








Expansion of the Receptor-Like Kinase/Pelle Family and Receptor-Like Proteins

Table I. Comparison of the size of the kinase superfamily in available eukaryotic genomes

Organism Predicted No. Size of the K_inase Size of the RLK/ Proteome Kinase Source
of Genes?® Superfamily Pelle Family Database®
%
Arabidopsis 25,814 1,041 615 2.382 59.1 MAtDB
Plasmodium falciparum 5,334 94 1 0.019 1.1 PlasmoDB
Plasmodium yoelii 7,681 70 1 0.013 1.4  PlasmoDB
Caenorhabditis elegans 19,484 417 1 0.005 0.2  WormBase
Fruitfly (Drosophila melanogaster) 13,808 262 1 0.007 0.4 BDGP
Anopheles gambiae 15,088 216 1 0.007 0.5  Ensemble
Ciona intestinalis 15,852 316 6 0.038 1.9 JGlI
Fugu rubripes 33,609 632 6 0.018 0.9  Ensemble
Mus musculus 22,444 495 3 0.013 0.6 Ensemble
Human (Homo sapiens) 22,980 472 4 0.017 0.8 Ensemble
Brewer’s yeast (Saccharomyces cerevisiae) 6,449 113 0 0.000 0.0  Pedant
Candida albicans 6,164 95 0 0.000 0.0 SGTC
Neurospora crassa 10,082 104 0 0.000 0.0  Pedant
Fission yeast (Schizosaccharomyces pombe) 4,945 109 0 0.000 0.0  Pedant

? Protein-coding genes only.

P The URL for the source databases are: MAtDB, http://mips.gsf.de/proj/thal/; PlasmoDB, http://www.

plasmodb.org/; WormBase, http://www.wormbase.org/; BDGP, http://www fruitfly.org/; Ensemble, http:/www.ensembl.org/; JGI, http://genome.
jgi-psf.org/; Pedant, http:/pedant.gsf.de/; SGTC, http://www-sequence.stanford.edu/.

whether other kinase families also contribute kinase
domains to transmembrane receptors, the 424 non-
RLK/Pelle kinase sequences were examined for the
presence of putative signal sequences and transmem-
brane regions. We found that 15 of these sequences
have putative signal sequences and three have puta-
tive transmembrane regions N-terminal to the kinase
domains (see Supplement A). Two sequences,
At5g24360 and At4g12020, were found to possess
both signal peptides and transmembrane regions
with C-terminal kinases. Further examination of
At4g12020 indicates that it represents a misannota-
tion between two genes. On the other hand,
At5g24360 is closely related to the IRE1 ER mem-
brane protein found in most eukaryotes (Urano et al.,
2000). At least two other IRE1l-like genes can be
found in Arabidopsis based on kinase domain simi-
larity (At2g17520 and At3g11870). To see whether
IRE1-like genes are more closely related to RLKs than
to other kinases, a phylogenetic analysis was con-
ducted using representatives of different kinase fam-
ilies from both Arabidopsis and human. Arabidopsis
IRE1l-like genes and human IRE1 form a well-
supported clade with a high bootstrap value (Fig. 3).
However, they are not the closest relatives to RLKSs,
Rafs, or animal Tyr kinases. This conclusion is also
supported by the phylogenetic analysis of Arabidop-
sis kinases (Fig. 1, arrow b). These findings suggest
that the receptor configurations of RLKs and IRE1-
like genes may have arisen independently, and
IRE1-like genes represent the only other receptor
Ser/Thr kinases identified in Arabidopsis genome.

The RLK/Pelle Family in Arabidopsis Can Be
Classified into Multiple Subfamilies

RLKs in the RLK/Pelle family contain a variety of
extracellular domains, and RLKs with similar extra-
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cellular domains have similar kinase domains (Fig.
4A). This relationship provides a phylogenetic basis
for classifying the RLK/Pelle family. However, a few
interesting exceptions to this generalization are
present. For example, the S-domain, LRK10-like, and
CrRLK-like RLKs can be found in more than two
different clades (Fig. 4A, arrows). To further investi-
gate the validity and correctness of the phylogeny
generated based on kinase domain sequences, the
exon-intron organization of all RLK/Pelle family
members was examined based on the gene models
released by the MIPS Arabidopsis Database
(MAtDB). We first determined the number of pre-
dicted exons in each gene and superimposed the
information onto the kinase phylogeny (Fig. 4B).
Numbers of exons correlate well with both the kinase
phylogeny and the identity of extracellular domains.

