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Leucine-rich repeat receptor-like protein kinases (LRR-RLKs) are the largest group

of receptor-like kinases, which are one of the largest protein superfamilies in plants,

and play crucial roles in development and stress responses. Although the evolution

of LRR-RLK families has been investigated in some eudicot and monocot plants, no

comprehensive evolutionary studies have been performed for these genes in basal

angiosperms like Amborella trichopoda. In this study, we identified 94 LRR-RLK genes

in the genome of A. trichopoda. The number of LRR-RLK genes in the genome of

A. trichopoda is only 17–50% of that of several eudicot and monocot species. Tandem

duplication and whole-genome duplication have made limited contributions to the

expansion of LRR-RLK genes in A. trichopoda. According to the phylogenetic analysis,

all A. trichopoda LRR-RLK genes can be organized into 18 subfamilies, which roughly

correspond to the LRR-RLK subfamilies defined in Arabidopsis thaliana. Most LRR-RLK

subfamilies are characterized by highly conserved protein structures, motif compositions,

and gene structures. The unique gene structure, protein structures, and protein motif

compositions of each subfamily provide evidence for functional divergence among

LRR-RLK subfamilies. Moreover, the expression data of LRR-RLK genes provided further

evidence for the functional diversification of them. In addition, selection analyses showed

that most LRR-RLK protein sites are subject to purifying selection. Our results contribute

to a better understanding of the evolution of LRR-RLK gene family in angiosperm and

provide a framework for further functional investigation on A. trichopoda LRR-RLKs.

Keywords: Amborella trichopoda, leucine-rich repeat receptor-like kinase (LRR-RLK), functional divergence,

protein structure, protein motif, gene structure, expression

INTRODUCTION

All living organisms sense and conduct signals through cell surface receptors. In plants, cellular
signal transduction is mainly mediated by receptor-like kinases (RLKs), a protein superfamily.
RLKs contain three functional domains: a ligand-binding extracellular domain, a membrane-
spanning domain, and an intracellular serine/threonine kinase domain (Shiu and Bleecker, 2001).
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The extracellular domains of RLK proteins are highly divergent.
Based on the structure of the extracellular domain and
phylogenetic analysis of the kinase domains (KDs), RLK proteins
of Arabidopsis thaliana were divided into more than 50 families.
The largest group is the leucine-rich repeat RLK family (LRR-
RLK).

LRR-RLK proteins are receptor-like kinases that contain
leucine-rich repeats (LRRs) in their extracellular domain (Shiu
and Bleecker, 2001). The LRR is a widespread structural motif
of 20–30 amino acids with conserved leucines, which build
the domain from tandem repeats (Torii, 2004). The LRR
domains of LRR-RLK proteins usually vary in number and
in the distribution pattern of LRR repeats, and LRR diversity
enables LRR-RLKs to sense a variety of ligands, including small
molecules, peptides, and entire proteins (Bojar et al., 2014). The
kinase domains of LRR-RLK proteins are common in protein
kinases. It contains 12 conserved subdomains that fold into
a similar three-dimensional catalytic core with a two-lobed
structure (Hanks et al., 1988; Hanks andHunter, 1995). The small
lobe includes subdomains I–IV, whereas the large lobe includes
subdomains VIA–XI. Kinase domains catalyze phosphotransfer
according to a common mechanism: the smaller lobe is primarily
involved in anchoring and orienting the nucleotide, whereas
the larger lobe is largely responsible for binding the peptide
substrate and initiating phosphotransfer (Hanks and Hunter,
1995).

