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Receptor-Like Kinase (RLK)/Pelle genes play roles ranging from growth regulation to defense response, and the dramatic
expansion of this family has been postulated to be crucial for plant-specific adaptations. Despite this, little is known about the
history of or the factors that contributed to the dramatic expansion of this gene family. In this study, we show that expansion
coincided with the establishment of land plants and that RLK/Pelle subfamilies were established early in land plant evolution.
The RLK/Pelle family expanded at a significantly higher rate than other kinases, due in large part to expansion of a few
subfamilies by tandem duplication. Interestingly, these subfamilies tend to have members with known roles in defense
response, suggesting that their rapid expansion was likely a consequence of adaptation to fast-evolving pathogens.
Arabidopsis (Arabidopsis thaliana) expression data support the importance of RLK/Pelles in biotic stress response. We found
that hundreds of RLK/Pelles are up-regulated by biotic stress. Furthermore, stress responsiveness is correlated with the degree
of tandem duplication in RLK/Pelle subfamilies. Our findings suggest a link between stress response and tandem duplication
and provide an explanation for why a large proportion of the RLK/Pelle gene family is found in tandem repeats. In addition,
our findings provide a useful framework for potentially predicting RLK/Pelle stress functions based on knowledge of
expansion pattern and duplication mechanism. Finally, we propose that the detection of highly variable molecular patterns
associated with specific pathogens/parasites is the main reason for the up-regulation of hundreds of RLK/Pelles under biotic

stress.

The Receptor-Like Kinase (RLK)/Pelle protein ki-
nase family is the largest gene family in Arabidopsis
(Arabidopsis thaliana) and rice (Oryza sativa), with more
than 600 and 1,100 family members, respectively (Shiu
and Bleecker, 2001a, 2001b, 2003; Shiu et al., 2004). In
contrast to plants, animals have a much smaller num-
ber of RLK/Pelles (Shiu and Bleecker, 2001b). The
Pelle kinase is the sole member of the RLK/Pelle
family in Drosophila melanogaster and is involved in
dorsal-ventral axis determination (Hecht and Anderson,
1993; Shelton and Wasserman, 1993) as well as in
innate immunity (Belvin and Anderson, 1996). The
human RLK/Pelle family includes four interleukin-1
receptor-associated kinases that are involved in innate
and adaptive immunity (Janssens and Beyaert, 2003).
No RLK/Pelle genes have been identified in fungi
(Shiu and Bleecker, 2003). These cursory surveys of
various eukaryotic genomes indicate that dramatic
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expansion of the RLK/Pelle family appears to be
limited to plants. In addition to the large family size,
another important feature of plant members of the
RLK/Pelle family is that they can have two main
configurations: (1) Receptor-Like Cytoplasmic Kinases
(RLCKSs) lack an extracellular domain (ECD), and (2)
RLKs contain an intracellular kinase domain, a trans-
membrane domain, and an ECD with one or more of a
diverse array of protein domains (Shiu and Bleecker,
2001a). ECDs likely allow RLKs to respond to a variety
of extracellular signals. These signals include those
derived from the plant itself, such as the small protein
ligand, CLAVATAS3, which binds to the RLK, CLAVATA1,
to restrict meristem proliferation (Ogawa et al., 2008),
as well as those derived from microbes, including
flagellin (Felix et al., 1999) and cell wall components
such as chitin and peptidoglycans (Madsen et al., 2003;
Radutoiu et al., 2003; Miya et al., 2007; Wan et al.,
2008). Fusions between diverse ECDs and kinase do-
mains provide a source of innovation in signaling
networks by linking novel inputs to existing response
networks. It is likely, therefore, that the evolutionary
success of this gene family is tied to the need for a
diverse array of receptors to perceive highly variable,
and in the case of biotic agents, rapidly evolving
stimuli (Shiu et al., 2004).

As suggested by the diversity and size of the RLK/
Pelle family, its members are involved in many differ-
ent processes in plants. RLK/Pelle members function
in a wide range of developmental processes, such as
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the regulation of meristem proliferation (Clark et al.,
1997; DeYoung et al., 2006), organ specification (Torii
et al, 1996; Muto et al., 2004; Shpak et al., 2004;
Chevalier et al., 2005, Kwak et al., 2005; Eyuboglu
et al, 2007), reproduction (Albrecht et al.,, 2005;
Colcombet et al., 2005; Escobar-Restrepo et al., 2007),
and hormone signal transduction (Li and Chory, 1997;
Li et al., 2002; Nam and Li, 2002; Zhou et al., 2004).
Other RLK/Pelle members function in signaling net-
works involving environmental stimuli, both abiotic
(Sivaguru et al., 2003; Hou et al., 2005) and biotic (Song
et al., 1995, Gomez-Gomez and Boller, 2000; Endre
et al., 2002; Stracke et al., 2002; Chen et al., 2003; Fontes
et al., 2004; Sun et al., 2004; Diener and Ausubel, 2005;
Florentino et al., 2006; Zipfel et al., 2006; Acharya et al.,
2007; Miya et al., 2007). In some cases, RLK/Pelle
genes exhibit multifunctionality, playing roles in both
development and defense (for review, see Bent and
Mackey, 2007).

A great deal of research has focused on the roles of
RLK/Pelle genes in defense response. RLK/Pelle
genes have been shown to play roles in basal immu-
nity, where components such as flagellin and chitin
that are common to both pathogenic and nonpatho-
genic microbes (microbe-associated molecular pat-
terns [MAMPs]) are perceived and lead to activation
of defense signal transduction networks. Other RLK/
Pelles function in resistance gene (R)-mediated de-
fense, where pathogen-specific effectors are recog-
nized (Bent and Mackey, 2007). For example, FLS2
and EFR are MAMP receptors (Gomez-Gomez and
Boller, 2000; Zipfel et al., 2006), and the R gene Xa21
mediates resistance to the rice blast pathogen Xantho-
monas oryzae (Song et al., 1995). It is thought that many
more RLK/Pelle members may function as either
MAMP receptors or R genes and that they might be
identified based on characteristics such as type and /or
structure of ECD, subfamily classification, mode of
gene duplication, expression pattern after treatment
with pathogens, or kinase sequence signature (Shiu
et al., 2004; Dardick and Ronald, 2006; Thilmony et al.,
2006; Afzal et al., 2008).

The ability to predict RLK/Pelle functions would be
extremely useful because the vast majority of them still
do not have known functions. This is particularly true
for genes in RLK/Pelle subfamilies that have under-
gone dramatic expansion and those that are derived
from tandem duplication. Therefore, we set out to
determine the relationship between the diversity of
RLK/Pelle genes, the degree of RLK/Pelle family
expansion, duplication mechanism, and plant stress
responses. We first conducted a computational analy-
sis of the RLK/Pelle family using genomic information
from four land plants and two green algae to deter-
mine: (1) when the receptor configuration arose, (2)
how often new RLK/Pelle subfamilies have been
created, and (3) how subfamilies differ in their pat-
terns of expansion and loss in different plant lineages.
To better understand the properties of RLK/Pelle
genes that are involved in stress response, we used
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publicly available Arabidopsis microarray data to
identify RLK/Pelle genes that are responsive to abiotic
and biotic stresses. We then asked if stress responsive-
ness of RLK/Pelle members is correlated with patterns
of lineage-specific expansion and duplication mecha-
nism and how well characteristics of RLK/Pelle genes
can predict stress responsiveness. Our findings indi-
cate a significant positive correlation between RLK/
Pelle subfamily expansion, the degree of tandem du-
plication, and stress responsiveness as well as complex
interactions between tandem duplication, expansion,
and receptor configuration. Based on these results, we
discuss why there are hundreds of stress-responsive
RLK/Pelle genes.