To investigate whether the introns in related RLKs
are homologous, we generated protein sequence
alignments for each subfamily and examined the in-
tron locations and phases (the location of the splice
junction within a codon). We found that there are at
least 43 distinct intron insertion sites in the kinase
domains of all RLKs (data not shown). In most cases,
members of the subfamilies defined according to the
kinase phylogeny and the identity of extracellular
domains have conserved intron placements and
phases within the kinase domains and within the
full-length genes (for the graphical representation of
domain prediction, intron information, and classifi-
cation, see Supplement C). On the basis of the kinase
phylogeny, the extracellular domains, and/or the in-
tron information, the RLK/Pelle family is subdivided
into 46 different subfamilies (Table II). Atlg66980
shared high similarity with LRKs10-like 2 subfamily
members but has an unrelated extracellular domain
resembling glycerophosphoryl diester phosphodies-
terase. It is therefore classified into a single-member
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Kinase Phylogeny
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Figure 3. The relationships between IRE1-like genes and RLK/Pelle
family kinases. The kinase domain amino acid sequences of IRE1-like
genes and kinase family representatives from Arabidopsis and human
were used for generating the neighboring-joining tree with 1,000
bootstrap replicates. The RLK/Pelle family forms a close relationship
to Raf kinases and human receptor Tyr kinases (arrowhead b). The
Arabidopsis IRE1-like genes are closely related to human IRET with
high bootstrap support (arrowhead b). The identifiers follow the
convention: species abbreviation followed by gene name. RSK,
Metazoan receptor Ser/Thr kinase. RTK, Animal receptor Tyr kinase.

subfamily not present in previously published clas-
sification schemes (Shiu and Bleecker, 2001b).

It should be noted that, although the three molec-
ular characters examined are largely in agreement
with one another, there are a noticeable number of
exceptions. Where the multiple sequence alignments

Figure 2. The RLK/Pelle family members from Arabidopsis and other
eukaryotic genomes. The kinase domains of the Arabidopsis repre-
sentatives listed in Table Il are aligned with putative RLK/Pelle mem-
bers from the genomes listed in Table I. The phylogeny inferred based
on the alignments is shown on the left with branches leading to
Arabidopsis sequences in green, to animal sequences in red, and to
Plasmodium sp. in blue. The numbers on the base on the branch
indicate bootstrap support out of 1,000 replicates. Branches with
than 5% support are collapsed. All genomes except Arabidopsis have
few RLK/Pelle members. The identifiers for Arabidopsis follow the
convention: gene name, subfamily designation, and synonym (if avail-
able). For the other genomes, the identifier follows: species abbrevia-
tion, sequence name from the source database (see Table I), synonym (if
available). AG, A. gambiae; DM, D. melanogaster; CE, C. elegans; Cl, C.
intestinalis; FR, F. rubripes; HS, Homo sapiens; MM, M. musculus.
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Figure 4. The relationships between the kinase phylogeny, the extracellular domains, and the number of exons. The
phylogenetic trees in (A) and (B) were generated from an alignment of 610 RLK/Pelle family members previously published
(Shiu and Bleecker, 2001). A, Branches of the phylogenetic tree were colored according to the identity of the extracellular
domains as predicted by SMART and Pfam databases. RLKs with similar extracellular domains are generally clustered
together. RLCKs are clustered into several groups also. Exceptions are the CrRLK1-like genes (arrow a), the LRK10-like genes
(arrow b), and the S-domain RLKs (arrow c). For detailed domain organization for all genes, see Supplement C. B, Branches
of the phylogenetic tree were colored according to the number of exons based on the predicted gene model of RLK/Pelle
members. Related RLK/Pelle members as defined by the kinase phylogeny or extracellular domain identities, in general, have
identical or similar numbers of exons. For the locations, placements, and phases of introns, see Supplement C.
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Table Il. Total numbers and extent of tandem clustering in
different RLK/Pelle subfamilies

—, not determined.