Gene duplications, often followed by functional
diversification, have repeatedly played an important role in
providing the raw material for the evolution of the species. Gene
duplication is very prominent in the evolution of the LRR-RLK
gene family in plants (Lehti-Shiu et al., 2009; Lehti-Shiu and
Shiu, 2012). In eudicots, such as A. thaliana, Brassica rapa,
Solanum lycopersicum and Populus trichocarpa, 213, 303, 234,
and 379 LRR-RLK genes, respectively, have been identified from
the analysis of genome sequences (Shiu and Bleecker, 2001; Zan
et al., 2013; Rameneni et al., 2015; Wei et al., 2015). Based on the
sequence similarity and domain conservation, as many as 467
genes were identified in the Glycine max genome (Zhou et al.,
2016). In monocot Oryza sativa, 309 LRR-RLK genes were found
via genome-wide identification (Sun and Wang, 2011). A recent
study showed that another monocot Triticum aestivum has
the largest number of LRR-RLK genes (531) as far as we know
(Shumayla et al., 2016). Tandem duplication and whole genome
duplication are major mechanisms underlying expansion of the
LRR-RLK family in these species (Shiu and Bleecker, 2001, 2003;
Sun and Wang, 2011; Zan et al., 2013; Zhou et al., 2016). After
duplication, duplicated genes often accumulate mutations that
lead to functional divergence. The biological roles of only a small
number of LRR-RLK proteins are understood. However, there is
clear genetic evidence for functional diversification of LRR-RLK
proteins (Zhang et al., 2006). For example, LRR-RLKs have been
found to play important roles in meristematic growth (Clark
et al., 1997), embryogenesis (Nodine et al., 2007, 2011), secondary
growth (Agusti et al., 2011), polar pollen tube growth (Chang
et al., 2013), pollen self-incompatibility (Muschietti et al., 1998),
ABA and brassinosteroid signal transduction, and responses to
environmental signals (Li and Chory, 1997; Osakabe et al., 2005).

LRR-RLK proteins are known to function as regulators of the
defense response to bacterial pathogens, necrotrophic fungi, and
viruses (Gómez-Gómez and Boller, 2000; Fontes et al., 2004;
Llorente et al., 2005). Some LRR-RLK proteins are functionally
redundant in regulating some aspects of A. thaliana growth and
development (Eyüeboglu et al., 2007; Albrecht et al., 2008). For
example, SERK1 and SERK2 play functionally redundant roles in
the process of male microsporogenesis. SERK1 acts redundantly
with BAK1 in brassinosteroid signaling, whereas BAK1 acts
redundantly with SERK4 in cell death control (Albrecht et al.,
2008). The functional redundancy of LRR-RLK family members
complicates studies of their functions.

Although the evolution of LRR-RLK genes has been well
studied in some eudicot and monocot species, much less
information has been reported about these genes in basal
angiosperms such as Amborella trichopoda. A. trichopoda is the
single living representative of the sister lineage to all other
extant flowering plants (Angiosperm) (Albert et al., 2013). As a
basal angiosperm, A. trichopoda can be studied as a means of
understanding the evolution of many aspect of the angiosperm
genome, including the evolution of genes and gene families
(Albert et al., 2013). In this study, we performed genome-
wide searches for LRR-RLK gene sequences in the A. trichopoda
genome and performed phylogenetic analyses to understand the
relationships among these genes. According to the phylogenetic
analyses, LRR-RLK genes were classified into subfamilies. The
protein structures, protein motifs, and gene structures of the
identified LRR-RLK genes were used to provide evidence for
classification of the genes into subfamilies and, more importantly,
indicated functional diversification. Furthermore, the expression
profiles of LRR-RLK genes provided further evidence for the
functional diversification of them. Finally, selection analyses
indicated that most LRR-RLK gene sites were under purifying
selection. Our results reveal important information regarding
the evolution of the LRR-RLK gene family in angiosperms and
provide a framework for further investigation of the functions of
A. trichopoda LRR-RLKs.