RESULTS AND DISCUSSION

The Evolutionary History of RLK/Pelle Family Expansion
in Viridiplantae

Our earlier studies established that the RLK/Pelle
family has expanded dramatically in rice and Arabi-
dopsis (Shiu and Bleecker, 2001b, 2003, Shiu et al.,
2004). However, it is not clear when the RLK/Pelle
family expanded and why there are such large differ-
ences in family size between Arabidopsis and rice. To
address these questions, we first identified Ser/Thr/
Tyr protein kinase domain-containing protein se-
quences (referred to as “kinase”) from two algae,
Ostreococcus tauri (Derelle et al., 2006) and Chlamydo-
monas reinhardtii (Merchant et al., 2007), and four land
plants, a moss (Physcomitrella patens; Rensing et al., 2008),
rice (International Rice Genome Sequencing Project,
2005), poplar (Populus trichocarpa; Tuskan et al., 2006),
and Arabidopsis (Arabidopsis Genome Initiative,
2000). Kinase domain sequences from all six species
were aligned and used to construct a phylogenetic
tree. Protein kinases were then classified based on
grouping with known kinase families from Arabidop-
sis and rice (see “Materials and Methods”).

The availability of sequences from these six ge-
nomes allowed us to examine the evolutionary trajec-
tories of protein kinases throughout the evolution of
the land plants, from the transition to land to the
divergence of nonvascular and vascular plants to the
divergence of monocots from dicots (Fig. 1). First, we
examined the kinase superfamily in two green algae
(O. tauri and C. reinhardtii) to determine if RLK/Pelle
members were present and if the receptor configura-
tion (i.e. ECD + kinase) had been established before the
green algae diverged from the land plants approxi-
mately 10° years ago (Table I; Yoon et al., 2004). Of the
426 kinases in C. reinhardtii, only two are RLK/Pelles,
and the predicted proteins do not have recognizable
ECDs. O. tauri, the smallest known free-living eukary-
ote (Courties et al., 1994), has 93 kinases but lacks any
recognizable RLK/Pelle. RLK/Pelles have also been
isolated from the multicellular alga Nitella axillaris and
the unicellular alga Closterium ehrenbergii (Sasaki et al.,
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Figure 1. Expansion of RLK/Pelle and other kinase families during land
plant evolution. The phylogeny indicates the relationships between the
four land plant species analyzed (A, Arabidopsis; P, poplar; R, rice; M,
moss). The internal nodes are labeled indicating the common ancestors
of the four plants (AP, APR, and APRM). The branches are labeled 1 to 6
to facilitate comparisons. The numbers of RLK/Pelle kinases (R) and
other kinases (K), calculated based on subfamilies shared between
all four species, at each node are shown in black boxes. Ancestral
gene numbers were estimated by reconciling the ML gene tree of each
kinase subfamily with the four-plant species tree (see “Materials and
Methods”).

2007). Most interestingly, transmembrane domains
and/or domains in the ECDs of land plant RLKs are
found in C. ehrenbergii and N. axillaris RLK/Pelle
genes. For example, the C. ehrenbergii RLK/Pelle
gene, CeRLKS, has leucine-rich repeats (LRRs) in its
ECD. Based on the parsimony assumption, the recep-
tor configuration was likely established before the
divergence of land plants from charophytes (including
C. ehrenbergii and N. axillaris) but before the divergence
of charophytes from chlorophytes (including C. rein-
hardtii and O. tauri; Bhattacharya and Medlin, 1998).
Based on cDNA evidence, at least 29 RLK/Pelle
genes are present in liverwort (Marchantia polymorpha;
Sasaki et al., 2007), indicating that the RLK/Pelle
family began to expand early in the land plant line-
age. In P. patens (referred to as “moss”), a relatively
large number (329) of RLK/Pelles are found, including
136 RLKs and 193 RLCKs (Table I). It is clear that the
RLK/Pelle family continued to expand in the vascular
plant lineage after the divergence from the moss
lineage, since there are 1.9, 3.3, and 3.6 times as many
members in Arabidopsis, rice, and poplar, respectively,
compared with moss. Based on estimated numbers of
ancestral RLK/Pelle genes, the most dramatic expan-
sion occurred immediately following the divergence of
the vascular plants and independently in the rice and
poplar lineages (Fig. 1, Supplemental Fig. S1). Inter-
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estingly, the number of all other non-RLK/Pelle ki-
nases is approximately 400 in C. reinhardtii and all the
land plants, indicating that variation in the RLK/Pelle
family is the major contributor to variation in the
kinase superfamily size among plant species (Table I).
In fact, in all lineages except for the Arabidopsis line-
age, RLK/Pelles expanded at a higher rate than other
kinases (Supplemental Fig. S1).

Note that the RLK/Pelle family can be subdivided
into multiple subfamilies based on phylogenetic rela-
tionships between members and that RLK/Pelle genes
with related kinase sequences tend to have similar
ECDs (Shiu and Bleecker, 2003; Shiu et al., 2004).
Variation in the number of RLK/Pelle family members
among land plants may reflect substantial differences
in subfamily composition among species. Therefore, to
understand how the RLK/Pelle subfamilies diversi-
fied over land plant evolution, we next analyzed the
RLK/Pelle subfamily composition in each species and
expansion rates for each subfamily.

Rate of RLK Diversification via Domain Fusion

The diversity of ECDs makes the RLK/Pelle family
one of the most versatile plant gene families; members
are capable of recognizing a wide range of ligands. In
addition, some subfamily members have different
predicted protein domains within the ECD or lack
ECDs completely compared with other members of
that subfamily (Shiu and Bleecker, 2003; Shiu et al.,
2004). New receptors may be able to broaden a plant’s
ability to sense extracellular signals and to link those
signals to existing signaling networks. There are two
outstanding questions regarding the domain content
evolution of RLK/Pelle members. The first is when the
different RLK/Pelle subfamilies, defined based on
kinase sequence similarity, were established. The sec-
ond is how frequently novel RLKs with distinct ECDs
arose.