No. of

Subfamily Representative Subfamily Genes in
Members Cluster
%
C-Lectin At1g52310 1 N.A.?
CR4-like At2g39180 8 0
CRPK1-likel At3g51550 15 13
CRPK1-like2 At5g39030 2 100
DUF26 RLK3 45 84
Extensin-like At5g56890 5 0
L-Lectin LecRK1 45 65
LRK10-like1 At1g18390 5 40
LRK10-like2 At1g66930 7 100
GDPDP At1g66980 1 N.A.
LRR | At3g46420 49 62
LRR I BAK1 14 14
LRR 111 RKL1 47 0
LRR IV At2g45340 3 0
LRR V At1g53730 9 0
LRR VI At5g07150 11 0
LRR VII At3g28040 10 0
LRR VIII-1 At5g01950 8 38
LRR VIII-2 At3g14840 14 73
LRR IX TMK1 4 0
LRR X BRI1 16 0
LRR XI CLV1 28 7
LRR XII FLS2 10 40
LRR Xl ER 7 0
LRR XIV At2g16250 3 0
LysM At3g21630 5 0
PERK PERK1 19 21
RKF3-like RKF3 2 0
RLCK | At2g40270 3 0
RLCK 1l At4g35230 7 29
RLCK 111 At1g67470 5 60
RLCK IV At5g58940 3 0
TAK(RLCK V) TAK1 11 0
RLCK VI At5g57670 14 0
RLCK VI PBS1 46 9
RLCK VIl At3g59350 11 36
RLCK IX At1g78940 21 10
RLCK X At1g80640 4 0
RLCK XI At4g25390 4 0
RLCK XII At1g01740 17 29
S-domain1 ARK1 32 91
S-domain2 RLK4 7 0
S-domain3 At2g41890 1 N.A.
Thaumatin PR5K 3 33
URK | At1g49730 2 0
WAK-like WAKIT 25 68
Not classified - 16 N.A.
Annotated pseudogene - 7 N.A.

* N.A., Not applicable.

b The sole member of this subfamily is
originally classified as LRK10-like2 based on its high similarity on the
kinase domain.

indicate missing or extra sequences between mem-
bers of a subfamily, the junctions of such anomalies
in many cases coincide with the predicted intron

junctions.
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Proteins That Resemble the Extracellular Domains of
Several RLK Subfamilies Are Present in the
Arabidopsis Genome

RLPs, proteins that resemble the extracellular do-
mains of RLKs, have been shown to play roles in RLK
signaling (Jeong et al., 1999). Given the diversity and
abundance of RLKs in Arabidopsis, it is not known
what types of RLKs have corresponding RLPs. In
addition, the elucidation of RLPs may shed light on
the potential origin of novel RLKSs. It is therefore of
interest to determine the diversity and abundance of
RLPs in the Arabidopsis genome. Using the extracel-
lular domains of RLKs as queries, candidate RLPs
were obtained from the Arabidopsis genome through
similarity search with BLAST. After eliminating
known RLK sequences and sequences similar to nu-
cleotide binding site-LRR putative R genes, the 178
candidate RLP sequences were combined with the
representative extracellular domain sequences. These
sequences were clustered with the unweighted pair
group method with arithmetic mean (UPGMA) algo-
rithm using transformed E values as the distance
measure. The resulted cluster diagram reflects the
similarity between sequences over the alignable re-
gions where a shorter bifurcating branch implies a
higher sequence similarity (Fig. 5).

The candidate RLPs can be subdivided into several
clusters based on sequence similarity alone. After
superimposing the domain prediction on the clusters,
the boundary between clusters becomes clearer. Five
of these 178 candidate RLPs however are located
right next to a downstream kinase on the chromo-
some (Fig. 5, red arrows). In all cases, closely related
sequences resemble the fusions between these five
proteins and their downstream kinases. Therefore,
they likely represent the N-terminal ends of misan-
notated RLKSs.

More than one-half of the putative RLPs contain
various numbers of LRRs. However, most of these
LRR-containing RLPs are more similar to one an-
other than they are to LRR containing RLKs. The
exceptions are the subfamilies LRR I (Fig. 5, blue
branches) and LRR II (Fig. 5, red branches). A large
number of LRR RLPs are more closely related to the
tomato resistance gene Cf (data not shown). Several
other RLK subfamilies also have corresponding
RLPs, including Lysin motif, DUF26, CrRLK1-like,
glycerophosphoryl diester phosphodiesterase-like,
LRK10-like, thaumatin, legume lectin, and S-locus
receptor kinase subfamilies. More than 50% of these
RLPs are found in tandem repeats (based on the
criteria outlined in “Materials and Methods”).
Moreover, there are 21 RLPs found in close proxim-
ity to a related RLK. Some of these RLK-RLP tan-
dems are located within large clusters of RLKs,
suggesting that they may be derived from or may
give rise to RLKs with similar extracellular domains
(ECDs).
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Figure 5. Similarity clustering and domain organization of RLPs from Arabidopsis. On the basis of pair wise comparison of
putative RLPs and the extracellular domain sequences of representative RLKs with BLAST, a distance matrix is generated with
transformed E values and used for clustering with the UPGMA algorithm implemented in MEGA2. The clustering diagram
is a representation of relatedness between sequences. More closely related sequence pairs are joined together with branches
of shorter length. The domain organizations as predicted by SMART/Pfam are shown on the left of the clustering diagram.
The identifiers for the representative sequences follow the convention: gene name, subfamily, and synonym (if available).
The intracellular domains of all representative RLKs are not shown. The classification of RLPs is shown right to the domain
organizations. Red arrows indicate sequences representing misannotated RLKs. Branches are colored in three RLP classes:
green, TMM-like; red, LRR lI-like; and blue, LRR-I-like.
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One-Third of the RLK/Pelle Family Members in
Arabidopsis Are Found in Tandem Clusters

