZR1-independent BR-induced transcriptional changes. agb1 mutants are also hypersensitive to
auxin-induced increases in LRP density and produce more LRs than wild type (Ullah et al.,
2003). It was not reported if bir1-1 reduced LR density is also suppressed in agb1;bir1-1 (Liu et
al., 2013).
The recent discovery that the IDA-HAE/HSL2 pathway acts in LR development
(reviewed in the Introduction section, Receptor-like Kinase Regulation of Root Development –
Lateral Root Development) as well as abscission, provides another role for SERKs (and possibly
BIRs) in LR development. hae;hsl2 mutants are defective in auxin-induced cell wall remodeling
of cell layers overlying LRP, preventing their proper emergence (Kumpf et al., 2013). Given
that floral organ abscission defects are suppressed in serk1;nev and serk1;nev;ida, but not in
serk1;ida or serk1;hae;hsl2 a clear role for SERK1 has not been made in abscission, but is a
possible connection. SERKs might act as negative regulators of HAE/HSL2 mediated LR
development, with BIR1 promoting this SERK activity and BIR3 inhibiting it (Figure 31C).
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Figure 31. Possible Models for BIR Functions in Root Development
Three possible models of BIR function in lateral root development: (A) BIR1 functions to negatively
regulate BAK1 mediated PTI-signaling, which negatively regulates LR development. (B) BIR1 positively
regulates BAK1 association with BRI1 and BIR3 negatively regulates BAK1 association with BRI1
during BR-stimulated LR development. (C) BAK1 (hypothetically) negatively regulates HAE/HSL2
signaling and BIR1 negatively regulates BAK1 association with HAE/HSL2. (D) BIR1,3 and 4
redundantly act as positive regulators of SERK function in a BR-independent root growth pathway that
may include SERK interaction with an unidentified ligand-binding LRR-RLK.

Of these models, the function of BIR1 in PTI-mediated cell death is most supported as
bir1-1 LR defects are suppressed in bak1-5;bir1-1; however, until bak1-5 root phenotypes have
been more closely analyzed, impairment of a non-PTI BAK1-mediated pathway could be the
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cause of bak1-5;bir1-1 LR defect suppression. The presence and nature of LR defects in bak13;bkk1-2 still need to be analyzed, but provide a tantalizing connection that BIR1, BAK1, BKK1
may function together in a BR-dependent or independent LR growth pathway.
Model of BIR1, BIR3 and BIR4 Function in Root Development
The novel short root phenotype reported for bir1-1 single mutants, bak1;bir1-1 double
mutants, and bir3-2;bir4-1;bak1 triple mutants suggests that BIR1, BIR3 and BIR4 are
functioning in a pathway controlling root development that involves BAK1, as bak1-3/4
mutations are necessary in conjunction with bir3-2;bir4-1 to induce primary root defects, and
bak1-3/4 mutations increase the penetrance of bir1-1 primary root defects. Further analysis is
necessary to determine their relationship, but phenotypes suggest that these short root
phenotypes may be similar to those seen in the bak1-3;bkk1-2 short root class and those
published for bak1;bkk1;serk1 triple mutants involving a BR-independent SERK-controlled
pathway in root development (Du et al., 2012).
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Chapter 4: Summary
Our understanding of RLK function in plants began with the identification of their roles
as ligand-binding receptors, such as BRI1, CLV1 and FLS2. As RLK-mediated signaling
pathways were further characterized, studies led to the identification of BAK1 which described
an additional function of RLKs, acting as a co-receptor to facilitate downstream signaling of
primary ligand-binding RLKs. Recently, RLCKs have been ascribed functions both as positive
regulators facilitating downstream signal transduction, such as BSK1, and inhibitors of LRRRLK activity in the absence of ligand, such as BIK1’s effect on BRI1. Characterization of the
BIR family of RLKs is revealing an additional novel function of RLKs as regulatory components
controlling signaling complexes through the interaction of the co-receptor SERKs with primary
ligand-binding receptors.
This is a function I have not seen described in the literature for non-plant receptor
tyrosine kinases or Toll-like receptor/kinase complexes and may be a consequence of the large
size of the RLK family in plants. And although most bir phenotypes observed might be
explained through effects on SERK signaling, this does not exclude the possibility that the BIR
family may function similarly in regulating other co-receptors. Also, given the large number of
RLKs that still have not been attributed a function, other RLK families may also act similarly as
regulatory components in a system of RLK-mediated signaling, rather than as ligand-binding
receptors, co-receptors, or downstream signaling elements.
A recent study that models SERK interaction with BRI1 proposes that SERK
concentrations are not a limiting factor for their activity in BRI1-mediated signaling (van Esse et
al., 2013). This suggests that the diverse pathways that SERKs, and particularly BAK1, function
in do not show cross-talk based upon the level of protein in a given cell and that BAK1
participation in a given pathway does not negatively impact other BAK1-dependent pathways by
depleting available BAK1. If this is the case, then other mechanisms than stoichiometry are
likely regulating BAK1/SERK function in specific pathways. The BIR family of LRR-RLKs
could provide a mechanism to regulate BAK1/SERK function by promoting BAK1/SERK
function in particular pathways and inhibiting BAK1/SERK function in other pathways
depending upon the cellular, developmental, and environmental context.
Beyond deciphering the genetic interactions between BIRs and SERKs, determining the
molecular nature of BIR regulation of SERKs remains. Sequence analysis argues that most BIR
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family LRR-RLKs may not be active kinases, however analysis by our collaborators has begun
to identify phosphorylation sites necessary for interaction between BIRs and BAK1 (Halter et al.,
2014). Even if BIR proteins do not phosphorylate BAK1, differential phosphorylation of BAK1
residues may affect which BIR proteins it interacts with and which pathways BAK1 then
participates in.
As seen in the Introduction section, Defense Signaling Through RLKs - Cross-talk
Between BR and PTI Signaling Pathways, alterations to steroid signaling through overexpression of components or increases to steroid levels can have negative consequence to other
RLK-mediated pathways, specifically, defense response. As we learn more about fundamental
processes in the model system Arabidopsis, orthologous pathways in agriculturally significant
plants can be modulated to improve desired traits such as yield and pathogen resistance.
Manipulation of BR signaling has been identified as a prime target for improving desirable traits
for food production and furthering the “green revolution” in agriculture (Kutschera and Wang,
2012). Gaining a better understanding of the mechanisms by which RLK-mediated pathways are
regulated will assist in identifying which components of these pathways are the best to target for
modification, as well as the ways in which to modify them to affect the desired outcome without
concomitant introduction of negative traits.
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Appendices:
Appendix A: Wierzba, M.P., and Tax, F.E. (2013). Notes from the
Underground: Receptor-Like Kinases in Arabidopsis Root Development. J
Integr Plant Biol.
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