To evaluate how many different RLK/Pelle subfam-
ilies were established in the Arabidopsis-poplar-rice-
moss (APRM) common ancestor, we first determined
which subfamilies were present in each of the four
plant species (Fig. 2). Strikingly, most RLK/Pelle sub-
families (44 of 57 or 77%) are found in moss. Moreover,
there are only a few species-specific subfamilies, in-
cluding two moss-specific RLCK families and one
poplar-specific family. Note that previously we iden-
tified rice-specific subfamilies, including RLCK-OS1-4
and WAKL-OS (Shiu et al.,, 2004); however, in this
study, these rice genes did not clearly resolve into
separate subfamilies after adding poplar and moss
sequences. We found that most subfamilies with re-
ceptor kinase members are conserved (31 of 37), usu-
ally with most subfamily members having the same
ECDs (Fig. 2; Supplemental Table S1). In addition, 16
RLK/Pelle subfamilies are found in liverwort (Sasaki
et al., 2007). Therefore, many events that resulted in
the fusion between ECDs and kinase domains oc-
curred early in land plant evolution, at least prior to
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Table 1. Representation of the kinase superfamily and the RLK/Pelle family in selected eukaryotic genomes

No. of No. of
Species Kinrja?éso(fK)d RLK/Pelles (R)® Protein—Codicng Pe[;jagt)ige Pe(r;e/agt)ige
RLK RLCK ~ Genes (C)
Saccharomyces cerevisiae 113 0 0 6,449 1.75 0
Candida albicans 95 0 0 6,146 1.55 0
Drosophila melanogaster 262 0 1 13,808 1.90 0.007
Homo sapiens 472 0 4 22,980 2.05 0.017
Ostreococcus tauri 93 0 0 8,166 1.14 0
Chlamydomonas reinhardltii 426 0 2 15,143 2.81 0.013
Physcomitrella patens (moss) 685 136 193 39,796 1.72 0.83
Oryza sativa subsp. japonica (rice) 1,446 786 284 42,653 3.39 2.48
Populus trichocarpa (poplar) 1,643 726 466 45,555 3.61 2.40
Arabidopsis thaliana (Arabidopsis) 998 443 167 26,751 3.73 2.28
“Number of protein kinase domain-containing sequences (including RLK/Pelle family members). PNum-

ber of RLK/Pelle sequences.

“Number of predicted protein-coding genes (S. cerevisiae, C. albicans, D.

melanogaster, and H. sapiens [Shiu and Bleecker, 2003], O. tauri [Derelle etal., 20061, C. reinhardtii [Merchant
etal., 2007], moss [Rensing et al., 2008], rice [Yuan et al., 2005], poplar [Tuskan et al., 2006], and Arabidopsis

[TAIR version 6]).
coding genes that are RLK/Pelle family members.

dpercentage of protein-coding genes that are protein kinases.

“Percentage of protein-

the divergence between liverwort and the rest of the
land plant lineages. Notable exceptions to the early
establishment of receptor kinases are the vascular
plant-specific DUF26, LRK10L-2, SD1, and WAK sub-
families, raising the question of how frequently novel
receptors have arisen during land plant evolution.

Using the presence of a protein domain different
from the majority of subfamily members as an indica-
tion of potential domain gain, we found that innova-
tion in receptor configuration has occurred in all land
plant lineages analyzed (Fig. 2, red rectangles; Sup-
plemental Table S2). In most cases, the domains
gained, such as thaumatin, LysM, LRR, and DUF26,
are not novel in the sense that they are already found
in other RLK subfamilies. However, these “old” do-
mains were paired with kinases from different RLK
subfamilies with potentially different downstream
components. In addition, several RLCKs have pre-
dicted signal sequences and transmembrane regions
that resemble ECDs. However, these putative ECDs
have no known protein domains, and it remains to be
seen if they are truly cell surface receptors (Supple-
mental Table S1). One common feature among these
newly acquired protein domains in the ECDs (Fig. 2;
Supplemental Table S2) is that they have been found in
genes implicated in defense response, and several
have been shown to bind pathogen components or
have the potential to do so (Perrakis et al., 1994; Song
et al., 1995; Gomez-Gomez and Boller, 2000; Santelli
etal., 2004; Kaku et al., 2006; Miya et al., 2007; Wan et al.,
2008).

Taken together, the potential for many of these
newly acquired domains to recognize microbial com-
ponents underscores the importance of the RLK/Pelle
family in recognition of plant pathogen components
and suggests that repeated innovation through do-
main acquisition was likely selected for. Although
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RLK domain content is rather dynamic, we should
emphasize that receptor configuration has remained
largely the same since the divergence of the vascular
plants from moss. Only 12 clear examples of domain-
gain events in the flowering plant lineage have oc-
curred in the past 150 million years (Supplemental
Table S2; Chaw et al., 2004). Overall, it appears that
dramatically changing the configuration of RLKSs is not
the most common way in which novel RLKs were
established. Instead, the expansion of existing RLK/
Pelle kinase subfamilies seems to have played the
major role given the large size of the RLK/Pelle family
in land plants (Fig. 1; Table I).

RLK/Pelle Expansion at the Subfamily Level

To obtain a more detailed picture of RLK/Pelle
expansion, we next looked at the expansion patterns of
individual RLK/Pelle subfamilies among different
branches in the four-species tree. A heat map of
expansion rates clearly shows that subfamilies have
expanded at different rates during land plant evolu-
tion (Fig. 3). One of the most striking features is the
expansion of the majority of subfamilies in the APRM-
APR (branch 2) and the poplar (branch 5) lineages.
Although loss (negative expansion rate) has occurred
in many subfamilies in the rice (branch 6) and Arabi-
dopsis (branch 4) lineages, many subfamilies have
expanded in parallel with poplar. Interestingly, some
members in most of the extensively expanded sub-
families (Fig. 3), including DUF26, LRK10L-2, LRR-],
LRR-XIL, SD1, SD-2b, and WAK, have been implicated
in biotic stress responses in Arabidopsis and/or other
plants (Feuillet et al.,, 1997; He et al., 1998; Gomez-
Gomez and Boller, 2000; Ohtake et al., 2000; Endre
etal., 2002; Robatzek and Somssich, 2002; Stracke et al.,
2002; Chen et al., 2003, 2006; Diener and Ausubel, 2005;
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Figure 2. RLK/Pelle subfamily representation among four plant species
and innovation in receptor kinase configuration. The first column
shows subfamily names. The second column indicates the presence of
an ECD found in most members of that subfamily. ECDs with known
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Zipfel et al., 2006; Acharya et al.,, 2007). Consistent
with the acquisition of ECDs implicated in defense
response, substantial expansion of RLK/Pelle subfam-
ilies with members involved in biotic interactions may
have been selected for and retained.

It is intuitive that diversification of RLKs, particu-
larly of their ECDs, was selected for to allow continued
detection of rapidly evolving biotic signals. It is less
clear why RLCK subfamilies, which mostly lack mem-
bers with ECDs, have also undergone expansion,
particularly immediately following the divergence
from moss (Fig. 3). Because RLCKs lack an ECD,
they may not be directly involved in the perception of
extracellular signals, particularly those derived from
pathogens, For example, the RLCK PTI helps mediate
resistance to Pseudomonas syringae but does not appear
to interact with effector proteins directly (Zhou et al,,
1995). However, there are a couple of examples where
RLCKs (PTO and PBS1) interact directly with P.
syringae effector proteins (Scofield et al., 1996; Tang
et al., 1996; Shao et al., 2003). Therefore, it is possible
that diversification of RLCKs may be important for the
perception of intracellular biotic signals. It can also be
argued that the differential expansion of RLCK (as
well as RLK) subfamilies is due to random genomic
drift, such as has been postulated for animal chemo-
sensory receptor gene families (Nozawa et al., 2007;
Nei et al.,, 2008). In this view, the large differences in
gene family size are largely the result of random gene
duplication and loss and may not always reflect an
adaptive advantage. In some cases, a larger gene
family size generated by random forces provides a
selective advantage and allows a group of individuals
to occupy a new niche (Nozawa et al., 2007). Further
amplification of the gene family by random genomic
drift may then occur (Nei et al., 2008). However, the
random drift hypothesis does not fully explain why
the RLK/Pelle families have expanded independently
in multiple plant lineages. Given the functions of
known RLK/Pelles, their ability to perceive signals
and regulate the propagation of signals, and the find-
ing that expansion tends to involve genes responsive
to stress (see next section), we argue that some form of
adaptive evolution must have occurred in this family
in addition to genomic drift.