The RLK family represents approximately 60% of
kinases and 2.5% of all predicted protein-coding
genes in Arabidopsis. The large number of genes in
this family raises several questions concerning its
expansion. By examining the chromosomal distribu-
tion of four RLK /Pelle subfamilies on chromosome 4,
it was found that tandem duplication and large-scale
segmental duplication/reshuffling may represent the
major mechanisms contributing to the expansion of
the RLK/Pelle family in Arabidopsis (Shiu and
Bleecker, 2001b). To expand the analysis to all mem-
bers of this gene family and to evaluate the relative
importance of these two mechanisms in the whole
Arabidopsis genome, we examined the chromosome
locations in conjunction with the phylogenetic rela-
tionship of all RLK/Pelle family members and the
chromosome duplication patterns hypothesized by
the Arabidopsis Genome Initiative (2000). On the
basis of the criteria that tandem duplicated genes are
located within 10 predicted open reading frames or
within 30 kb of each other and that only genes of the
same RLK subfamilies are considered, we found that
there were 50 clusters of RLKs with 2 to 19 genes. A
total of 210 genes were found in tandem repeats,
representing 33.6% of all RLKs (Table III; see also
Supplement D for the location and identity of dupli-
cated genes). Subfamilies vary greatly in the extent of
tandem duplication. In the 20 subfamilies with more
than 10 members, DUF26, L-lectin, LRR I, LRR VIII-2,
S-domain I, and WAK-like subfamilies all have more
than 60% of their members in tandem repeats. These
findings indicate that tandem duplication represents
one of the major mechanisms of RLK expansion in
Arabidopsis.

Large-Scale Duplications Represent Another Major
Mechanism for the RLK/Pelle Expansion

To determine the contribution of the whole-
genome duplication and reshuffling that has been
postulated (Arabidopsis Genome Initiative, 2000), we
compared the chromosome duplication pattern with
the location of RLKs/RLCKs and their phylogeny.
The results are shown in Table III (see also Supple-
ment D for a list matching the genes in the duplicated
regions). Among the 625 RLKs, 470 were found in the
hypothesized duplicated /reshuffled regions, whereas
155 were located outside. Within the duplicated re-
gions, 125 were singular genes (genes not in tandem
repeats) with a close relative found in the corre-
sponding duplicated regions. In addition, 143 genes
in 19 clusters were found to have one or more close
relatives in the corresponding duplicated regions.
Therefore, 43% (263) of the Arabidopsis RLK/Pelle
members can be accounted for by the large-scale
duplication pattern. However, the remaining 202
RLK/Pelle sequences within the duplicated regions
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Table Ill. Distribution of RLK family genes in duplicated regions?

Outside of Within Duplicated Regions
Duplicated With Without
Regions Match Match
Total 155 268 202
Singular 123 125 172
Tandem repeats 32 (10)° 143 (19)P° 30 (11)P

# According to Arabidopsis Genome Initiative (2000), see Supple-
ment D. Data does not include RLCK XII. b The numbers in the
brackets are the number of distinct tandem clusters.

do not have a corresponding relative, suggesting the
involvement of gene loss or more localized duplica-
tions. Nonetheless, these results indicate that large-
scale segmental duplications, in conjunction with
tandem duplications, are partly responsible for the
expansion of this gene family in Arabidopsis.