METHODS

Identification of LRR-RLK Genes
The kinase domain sequences of representative proteins from
each LRR-RLK subfamily of A. thaliana were used as queries to
conduct Blastp searches (E-value cutoff < 1× 10−10) against the
A. trichopoda protein databases available on Phytozome v11.0
(Goodstein et al., 2012), yielding 438 hits. Next, we manually
checked whether each gene contained LRR domains and one
KD domain (PF00560 and PF00069). Genes in the A. trichopoda
genome v1.0 annotated with Pfam domains (PF00560 and
PF00069) were downloaded from Phytozome v11.0. Identical and
defective sequences were identified and eliminated by manual
inspection in BioEdit. Next, potential kinase sequences were
analyzed with CDD (http://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi) (Marchler-Bauer et al., 2011) to further verify
the presence of LRR and KD domains. The candidates were
analyzed with TMHMM v. 2.0 (http://www.cbs.dtu.dk/services/
TMHMM/) (Krogh et al., 2001) to confirm the presence of
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transmembrane domains (TMs). Only sequences that contained
LRRs in the ECD, TMs, and a KD were considered as LRR-RLKs.

Genome Distribution of LRR-RLK Genes
In A. trichopoda, genome sequences were only assembled into
scaffolds (Albert et al., 2013). All LRR-RLK genes identified in
this study were mapped onto their corresponding scaffolds based
on the physical positions of them. First, Physical positions of
all LRR-RLK genes and scaffolds lengths were obtained from
the Phytozome database. Then, MapInspect software (http://
mapinspect.software.informer.com/) was used to produce the
schematic diagrams of physical locations of LRR-RLK genes
in scaffolds. As previous literature, tandem duplication cluster
in this study was defined as a region containing two or
more genes within 200 kb (Zan et al., 2013; Zhou et al.,
2016). Furthermore, tandem duplication genes should show
close relationship in phylogenetic tree. The tandem duplication
clusters were identified and highlight in the image (Table 1).

LRR-RLK Gene Alignments and
Phylogenetic Analysis
Two data sets were used for the phylogenetic analysis. One data
set consisted of LRR-RLK sequences from A. trichopoda and
was used to investigate the evolutionary relationships among
the LRR-RLK genes of A. trichopoda. The second data set
consisted of LRR-RLK sequences obtained in the present study
and previously reported in A. thaliana (Shiu and Bleecker,
2001). The second data set was used to explore the phylogenetic
relationships of the A. trichopoda LRR-RLK proteins in relation
to the LRR-RLK proteins in A. thaliana. The sequences in each
data set were aligned separately usingmuscle with default settings

(Gap opening penalty, −2.9; Gap extend, 0; Hydrophobicity
Multiplier, 1.2; Clustering method, UPGMB) (Edgar, 2004). For
both datasets, only the amino acid sequences of the kinase
domain were subjected to phylogenetic analysis because the
alignments of other positions were ambiguous. Phylogenetic trees
were constructed using the maximum likelihood (ML) method
implemented in RAxML (Stamatakis et al., 2008). The best-fit
amino acid substitution models (LG+G for both datasets) for
ML analyses were selected by MEGA6 (Tamura et al., 2013). The
starting tree was obtained with BioNJ. Parameter values were
estimated from the data. Branch support was estimated from
1000 bootstrap replicates. The trees were rooted at the midpoint.

Protein Structure Analyses
All LRR-RLK proteins contain LRR, TM, and KD domains.
However, the number of LRRs varies among LRR-RLK proteins.
In A. thaliana, the members of each subfamily usually have the
same number of LRRs. To explore patterns in the number of
LRRs in the identified LRR-RLK genes, we analyzed the genes
with CDD (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi) (Marchler-Bauer et al., 2011) and drew the LRR, TM, and
KD domains of each LRR-RLK protein with illustrator. Next,
the protein structures were mapped to each protein in the
phylogenetic tree.

The KD domain contained 12 subdomains, which usually
included some conserved amino acids that play important roles
in the activity and regulation of kinases. Although the KD
domain is relatively well conserved, divergence was found. To
elucidate the evolution of the KD domain, conserved motifs
were identified with Multiple Expectation Maximization for
Motif Elicitation (MEME) v.4.10.2. (http://meme-suite.org/tools/

TABLE 1 | Subgroups of LRR-RLK proteins from A. trichopoda.