Stress Responsiveness of RLK/Pelle Members
in Arabidopsis

We have shown that lineage-specific expansion oc-
curred in RLK/Pelle subfamilies with members that

protein domains are indicated by symbols, with legends shown at the
bottom. In the third column (species), the colored rectangles indicate
the presence of subfamily member(s) in Arabidopsis (A), poplar (P), rice
(R), and moss (M). A red rectangle indicates the gain of a protein
domain. The identities of the novel domains are shown to the right. For
the SD1 subfamily, poplar and rice RLK/Pelle genes gained novel ECDs
independently, and these are labeled accordingly.

Plant Physiol. Vol. 150, 2009
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Figure 3. Heat map of subfamily expansion rates in different lineages.
Relative expansion rate (defined as the log ratio of the number of genes
at the nodes flanking each branch with the more recent node as the
numerator) is shown for each subfamily at each branch. Shades of blue
indicate the degree of loss, white indicates no net gain or loss, and
shades of red indicate the degree of gain. The black box indicates the
absence of a subfamily in the APRM-M (branch 1) and APRM-APR
(branch 2) lineages. Branches are numbered as shown in the tree
diagram.
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have been implicated in biotic stress response. In
addition, the novel extracellular protein domains that
have been acquired tend to be those involved in biotic
interactions. Although these findings suggest that
many members of this gene family are likely involved
in plant defense responses, functional data for RLK/
Pelles remain scarce. Our findings also suggest that
expansion of this gene family is likely a consequence
of the selection pressures imposed by pathogens.
However, this interpretation necessarily requires the
establishment of a relationship between expansion of
this gene family and stress responsiveness. Using the
publicly available AtGenExpress microarray data
(Kilian et al., 2007; see “Materials and Methods”), we
asked whether RLK/Pelle genes are more likely to be
involved in stress response than other Arabidopsis
genes and whether stress-responsive RLK/Pelle sub-
family members tend be those involved in lineage-
specific expansion.

Because several RLK/Pelles have roles in plant-
pathogen interactions (Song et al.,, 1995, Gomez-
Gomez and Boller, 2000; Sun et al., 2004; Zipfel et al.,
2006) and abiotic stress (Sivaguru et al., 2003; Osakabe
et al., 2005), we first asked whether RLK/Pelles are
more likely to be up- or down-regulated by abiotic or
biotic stress conditions than other Arabidopsis genes.
We found that the number of up-regulated RLK/Pelles
is significantly overrepresented for several of the stress
conditions tested (Table II). In particular, RLK/Pelle
genes are significantly enriched in up-regulated genes
for seven of the eight biotic stress conditions we
examined () test, & = 5%). Interestingly, RLK/Pelle
genes are also enriched in down-regulated genes for
nine conditions. This may reflect the fact that while
many RLK/Pelle genes are involved in stress re-
sponse, many others have roles in development and
may be down-regulated because of the need for re-
source allocation upon stress treatment.

The only biotic condition where the RLK/Pelle
family is not significantly enriched in up-regulated
genes is treatment with P. syringae pv tomato DC3000
(Table II), a virulent bacterial strain capable of infect-
ing Arabidopsis (Dong et al., 1991; Whalen et al.,,
1991). The other P. syringae pv tomato strains in this
data set, avrRpm1 and HrcC—, are avirulent due to
recognition of avrRpm1 by the Arabidopsis protein
RPM1 and a mutation in HrcC that prevents the
formation of a functional type III secretion system
(Grant et al., 1995; Deng et al., 1998). Importantly, a
significant number of RLK/Pelles are up-regulated
when treated with P. syringae pv phaseolicola, a bacte-
rial pathogen of bean (Phaseolus vulgaris) that does not
cause disease in Arabidopsis but still activates de-
fense networks (Lindgren et al., 1986; Ham et al.,
2007). Several genes including RLK/Pelles are up-
regulated specifically by avirulent P. syringae but are
targeted for down-regulation by DC3000 (Thilmony
et al., 2006). Therefore, the fact that RLK/Pelles as a
whole tend to be up-regulated specifically by aviru-
lent P. syringae is consistent with the hypothesis that
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Table II. Expression of RLK/Pelle genes under abiotic and biotic stress conditions

Down-Regulation

Response: Up-Regulation
N Tandem/ a Tandem/

Statistical Test: RLIPelle Nontandem” RLK/Pelle Nontandem”

P O/U* P o/e P O P o/e

Abiotic stress conditions
UV-B 9.36E-25 O (28)¢ 0.002 O (37)° 4.58E-05 o (17)¢ 5.64E-04 U (6)°
Wounding 1.61E-06 O (10) 0.237 (12) 8.42E-06 O (5) 0.062 )
Drought 0.033' U (0.5) 0.244 0) 0.158 (0.2) 0.139 (0.5)
Cold (4°C) 0.718 (13) 0.690 (12) 2.84E-07 O (25) 0.064 (19)
Heat 1.00E-04 U (10) 0.699 9) 0.377 @21 0.174 17)
Salt 0.771 8) 0.141 (5) 0.561 9) 0.479 (10)
Osmotic 5.15E-04 O (19) 0.601 (19) 1.49E-06 O (24) 5.76E-04 U (14)
Biotic stress conditions
Flg22 1.37E-47 O (18) 0.010f O (23) 0.279 (5) 0.008f u )
GST-NPP1 2.51E-28 O (13) 0.012 O (17) 0.195 3) 0.108 M
HrcC— 1.31E-48 O (19) 6.62E-05 O (28) 0.002 O (6) 0.104 3)
P. infestans 2.52E-17 O (18) 0.076 (22) 0.008' 0 (12) 0.011° U (6)
P. syringae pv 1.57E-44 O (25) 0.012f O (31) 0.029 O (10) 0.009' U (4)
phaseolicola

HrpZ 4.02E-43 O (23) 0.013' O (28) 0.555 ) 0.008' U (@)
AvrRpm1 3.18E-04 O (14) 0.676 (12) 0.024' 0 (12) 0.207 9)
DC3000 0.393 (12) 0.710 (12) 6.61E-07 0 (20) 0.514 (17)

)y tests were conducted to determine whether RLK/Pelle genes were overrepresented among genes up- or down-regulated by stress conditions

compared with all Arabidopsis genes.

genes up- or down-regulated by stress conditions compared with nontandem RLK/Pelles.
dNumbers in parentheses indicate the percentage of RLK/Pelle genes that are up-
®Numbers in parentheses indicate the percentage of tandem RLK/Pelle genes that are up- or down-regulated. Not

due to overrepresentation or underrepresentation, respectively.
or down-regulated.