DISCUSSION

The Predominance of the RLK/Pelle
Family in Arabidopsis

RLKs in plants have been found to play important
roles in a multitude of different processes. Given the
complexity of cellular communication in multicellu-
lar organisms and the size of the RLK family, it is
widely speculated that this family may represent one
of the major receptor systems for intercellular signal-
ing pathways in plants. Another receptor kinase fam-
ily found in Arabidopsis is the receptor His kinases
with six members including ethylene receptor ETR1
(Bleecker and Kende, 2000) and cytokinin receptor
CRE1 (Inoue et al., 2001). In a prior analysis, we
found that RLKs belong to a large gene family with
more than 600 members. However, only a few RLK
homologs (based on kinase domain sequences) can
be found for human, fly, and worm (Shiu and
Bleecker, 2001b). With an extended analysis of com-
pleted eukaryotic genomes, this gene family still has
very low gene number in all animals, although two
rounds of genome duplications seem to have oc-
curred in the vertebrates (Fig. 2). The presence of
only one gene in each Plasmodium sp. genome sug-
gests that the ancestral gene number for this gene
family is likely to be small before the divergence of
plants, animals, fungi, and protists. Because RLKs are
absent in all fungal genomes examined, a subsequent
gene loss may have occurred after the split between
animal and fungi and before the divergence of the
ascomycetes genomes analyzed. It should be noted
that the bootstrap support for the monophyly was
merely 15% (Fig. 2). However, it has been demon-
strated that plant RLK/RLCKs and metazoan Pelle
kinases are monophyletic (Shiu and Bleecker, 2001b).
In addition, the metazoan sequences in the RLK/
Pelle family all have the same domain configuration
(data not shown). The low bootstrap support for the
RLK/Pelle family is most likely due to the sequence
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divergence among the subfamily representatives in-
cluded. On the basis of an analysis of the whole
kinase complement in Arabidopsis, we show that the
RLK/Pelle gene family makes up 60% of kinases and
is the predominant form of putative receptor kinases
in the Arabidopsis genome. Within the kinase super-
family, IRE1-like genes are the only other type of
receptor Ser/Thr kinases found (Figs. 1 and 3). IRE1
is an endoplasmic reticulum-resident protein medi-
ating the unfolded protein response (Urano et al.,
2000). The closest relatives of RLKs are Raf-type ki-
nases, but not IREl-like genes. Their relationships
argue that the receptor configurations found in these
two receptor families have arisen independently.

Molecular Diversity of the RLKs and the Presence of
RLPs in the Arabidopsis Genome

On the basis of the combined analysis of the kinase
phylogeny and extracellular domains, the RLK/Pelle
family was subdivided into 46 different subfamilies.
This classification is in general supported by the
predicted gene structures of all RLKs/RLCKs. It
should be noted that the kinase phylogeny alone is,
in some cases, insufficient for delineating subfamilies
due to weak bootstrap support. Additional criteria,
such as domain organization and gene structures,
provide additional evidence to support or refute the
relationships inferred strictly from phylogeny. Inter-
estingly, the same extracellular domains are found to
form RLKs with kinase domains of distinct evolu-
tionary origin within the RLK/Pelle family. In the
case of S-domain, fusions with three different RLK/
Pelle subfamilies are evident (S.H. Shiu, unpublished
data). If these domains form fusion with other pro-
teins with equal frequency and efficiency, the multi-
ple independent fusion events observed between
these domains and the kinases from the RLK gene
family but not any other kinase families or non-
kinase proteins would indicate that the fusions
formed with the kinase of the RLK/Pelle were re-
tained preferentially. In the analysis of the human
genome, it is found that molecular complexity and
diversity of proteins can be accomplished through
fusion between unrelated protein domains (Lander et
al., 2001; Venter et al., 2001). This process is not a
metazoan-specific process but is likely to be a general
theme in all living organisms. In plants, the RLK/
Pelle family represents a good example for domain
reuse in different molecular contexts.

In addition to the diversity of RLKs, a large number
of RLPs resembling the RLK extracellular domains
are present in the Arabidopsis genome. For the RLPs
with known function, both CLV2 and SLG have been
implicated to function in the signaling pathway in-
volving RLKs, CLV1, and SRK, respectively (Jeong et
al., 1999; Cui et al., 2000). Interestingly, both CLV2
and CLV1 extracellular domain contain multiple
LRRs. SLG is related to the extracellular domains of
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SRK (which is similar to the S-domain subfamilies). It
seems to suggest that some RLKs may require a
signaling partner, secreted or associated with mem-
brane, and that partner may be related to the extra-
cellular domains of RLKs in question. In this analysis,
several distinct groups of RLPs were found to be
related to RLKs. These RLPs may be functionally
related to their RLK counterparts. After excluding
potentially misannotated sequences, there were 173
RLPs which fell into 20 similarity clusters (Fig. 5).
Interestingly, 21 of these RLPs were found to be
within 10 predicted genes to related RLKs. In all 3’
regions examined, no sequence resembles known ki-
nases at either the protein or the nucleotide level.
However, it is not known whether such association
has any functional significance. Several of these RLPs
are located in large clusters of RLKs and may have
arisen through unequal crossovers.