Sub. R (NATh/NATR) Range of LRRs Motif pattern Range of Introns Homologous Arabidopsis genes

I 8.2 (41/5) 3, 4 Mc,M3, M8, M11, M13 10, 11, 15 MEE39, ISO1, RHS6, FRK1

II 2.3 (14/6) 3, 4 Mc, M3, M9, M11, M13 10, 8 SERK1-2, BAK1, BKK1, SARK, ATNIK1-3

III 2.6 (41/16) 3∼17, 5, 6 Mc, M13 1, 2, 3 PRK1-6, RLK, RUL1, TMKL1, PXC1, RKL1, SIRK1, IMK2-3

IV 3 (3/1) 6 Mc, M3, M11 3

V 4.5 (9/2) 6, 8 Mc, M11, M13 15 SRF1, SRF3-8, SUB/SRF9

VI-1 1.7 (5/3) 7∼9 Mc, 6, 9

VI-2 4 (4/1) 4 Mc, 11 MRH1

VII-1 2 (2/1) 23 Mc, M3, M11, M13 0

VII-2 1.7 (5/3) 13∼18 Mc, M3, M11, 1, 2 PXC2

VIII-1 2 (8/4) 7, 11 Mc, M3, M11, M13 18, 19

VIII-2 4 (12/3) 4, 8 Mc, M3, M11, 16, 17, 22

IX 1.3 (4/3) 8, 9, 11 Mc, M3, M11, M13 0, 1 BARK1, TMK1

X* 1.7 (15/9) 14∼28 Mc, M11, M6, M13 0, 1 BIR1, BRL1-3, PSKR1-2, EMS1

XI* 1.3 (32/24) 17∼27 Mc, M3, M8, M11, M13 1 PXY, BAM1-3, PEPR

XII 1 (7/7) 10∼26 Mc, M3, M11, M13 1 FLS2, EFR

XIII-1 1 (3/3) 3, 4 Mc, M3, M8, M11, M13 12 FEI1-2

XIII-2 3 (3/1) 19 Mc, M3, M8, M11, M13 26 ERECTA, ERL1-2,

XV 1 (2/2) 15, 18 Mc, M3, M11, M13 0, 1

R is the ratio of gene number from A. thaliana to that from A. trichopoda. NATh indicates gene number from A. thaliana, NATR indicates gene number from A. trichopoda. Mc represents

M1, M2, M4, M5, M7, M10, M12, M14, and M15. Bold number in range of LRRs and range of intron indicate most members with this numbers of LRR repeats or introns.
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meme) (Bailey et al., 2009). MEME was executed in zoop (zero
or one occurrence per sequence) mode. Parameters were set as
follows: maximum number of motifs, 15; minimum motif width,
6; maximum motif width, 50; and default settings for all other
parameters. Besides, considering there may exist domains other
than LRR-TM-Kinase, all protein identified in this study were
analyzed with Pfam (http://pfam.xfam.org/).

Gene Structure Analysis
To study gene structure evolution, the intron/exon structures
for each gene were mapped to their corresponding genes.
Genomic sequences of the A. trichopoda v.1.0 annotation
were downloaded from Phytozome, after which untranslated
regions were removed. Coding sequences were also downloaded
from Phytozome. The intron/exon structures were determined
by comparing CDS with their corresponding genomic DNA
sequences, and schematics were generated using the Gene
Structure Display Server (GSDS) v. 2.0 (http://gsds.cbi.pku.edu.
cn/) (Hu et al., 2015).