Py? tests were conducted to determine whether tandem RLK/Pelle genes were over-represented among

“O and U indicate whether significant differences are

significant after adjusting for multiple testing with sequential Bonferroni adjustment.

RLK/Pelle genes are involved in basal defense net-
works suppressed by DC3000.

Divergence in Stress Responsiveness at the
Subfamily Level

We showed that RLK/Pelle family members are
significantly overrepresented among stress response
genes, particularly under biotic stress conditions (Ta-
ble II). To determine the contribution of different
subfamilies to this overrepresentation, we looked for
enrichment in genes up- and down-regulated by each
stress condition in each subfamily. Interestingly, sev-
eral subfamilies are broadly overrepresented in genes
up-regulated by most biotic stresses, including DUF26,
L-LEC, LRR-I, LRR-VIII-2, LRR-Xb, RLCK-VIIa, SD1,
SD-2b, WAK, and WAK_LRK10L-1 (Fig. 4, red ar-
rows). In addition, members of subfamilies do not
appear to respond significantly to a particular biotic
agent. For example, the LRR-XII subfamily (Fig. 4,
green arrow), of which EFR and FLS2 are members, is
enriched for genes up-regulated by the bacterial fla-
gellin elicitor flg22 as well as the oomycetous fungal
pathogen Phytophthora infestans. Therefore, signaling
networks leading to RLK/Pelle up-regulation seem to
overlap upon treatment with different pathogens.

There is also an overlap between subfamilies with
members induced by biotic and abiotic stresses. RLK/
Pelle subfamilies tend to be enriched in genes up-
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regulated mainly by UV-B, wounding, and osmotic
stress (Fig. 4), and these subfamilies tend to be those
that are enriched in genes up-regulated under biotic
stress conditions as well. The overlap between RLK/
Pelle genes up-regulated by UV-B and biotic stress is
particularly striking; for example, 80% of RLK genes
up-regulated by P. syringae pv phaseolicola are also
up-regulated by UV-B. Previous studies have also
revealed an overlap between genes induced by herbiv-
ory and UV-B (Izaguirre et al., 2003), systemin binding
and UV-B (Yalamanchili and Stratmann, 2002; Holley
et al., 2003; Ulm and Nagy, 2005), as well as wounding
and other abiotic and biotic stresses (Walley et al.,
2007), indicating that some abiotic and biotic signals
lead to the induction of similar gene sets.

Taken together, we found that 284 of the 577 (49%)
Arabidopsis RLK/Pelle genes for which microarray
data are available are up-regulated by one or more
stress conditions, supporting the idea that the RLK/
Pelle family plays an important role in stress response,
particularly under biotic stress conditions. In general,
the expression patterns reflect what is known about
the functions of RLK/Pelle genes (Fig. 4), indicating
that it is appropriate to use expression as a proxy for
RLK/Pelle function. Most importantly, we show that
some subfamilies contain members that are consis-
tently up-regulated under biotic stress conditions.
Interestingly, most of these subfamilies have experi-
enced substantial expansion (Fig. 3).
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Figure 4. RLK/Pelle subfamilies enriched in up- and down-regulated genes under abiotic and biotic stress conditions.
Enrichment of stress-responsive members in each subfamily was determined by Fisher’s exact test, with red shading indicating
overrepresentation and blue shading indicating underrepresentation. A gray box indicates that no gene in that subfamily was up-
or down-regulated. Red arrows indicate subfamilies with responsiveness to a broad range of biotic signals. The black arrow
indicates the LRR-V subfamily whose members have functions in development, and the blue arrow indicates the LRR-II subfamily
whose members function in both development and disease resistance. The green arrow indicates the LRR-XII subfamily. Two

members in this family are MAMP receptors.

Relationship between Degree of Expansion, Duplication
Mechanism, and Stress Responsiveness

Based on the functions of a limited number of RLK/
Pelles, we previously hypothesized that RLK/Pelle
genes located in tandem clusters tend to have roles in
stress/defense response (Shiu et al., 2004). Several
studies have shown that membrane-bound proteins
and proteins containing kinase domains are overrep-
resented in tandem repeats compared with other
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proteins (Shiu et al., 2004; Rizzon et al., 2006; Tuskan
et al., 2006; Hanada et al., 2008). In addition, we have
shown that tandem duplicates created by lineage-
specific expansion tend to be involved in stress re-
sponse in plants (Hanada et al., 2008). Therefore, we
next asked if duplication mechanism (i.e. tandem
versus nontandem) is a predictor of RLK/Pelle func-
tion in stress response and if expansion of RLK/Pelle
subfamilies is correlated with the degree of tandem
duplication.
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We found that 50%, 39%, and 30% of RLK/Pelle
family members are found in tandem repeats in rice,
poplar, and Arabidopsis, respectively. For example, in
Arabidopsis, this represents a significant enrichment
of RLK/Pelles in tandem repeats compared with other
genes (P < 1.0e-20). The percentage of subfamilies in
tandem repeats and the expansion rate for each subfamily
is significantly and positively correlated (Supplemen-
tal Fig. S2), indicating that much of the lineage-specific
expansion of RLK/Pelle subfamilies was due to tan-
dem duplication. In addition, RLK/Pelles in tandem
repeats are more likely than nontandem RLKs to be
up-regulated by biotic stress conditions and UV-B
(Table II). In contrast, down-regulated RLK/Pelles
are more likely to be nontandem duplicates (Table
II). Our findings suggest that by knowing the mech-
anism of gene duplication we can predict which RLK/
Pelles are likely to be up-regulated by biotic stress.

To further test the relationship between stress re-
sponsiveness and tandem duplication, we devised a
measure of stress responsiveness. We first determined
fold change (F() in expression upon stress treatment
for each condition using the maximum or minimum
fold change among the time points when considering
up-regulation or down-regulation, respectively. Fc
values of an RLK/Pelle were then summed across
conditions (both biotic and abiotic) and averaged
across genes in a subfamily to generate a subfamily-
wide “responsiveness” measure, Fg (sum of fold
changes). Responsiveness for each subfamily with
four or more members with two or more of them
tandem was plotted against the percentage of tandem
duplicates found in that subfamily. Up- and down-
regulation were evaluated separately. Among tandem
RLKs, there is a significant positive correlation be-
tween Fg and the percentage of tandem subfamily
members for up-regulation but not down-regulation
(Fig. 5). Interestingly, when conditions were tested
individually, a significant correlation was observed for
most biotic stress conditions and for three abiotic
conditions (Supplemental Table S3). This result is
consistent with the hypothesis that tandemly arrayed
RLK/Pelles tend to be expressed under stress condi-
tions, particularly biotic, and presumably have a role
in stress response. Furthermore, the more tandem
members a subfamily has, the more “stress respon-
sive” that family is. This does not mean that only
tandem RLK/Pelles are stress responsive, however.
For example, the SD-2b subfamily has no tandem
duplicate subfamily members but has a higher re-
sponsiveness (Fg) than DUF26, which has a high
proportion (81%) of tandem duplicates.