Xa21D, an RLP from rice illustrates the potential
roles of RLPs found in RLK clusters. Xa21D presum-
ably is derived from a duplication event that gave
rise to itself and Xa21, a rice RLK conferring resis-
tance to bacterial pathogen (Wang et al., 1998). Sub-
sequent transposon insertion in Xa21D resulted in a
truncated protein with only the extracellular domain.
Surprisingly, Xa21D still confers partial disease resis-
tance. This finding suggests that RLPs recently de-
rived from RLKs may still have similar function to its
RLK progenitor. It is therefore possible that RLKs
and RLPs in a tandem cluster have overlapping func-
tions. On the other hand, the RLPs may be created
fortuitously and become pseudogenes quickly. A
comparison of synonymous and non-synonymous
substitution rates in these genes may help resolve
this issue. It should be noted that several subfamilies
of RLKs do not have obvious RLP homologs in the
Arabidopsis genome. Because the search was con-
ducted with an E value cutoff of 1 X 107°, related
but divergent sequences may be excluded. However,
the absence may also indicate differences in the sig-
naling mechanisms of these RLKs from those with
closely related RLPs.

Expansion of the RLK/Pelle Family

A large size difference exists between the numbers
of RLK/Pelle family members in different eu-
karyotes, and there is little question that this family
has undergone expansion in land plants based on the
over-representation of RLK/Pelle expressed se-
quence tags (ESTs) in various land plant lineages
(Shiu and Bleecker, 2001b) and a preliminary analysis
of the draft versions of rice genomes (S.-H. Shiu,
unpublished data). It is known that both tandem
duplications and segmental duplications, or even
whole-genome duplications have occurred in Arabi-
dopsis (Arabidopsis Genome Initiative, 2000; Vision
et al., 2000). In this study, the locations of all RLKs/
RLCKSs were examined to determine the relative im-
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portance of tandem duplication and segmental du-
plication. We found that 33% of RLK/Pelle family
members are found in 50 clusters. The percentage of
tandem repeats in this gene family is 2-fold higher
than the average of tandem duplicated genes in the
whole Arabidopsis genome (Arabidopsis Genome
Initiative, 2000). It should be noted that we estimated
tandem duplication in a conservative fashion by con-
sidering only closely related genes of the same sub-
family instead of using similarity score cutoff alone.
The differences between the percentage of RLK/Pelle
members in tandem repeats and that of the genome
average would be even more pronounced if the same
criteria were used.

From the regions that underwent segmental dupli-
cation as defined by the Arabidopsis Genome Initia-
tive (2000), we found that 470 RLK/Pelle family
members are located within the duplicated regions.
Among them, 268 genes have at least one related
gene of the same subfamily in the corresponding
duplicated regions. These genes are most likely rem-
nants of large-scale duplication events. However, 202
RLKs/RLCKs in these regions do not have a corre-
sponding paralog. It is possible that the correspond-
ing paralogs had been mutated beyond recognition
and lost over time. It is also possible that some of
these genes were derived from relatively more local-
ized scale duplication events not examined, such as
suggested by Vision et al. (2000). Another possibility
is transposition facilitated by transposon or retro-
transposon activity, although no convincing case of
such activity has been found in this gene family (data
not shown). A total of 155 RLK genes are located
outside of the duplicated regions. Some of these
genes may lie inside the more localized duplicated
regions. In addition, the original detection scheme
may be sensitive to differential gene loss and may
have missed regions that were duplicated but have
become too degenerate to be detected with the ap-
proaches used. It has been shown that more dupli-
cated blocks are recovered through comparisons of
all segments with similar but not identical gene con-
tents (Simillion et al., 2002). A detailed analysis based
on the delineated area would likely reduce the num-
ber of genes lying outside of the duplicated regions.
In any case, a much higher proportion of tandem
duplicates is found in the regions of proposed large-
scale duplications, indicating potential interactions
between these two mechanisms. It is possible that,
after large-scale duplication events, these duplicates
were directly involved in the generation of tandem
repeats.

Retention of Duplicates

Gene duplication occurs at a high rate in eu-
karyotes, but the vast majority of gene duplicates
were lost within a few million years (Lynch and
Conery, 2000). Most gene families in living organ-
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isms are small, and the large gene families such as the
RLK/Pelle family are exceptions rather than the
norm (S.-H. Shiu and K. Mayer, unpublished data).
Therefore, it is of interest to consider how natural
selection appears to have favored retention of dupli-
cated genes in the RLK/Pelle family in plants. The
distribution of this gene family in the genomes ex-
amined supports the notion that the RLK/Pelle fam-
ily maintained a low gene number before the diver-
gence of plants, animals, and Plasmodium sp. If each
tandem duplicated region is regarded as a single
locus, there will be a total of 465 RLK “loci” because
210 of the 625 RLK/Pelle members are found in 50
clusters. Assuming the presence of four ancestral
RLK genes before the split between plants and ani-
mals and that all duplicated genes were retained,
then seven rounds of whole-genome duplication
could account for the number of RLK loci in the
Arabidopsis genome. Vision et al. (2000) proposed
that at least four large-scale duplication events had
occurred 100 to 200 million years ago at approxi-
mately the time of angiosperm diversification. This
notion is also supported by a similar study account-
ing for potential gene loss (Simillion et al., 2002).
Although these duplication events do not necessarily
encompass the whole genome, they account for some
of the required duplication events leading to the
expansion of the RLK gene family in Arabidopsis.
Because the inference of large-scale duplication
events involved evolutionary rate estimates, it is pos-
sible that older events are not detected due to the
saturation of substitutions. Given the evidence from
EST analysis of plant lineages that the RLK family
had already undergone significant expansion early in
the evolution of land plants (Shiu and Bleecker,
2001b), the time scale involved will have provided
many opportunities for additional large scale dupli-
cation events that are not recognized.

One important assumption in estimating the num-
ber of whole-genome duplications required is that
most, if not all, duplicated RLK genes were retained.
Because the rate for duplication and loss are both
high in general, it is likely that the observed dupli-
cation events may reflect only a subset of the dupli-
cations that have occurred. Nonetheless, the RLK/
Pelle family members seem to be retained at a much
higher rate compared with the average gene or gene
families in Arabidopsis. For any pair of gene dupli-
cates, they may first experience relaxation of selec-
tion because a loss-of-function mutation on one copy
would not have deleterious consequences. Some du-
plicates may become pseudogenes within several
million years. This then raises the question whether
many members in this gene family are pseudogenes
or are descendants of very recent duplication events.
The average protein sequence similarity for each
RLK/Pelle subfamily ranges from 30% to 90%. This
indicates that some subfamilies are quite divergent
and argues against the notion that they were dupli-
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cated recently. The subfamilies with high similarity
are mostly genes located within tandem clusters that
may indicate their recent origin or a propensity for
gene conversion. Five genes in addition to the 625
RLK/Pelle members are annotated as pseudogenes.
There are potentially more pseudogenes because
some members of this family are truncated when
compared with their close relatives. But the fact that
members that show anomaly in their domain orga-
nizations account for less than 3% of the whole gene
family argues against the notion that pseudogenes
contribute much to the size of the RLK family. In
addition, nearly 50% of genes in this family have one
or more ESTs. More detailed expression analyses will
likely show that more RLK/Pelle members are
expressed.

Another explanation for the large gene number in
this gene family is that the duplicates were quickly
established to take on a subset of the original func-
tions or novel functions. Considering the functions of
RLKs in plant development, RLK/Pelle duplicates
might have been retained because they conferred
additional controls for tissue differentiations to pro-
vide control system necessary for the development of
more complex multicellular traits. Alternatively, sev-
eral RLK/Pelle members have been implicated in
disease resistance. During the period of relaxed se-
lection on gene duplicates, the regions responsible
for binding specificity may diversify and result in
genes with new specificity. Subsequently, these
genes were retained for their contribution in recog-
nizing new components of the pathogens or symbi-
otic organisms. Continued studies on the functions of
individual RLKs in plants, coupled with comparative
genomic studies, will certainly provide insights into
the evolutionary history of this interesting family of
plant receptors.

MATERIALS AND METHODS
Sequence Retrieval and Annotation

For a list and the accession numbers of the 610 RLK family members
analyzed, see Shiu and Bleecker (2001). The eukaryotic Ser/Thr/Tyr kinases
in Arabidopsis were identified with the procedures detailed below. Follow-
ing Hanks and Hunter (1995) and Hardie (1999), we used 52 plant and
animal sequences from different eukaryotic Ser/Thr/Tyr kinase families to
conduct batch BLAST searches (Altschul et al., 1997) against the July 4, 2001,
release of the Arabidopsis genome from MAtDB (http://mips.gsf.de/proj/
thal/) with an E-value cutoff of 1. In a preliminary analysis, we found that
an E-value cutoff of 0.1 allowed us to recover all selected kinase family
representatives. Therefore, a more relaxed E value of 1 was chosen in an
attempt to include all potential kinases. A total of 1,235 sequences retrieved
based on this criteria were regarded as “potential” kinases. Structural
domains of all sequences were defined according to the SMART (Schultz et
al., 2000) and Pfam (Sonnhammer et al., 1998) databases. One thousand and
thirty-one sequences had kinase domains detected by either of these two
databases with the default parameters. After eliminating sequences in the
RLK family, 431 of these “candidate” kinases were included in further
analysis as described in the next section. To determine whether these
candidates were putative transmembrane proteins, the database outputs
from SMART were examined. Only sequences with both signal sequences
and transmembrane regions were regarded as putative receptor kinases. The
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Arabidopsis kinase complement defined was updated according to the
November 12, 2002, release of the Arabidopsis proteome from MAtDB.
Similar procedures were used to retrieve kinase sequences from other
genomes listed in Table I.