Because the proportion of tandem RLK/Pelle sub-
family members is positively correlated with expan-
sion rates (Supplemental Fig. S2), we also expected
and found a positive relationship between expansion
rate of subfamilies and stress responsiveness of sub-
family members (Supplemental Fig. S3). Previously,
we speculated that there is a correlation between
stress functions of RLK/Pelles, tandem duplicates,
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Figure 5. Relationship between tandem duplication and stress respon-
siveness. Average subfamily stress responsiveness (Fg), as defined in the
text, was plotted against the percentage of subfamily members found in
tandem repeats for subfamilies with two or more tandem members.
Responsiveness for up-regulated and down-regulated genes is shown
by white and black circles, respectively. The best-fit lines, Spearman’s
p, and P values for up- and down-regulation are shown.

and genes derived from lineage-specific expansion
(Shiu et al., 2004). Our findings are consistent with this
observation, but we should emphasize that the posi-
tive correlations between responsiveness and the per-
centage of subfamily members in tandem repeats as
well as between responsiveness and expansion rate are
significant only when looking at subfamilies that have
tandem members or have an expansion rate greater
than zero, respectively. This is due to the fact that
nonexpanded and nontandem subfamilies are also
stress responsive.

Factors Affecting RLK/Pelle Stress Responsiveness

Our findings so far highlight several important
characteristics of RLK/Pelles that are responsive to
biotic stress. We reasoned that it might be possible to
predict stress responsiveness of RLK/Pelles based on
knowledge of duplication mechanism, expansion, sub-
family identity, and other characteristics that we and
others have established to be important predictors of
biotic stress responsiveness. We employed multiple
regression to test the combined effects of (1) tandem
duplication (tandem versus nontandem [T]), (2) re-
ceptor configuration (RLK versus RLCK [R]), (3) line-
age-specific expansion (member of an expanded or
nonexpanded subfamily [E]), and (4) kinase signature
sequence (non-RD [no conserved Arg-Asp motif within
the active site; Dardick and Ronald, 2006] versus other
[K]) on biotic stress responsiveness (see “Materials and
Methods”).

The adjusted 7* value for the model is significant
(P < 2.8e-08) but small (0.077), explaining only 7.7% of
the variance in biotic stress responsiveness. There are
clearly additional unidentified factors that affect stress
responsiveness among RLK/Pelle genes. It is also
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possible that the measure for responsiveness was not
entirely satisfactory, since we only considered the
averaged effects of genes over multiple conditions. In
addition, the timing of up-regulation may be crucial.
This simplified model, however, does reveal several
interesting features of the RLK/Pelle family, particu-
larly interactions between factors (Table III). Surpris-
ingly, RLKs have a lower biotic stress responsiveness
compared with RLCKs (Table III), and no significant
effect of tandemness (T) alone was observed. How-
ever, the significant T*R term indicates that the effect
of T is dependent upon receptor configuration (R).
Tandem RLKs tend to have a higher stress responsive-
ness than nontandem RLKs, whereas there is no sig-
nificant difference between tandem and nontandem
RLCKs. Instead, RLCKs belonging to expanded sub-
families have a higher stress responsiveness than
RLCKs belonging to nonexpanded subfamilies (see
interaction plots in Supplemental Fig. S4). Taken to-
gether, these results suggest that tandem duplication is
a predictor of RLK stress responsiveness, while ex-
pansion may be a predictor of stress responsiveness
for RLCKSs. In addition to these factors, we expected to
see a significant effect of kinase signature sequence
(modeled as the parameter K) because of the correla-
tion between non-RD kinase sequence signature and
the role in MAMP perception (Dardick and Ronald,
2006). A significant effect of K alone was not observed;
however, due to the relatively small number of non-
RD kinases, we may have lacked statistical power to
detect significant effects.

Table Ill. Effects of tandem duplication, expansion, receptor
configuration, and kinase signature sequence on stress responsiveness

The highest fold change during the time course was summed across
biotic stress conditions and box-cox transformed to improve normality
(see “Materials and Methods”).

Variable SEi;Ei:s; SE pb
Intercept 1.678 0.021 2.00e-16
T (nontandem)© 0.004 0.048 0.94
E (expanded) -0.094 0.047 0.047¢
R (RLCK) —0.084 0.027 0.002
K (other) -0.017 0.089 0.85
T*E -0.110 0.082 0.18
T*R 0.158 0.053 0.003
T*K —-0.102 0.112 0.36
E*R 0.114 0.053 0.031¢
E*K 0.181 0.095 0.056°
R*K 0.000 0.087 0.999

“Regression coefficients are on the box-cox-transformed scale (A =
—0.315). bp value, determined by t test, indicates whether the
effect of a factor is significantly greater than zero. Significant P values
(a = 0.05) are shown in boldface. “Dummy variables are assigned
values of 1 or O (with reference shown in parentheses). INot
significant after sequential Bonferroni adjustment. °A significant
effect of E*K was observed for analysis including two potential outliers
(see “Materials and Methods”).
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We note that the regression coefficients reported in
Table III must be interpreted with caution because of
potential multicollinearity among the predictors (see
“Materials and Methods”). However, this model does
reveal important trends. In particular, the fact that
tandem RLKs but not RLCKs have a higher median
stress responsiveness was not evident from looking at
the effect of tandem duplication alone. This interaction
is consistent with a whole genome study of gene
ontology categories and stress responsiveness that
showed that tandemly duplicated membrane-bound
proteins were more likely to be stress responsive than
nontandem proteins but that the same trend was not
apparent for intracellular signal transducers (Hanada
et al., 2008). The identification of other factors, such as
cis elements, and the use of better measures of stress
responsiveness will help improve this model and our
ability to predict the functions of RLK/Pelle genes.

CONCLUSION

Based on the analysis of the RLK/Pelle gene family
in algae and land plants, we found that the receptor
kinase configuration was likely established prior to the
divergence between algae and land plants. In addition,
most receptor kinase subfamilies were established
before the divergence of vascular plants from moss.
One of the common themes in RLK/Pelle evolution
appears to be a history of selection for innovation,
either by domain acquisition or expansion, in biotic
response signaling. Supporting the importance of
RLK/Pelle genes in stress response, our analysis of
microarray expression data revealed that RLK/Pelles
are more responsive to stress, particularly biotic stress,
than Arabidopsis genes in general. Among stress-
responsive RLK/Pelle genes, significantly more tan-
dem genes are responsive to stress than nontandem
genes. Previous studies showed that genes involved in
biotic stress response tend to be located in tandem
repeats (Rizzon et al., 2006; Tuskan et al., 2006; Hanada
et al., 2008), and our findings indicate that the RLK/
Pelle family is a major contributor to the overrepre-
sentation of tandem genes among stress-responsive
genes.