Alignment and Phylogenetic Inference

The kinase domain sequences of the candidates defined in the previous
section were compiled and aligned using ClustalX (Higgins et al., 1996). All
sequences were aligned against sequence profiles of representative eukary-
otic kinases (Shiu and Bleecker, 2001b). The weighing matrix used was
BLOSUMS62 with the penalty of gap opening 10 and gap extension 0.2. The
alignments generated were manually adjusted according to the subdomain
signatures of eukaryotic kinases (Hanks and Hunter, 1995). A candidate
kinase was regarded as “true” kinases if more than 60% of the defined
kinase domains was present and were “alignable.” The alignable criterion is
based on a detailed examination to determine whether the target sequences
contained most, if not all, of the kinase subdomain signatures. Phylogeny of
the aligned sequences was generated with the neighbor-joining method
(Saitou and Nei, 1987), and bootstrap analyses were conducted with 100
replicates, for each organism listed in Table I. Aminoglycoside kinase
(APH(3') III) from Staphylococcus sp. (P00554) and the Arabidopsis homolog
of RIO1 family kinases (S61006) were used as outgroups. These two genes
are divergent members of the eukaryotic kinase superfamily and are hy-
pothesized to be ancestral eukaryotic kinases (Hon et al., 1997; Leonard et
al., 1998). The RLK/Pelle family is defined as the clade that contains
RLK/Pelle representative sequences and forms sister group relationships to
Raf kinases and receptor Tyr kinases.

Domain Organization and Gene Structure of the RLK
Gene Family Members

The gene models used in this analysis were based on the released
information available from MAtDB July 4, 2001, sequence release and up-
dated according to the November 12, 2002, release. The gene models for all
RLK family members were extracted and used to calculate intron location
and insertion phase (the position of intron insertion relative to the bases in
a codon). For each RLK subfamily defined by Shiu and Bleecker (2001b), a
full-length alignment was generated. After manual adjustment of align-
ments, the intron locations were mapped onto the alignments to determine
if the intron sites were homologous between members of the same subfam-
ilies. All output files of SMART queries using full-length RLKs/RLCKs were
parsed to obtain information on domain identity and coordinates of domain
junctions. The domain organization and intron information of all RLK
family members were consolidated and the graphical display was generated
(see Supplement C).

Survey of Arabidopsis Proteins with Similarity to the
Extracellular Domain of RLKs

Thirty-five representative RLKs were chosen from all RLK subfamilies
with at least 50% members that contain predicted transmembrane regions in
similar positions. The ECD was defined as the region between the end of
signal sequence (or the first residue if signal sequence was absent) and the
beginning of transmembrane regions. These putative ECDs were used to
conduct BLAST search against the Arabidopsis protein set. With a cutoff
threshold of 1 X 107!, after eliminating known RLK sequences and se-
quences that were more similar to nucleotide binding site-LRR putative R
genes, candidate RLPs were obtained. Molecular features adjacent to these
candidate RLPs were examined to determine whether they likely repre-
sented RLKs that split into two parts. In addition, the 3’ regions were
examined for kinases not annotated. The putative RLPs are defined as the
sequences that do not represent split genes and have no unannotated kinase
sequences in the 3’ direction with the same orientation. For the classification
of putative RLPs, the sequences of the ECDs of RLK representatives and the
putative RLPs were used to conduct BLAST search against the database
formatted with the same sequence set. The E values of pair wise compari-
sons were transformed to represent distance measures and were used to
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generate similarity clusters with the UPGMA algorithm implemented in the
program MEGA2 (Kumar et al., 2001).

Physical Map Location and Criteria for Determining
Duplicated RLK Family Members

The locations of RLKs in the form of coordinates on the Arabidopsis
chromosomes assembled from BAC sequences were obtained from MAtDB.
Adjacent genes were regarded as tandem repeats if they were within 10
predicted genes apart or within 30 kb of each other and if they belonged to
the same subfamily. On the basis of the postulated large-scale duplication
and reshuffling of the Arabidopsis genome (Arabidopsis Genome Initiative,
2000), the coordinates of the genes flanking the duplicated regions (kindly
provided by Dr. Heiko Schoof from MAtDB) were used to determine
whether any given RLKs/RLCKs were located in the duplicated regions (see
Supplement D). Comparisons of all RLK family genes in each pair of
duplicated regions were then conducted to determine whether any RLK
sequences was likely products from the duplication events. RLK sequences
were regarded as products of the duplication events if one or more relatives
from the same subfamily could be found in the corresponding regions.
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