Why are RLKs that have functions in biotic stress
more likely to be found in tandem repeats? Tandem
duplication occurs on a much shorter time scale than
other duplication mechanisms such as whole genome
duplication and is positively correlated with recombi-
nation rates (Zhang and Gaut, 2003). It has been
demonstrated that recombination rates increase
when plants are under stress (Molinier et al., 2006),
raising the intriguing possibility that stress might
result in increased tandem duplication and therefore
duplication of the genes found in tandem repeats.
Duplication of RLK/Pelle genes involved in biotic
stress via tandem duplication might allow selection for
the detection of diverse pathogens. We speculate that
the rapid lineage-specific expansion of RLK/Pelle
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genes with stress functions via tandem duplication led
to an increased ability to perceive signals from path-
ogens and was a major factor contributing to the rapid
parallel expansion of the RLK/Pelle family in land
plants. We also showed that, although expansion and
degree of tandem duplication are significantly corre-
lated with the stress responsiveness of RLK/Pelle
subfamilies, these factors can only explain a small
portion of the variance in stress responsiveness. In
addition to alternative ways to define stress respon-
siveness, it is also necessary to identify other proper-
ties of RLK/Pelles that can be important determinants
of how they respond to stress. One potential parameter
is the level of sequence variation of a given RLK/Pelle
in natural populations. This is because RLK/Pelles
involved in biotic stress responses are likely subjected
to strong positive selection due to the intense selection
pressure imposed by biotic agents.

If RLK/Pelle genes are mostly involved in detecting
molecular components of pathogens, intuitively, most
of these detectors should be expressed constitutively.
The underlying assumption is that, to recognize the
pathogen components efficiently, the signal perception
mechanism should be present at all times. But why are
hundreds of RLK/Pelle genes induced by pathogen
treatment? In yeast, it has been shown that the func-
tion of some genes induced by a stress condition is not
to survive that stress but to prepare the cell to survive
future stresses (Berry and Gasch, 2008). Similarly, the
induction of RLK/Pelles might be required to prepare
the plant to respond to additional threats. Supporting
this idea, Navarro et al. (2004) found that treatment
with flg22, a bacterial MAMP, induces the transcrip-
tion of genes that may respond to other signals from
the same bacterium and may even mediate resistance
to other nonbacterial pathogens such as fungi, oomy-
cetes, and viruses. This led them to propose that the
up-regulation of RLKs and R genes after flg22 treat-
ment indicated an interaction between MAMP signal-
ing pathways and an increased ability to recognize
pathogens. We propose a model that expands upon
this idea to explain why so many RLK/Pelle genes are
up-regulated by stress conditions. This two-stage
model, the “receptor swarm hypothesis” (Supplemen-
tal Fig. S5), involves (1) perception and signaling of
MAMPs by RLK/Pelles that are constitutively ex-
pressed and (2) induction of a large number of RLK/
Pelles for detecting specific pathogens/parasites. Since
MAMP receptors, such as FLS2, are activated by
molecular patterns from both pathogens and non-
pathogens, the plant must then make a decision about
whether to mount a defense response after MAMP
perception. We hypothesize that this decision is made
by presenting a large number of potential receptors,
including products of the RLK/Pelle genes, and a
strong defense response is mounted if any molecular
patterns result in the activation of up-regulated recep-
tors. There are multiple direct and indirect pieces of
evidence that RLK/Pelle genes are central to biotic
defense responses, judging from the fact that loss of
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function of these RLK/Pelles abolish or diminish plant
defense (Song et al., 1995; Gomez-Gomez and Boller,
2000; Sun et al., 2004; Diener and Ausubel, 2005; Chen
et al.,, 2006; Wan et al.,, 2008). In addition, stress-
induced gene expression is a regulated phenomenon
that likely has important biological consequences.
Therefore, the assumption in the model that RLK/
Pelles are capable of eliciting defense response upon
activation is likely correct. Because these induced
RLK/Pelles may be directly involved in sensing the
presence of pathogens/parasites, this model also im-
plies that these RLK/Pelles must be fast evolving due
to strong selection on pathogens/parasites to evade
detection. This is consistent with the high expansion
rate reported here and the significantly higher se-
quence variation of this gene family among Arabidop-
sis populations (Clark et al., 2007).

Although this model may explain why many RLK/
Pelles are induced by biotic stress, there are several
outstanding questions. First, how are these stress-
responsive RLK/Pelle transcripts regulated at the
translational and posttranslational levels? Second,
what molecular patterns are perceived by these
RLK/Pelles? Are they simply derived from patho-
gens/parasites, or are they molecular complexes of
pathogen/parasite and host components? Given the
size of the RLK/Pelle family, can a single molecular
pattern be detected by multiple RLK/Pelles or vice
versa? Third, how is the defense response elicited?
Does it involve one or a few active RLK/Pelles that
provide most of the signals for triggering the defense
response? Or is there integration of signal inputs from
tens or even hundreds of RLK/Pelles? Finally, it has
been shown that disease resistance genes reduce fit-
ness significantly in the absence of any pathogen (Tian
et al., 2003). This not only provides a good reason for
not turning on these potential resistance genes but also
raises the question of what is the fitness cost in up-
regulating hundreds of RLK/Pelles that are potential
agents of cell death. Answers to these questions will
provide not only more detailed understanding of
RLK/Pelle functions but also of the selection pressures
that contribute to the expansion of this gene family
and its rapid evolution.

MATERIALS AND METHODS
Sequence Retrieval and Alignment

An HMM search of the predicted protein sequences of Arabidopsis
(Arabidopsis thaliana; The Arabidopsis Information Resource [TAIR], version
6), poplar (Populus trichocarpa; Joint Genome Institute [JGI], version 1.1), rice
(Oryza sativa subsp. japonica; International Rice Genome Sequencing Project,
version 4), moss (Physcomitrella patens; JGI, version 1.1), Chlamydomonas
reinhardtii (JGI, version 3), and Ostreococcus tauri (JGI, version 4) was done
to identify sequences containing Ser/Thr/Tyr kinase domains. The “trusted
cutoff” of the kinase domain HMM established by Pfam was used as the
threshold for detecting kinase domains. Kinase domain protein sequences
from all six species were aligned by profile alignment with seed sequences
from animal and plant Ser/Thr/Tyr kinases (Shiu and Bleecker, 2001b) in
ClustalW (Supplemental Fig. S6; Higgins et al., 1996) with the Gonnet matrix,
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gap-opening penalty of 10, and extension penalty of 0.2. Some proteins had
two kinase domains, and these were concatenated before alignment.

Phylogenetic Analysis, Subfamily Classification, and
Orthology Inference

Based on the alignments of kinase domain sequences, first a phylogenetic
tree of the kinase domain-containing sequences for all six species was
generated with the neighbor-joining method (Saitou and Nei, 1987) with
Poisson correction (Supplemental Fig. S7). Kinase families were then defined
based on clustering with classified kinase sequences from Arabidopsis and
rice (Shiu et al., 2004) in the phylogenetic tree (Supplemental Table S4). RLK/
Pelle kinases were further classified into subfamilies based on the classifica-
tion of Shiu et al. (2004). Among 5,290 RLK/Pelle sequences, 865 could not be
confidently assigned to known subfamilies. To classify these sequences, the
kinase domain sequences of these unclassified RLK/Pelles were used in a
BLAST (Altschul et al., 1997) search against the kinase domains of the
classified sequences. The unclassified sequences were then tentatively as-
signed to the subfamily of their top match. To further refine the classification,
phylogenetic trees were generated for each subfamily. First, full-length
sequences for each subfamily were aligned using ClustalW (Thompson
et al., 1997) with a Blosum 65 matrix, 5.0 gap-opening penalty, and 10.0 gap-
extension penalty. Protein distances among subfamily members were then
estimated with PHYLIP (Felsenstein, 2005) using the JTT matrix and the
gamma correction with a coefficient of variation of 0.3126. Based on the JTT
model with gamma correction, a maximum likelihood (ML) tree for each
subfamily was generated with RaxML (Stamatakis et al., 2005) and rooted
using Raf kinase At1g18160 and Aurora kinase At2g25880 as outgroups, since
these two kinases belong to families other than RLK/Pelle. In some cases,
putative RLK/Pelle family members that failed to cluster with the assigned
subfamily were assigned to new subfamilies. Those that failed to be in the
RLK/Pelle clade in the ML trees were excluded from further RLK/Pelle
family analysis. Inference of orthologous groups and ancestral gene number
was done by reconciling the ML subfamily trees with the species tree of four
plants using Notung (Chen et al., 2000).

Determination of Expansion Rate

Each orthologous group indicates the presence of one ancestral gene in the
common ancestor of species included in the orthologous group. Therefore, the
total number of orthologous groups is used as an estimate for ancestral gene
number. Depending on whether subfamilies contained genes from all species
making up the orthologous groups, we estimated ancestral gene numbers two
different ways. In the first approach, the ancestral number of genes at each
internal node shown in Figure 1 was calculated only when at least one
subfamily member was present in all species being compared. Alternatively,
we also took into account cases where a subfamily was absent in one or more
species by assuming that at least one ancestral gene was present in the
common ancestor and that the absence of subfamily members in some species
was due to gene loss. Therefore, two sets of expansion rates were generated:
“shared,” where only subfamilies present in all species compared are included
in the calculation of expansion rate, and “all,” where all subfamilies are
included and the number at the ancestral node for species lacking those
subfamilies is assumed to be one. The results were very similar, so here we
only present the results for shared subfamilies.

Domain Family Designation and Tandem
Duplicate Definition

To define domain configuration, full-length RLK/Pelle sequences were
queried against the SMART (Schultz et al., 2000; Letunic et al., 2006) and
PFAM (Finn et al., 2008) databases to annotate ECDs. RLK/Pelles that did not
have a receptor configuration (defined by the lack of a signal sequence or
transmembrane domain, or a predicted ECD of less than 30 amino acids) were
defined as RLCKs. Subfamily names, however, were determined based on
clustering of a gene within an existing subfamily; therefore, an RLCK may
belong to a subfamily named after protein domains found in the extracellular
regions or vice versa. Tandem RLK/Pelle genes in Arabidopsis, poplar, rice,
and moss were defined as those genes that (1) are less than or equal to 10 genes
apart, (2) belong to the same subfamily, and (3) are within 100 kb (Arabidopsis
and moss) or 350 kb (poplar and rice). Because shotgun sequencing was used
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to sequence the poplar and moss genomes, many scaffolds remain unassigned
to linkage groups and the number of tandem duplicates may be under-
estimated.

Processing of Microarray Data

AtGenExpress stress microarray data were obtained from TAIR (Swarbreck
et al., 2008). LIMMA was used to identify genes that were significantly up- or
down-regulated under each abiotic and biotic stress condition compared with
the mock-treated ecotype Columbia control. Data are available for several time
points for each condition; therefore, a gene was considered up- or down-
regulated by a stress condition if significant up- or down-regulation was
observed at any time point. The genotoxic treatment was not included in the
analysis because no RLK/Pelle members were up- or down-regulated by these
conditions. Significant up- or down-regulation was determined using the
moderated ¢ test in LIMMA at adjusted P = 0.05. The raw test P values were
adjusted based on false discovery rate (Storey and Tibshirani, 2003).

Linear Model of Stress Responsiveness

Multiple regression analysis was done to test the importance of several
factors on stress responsiveness (S), defined as the highest fold change during
the time course summed across eight biotic stress conditions from the
AtGenExpress stress microarray data set. A box-cox transformation was
done on S to improve the normality required for multiple regression analysis.
S included negative values; therefore, 8.12 was added to each data point to
bring the minimum value of S to 1. The value, A = —0.315, that maximized
normality was found using the box.cox.powers function in R (version 2.4.1;
http://www.r-project.org/), and the data were transformed according to the
formula Y’ = (Y A — 1)/A (Sokal and Rohlf, 1995). The Im function in the R
environment was used to fit the model:

S=T+E+R+K+TE+TR+TK+ER+EK+RK+c¢

where S’ is box-cox-transformed data, T is tandem or nontandem, E is
expanded or nonexpanded, R is RLK or RLCK, K is kinase signature sequence
non-RD or other, and ¢ is error. Dummy variables were assigned a value of 1 or
0 with nontandem, expanded, RLCK, and other kinase sequence signatures
serving as the reference levels (assigned a value of 0). Regression coefficients,
therefore, reflect the effect of the levels assigned a value of 1 (tandem,
nonexpanded, RLK, and non-RD). A q plot of residuals revealed two potential
outliers, the LRR-XI subfamily members At3g49670 and At5g56040. The
model was refitted after deleting these two data points. Deleting the potential
outliers slightly reduced the predicted effect sizes of most factors but changed
the significance of only one term (E*K). Here, we present the results obtained
excluding these potential outliers. There is a potential for multicollinearity
among factors, especially T and E, to affect the interpretation of the effects of
each factor. Using the vif function in the R environment, we calculated the
variance inflation factor (VIF), a measure of how much of the variance is
elevated due to correlation between factors. VIF values were 6.08, 5.52, 1.83,
and 6.51 for T, E, R, and S’, respectively. The interaction terms had VIF values
ranging from 2.8 to 6.8. This indicates that multicollinearity is a potential
problem and that the magnitude of regression coefficients should be inter-
preted with caution.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Kinase expansion rates during land plant
evolution.

Supplemental Figure S2. Correlation between the percentage of tandem
duplicates per subfamily and subfamily expansion rate in Arabidopsis,
poplar, and rice.

Supplemental Figure S3. Relationship between subfamily stress respon-
siveness and subfamily expansion rate.

Supplemental Figure S4. Plots illustrating interaction effects determined
by multiple regression.

Supplemental Figure S5. The receptor swarm hypothesis.

Supplemental Figure S6. Kinase amino acid sequence alignments.
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Supplemental Figure S7. Phylogenetic tree of kinases in Arabidopsis,
poplar, rice, moss, C. reinhardtii, and O. tauri.

Supplemental Table S1. Predicted signal sequences, transmembrane
domains, and ECDs of RLK/Pelle genes.

Supplemental Table S2. RLK/Pelle genes that have gained new ECDs.

Supplemental Table S3. Summary statistics for regression of subfamily
stress responsiveness (up-regulation) against the percentage of tandem
subfamily members

Supplemental Table S4. List of kinases identified in Arabidopsis, poplar,
rice, moss, C. reinhardtii, and O. tauri and their subfamily classifications.
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