Test for Evolutionary Selection Pressure
Comparison between non-synonymous and synonymous
substitution rates (ω = dN/dS) is an effective method for
detecting positive or purifying selection on protein-coding genes
(Yang and Bielawski, 2000). We used this approach to assess
selective forces acting on LRR-RLK genes of five subfamilies (I,
II, III, VIII-1, and XII) with high bootstrap support and sequence
number greater than four. The ω value was estimated using the
codeml program in the PAMLX software (Xu and Yang, 2013).
The codon alignments used as input for codeml were created
with DAMBE5 (Xia, 2013). Six site models (model = 0; NSsites
= 0, 1, 2, 3, 7, 8) were used for these subfamilies. Nested models
were compared using likelihood ratio tests (LRTs) of the log
likelihood (InL). 2|1lnL| values between models and degrees
of freedom were used in a chi-square test with a significance
threshold of P < 0.01. The M0 model assumes the same ω for
all branches and all sites, whereas M3 uses a general discrete
distribution with three site classes. This pair of model was
compared to test for variable selective pressure among sites. The
nearly neutral model (M1) assumes sites with ω ≤ 1, whereas the
positive selection model (M2) adds a third class of sites with ω >

1 to M1. The beta model (M7) assumes a beta distribution for the
ratio over sites, whereas the beta&ω model (M8) adds an extra
class of sites with ω > 1 to M7. These two pairs of nested models
(M1a and M2a, M7 and M8) were compared to test for evidence
of sites under positive selection.

Expression Profile of LRR-RLK Genes
For LRR-RLK gene expression analysis, Illumina RNA-seq
data from whole plant, apical meristem and young leaves
(AMYL), and premeiotic female buds were download from the
NCBI SRA database (The aceesion numbers were SRX1668558,
SRX1668559, and SRX1668560, respectively). Reads were filtered
to obtain high quality clean reads using trimmomatic v. 0.32
(Bolger et al., 2014). Then, the clean reads longer than or equal to
40 bp were mapped to LRR-RLK genes using bwa-mem v. 0.7.12
software (Li, 2013) with default parameters. FPKM (Fragments

per kilobase per million) values were calculated using customized
script to remove the library size and the fragmentation bias. A
heat map of the LRR-RLK genes was generated using pheatmap
package (Kolde, 2012) of R software (https://www.r-project.org/).

RESULTS

Identification and Genome Distribution of
LRR-RLK Genes in A. trichopoda
In total, 94 LRR-RLK sequences were identified in the
A. trichopoda genome. We renamed these genes and
their corresponding full ID name in phytozome were in
Supplemental Table 1. In A. trichopoda, genome sequences
were only assembled into scaffolds (Albert et al., 2013). Physical
positions of LRR-RLK genes obtained from the phytozome
database were used to map them onto the corresponding
scaffolds of A. trichopoda. Results showed that the 94 genes were
located in 60 scaffolds (Figure 1). The numbers of genes in each
scaffold varied from one to six. We grouped LRR-RLK genes into
the same cluster if they were arranged in a genomic region with
a maximum of 200 kb. In total, seven clusters were identified
(Figure 1). One cluster contained three genes and the other
clusters contained only two genes. Except one scaffold contained
two cluster, all other scaffold contained one cluster (Figure 1).
The tandem duplicated paralogs were eligible when they showed
proximity in their chromosomal location (in the same cluster)
and formed the same clade in the phylogenetic tree. Among the
seven clusters, genes from two clusters were not included in
the same clade (Figure 2). Hence, only five clusters (12 genes)
could be taken as genes derived from tandem duplication, which
represented about 12% (12/94) of A. trichopoda LRR-RLK genes.

Phylogenetic Analysis of LRR-RLK Genes
The phylogenetic relationship of the A. trichopoda LRR-RLK
sequences is shown in Figure 2A. In the ML tree, the sequences
clearly fell into distinct clades, indicating that these natural
groups can be assigned to different subfamilies. To better
classify these subfamilies, the evolution of A. trichopoda LRR-
RLK genes was evaluated through maximum-likelihood analysis
incorporating well-described LRR-RLK sequences in the dicot
A. thaliana. A previous study identified 213 LRR-RLK genes
in the completely sequenced A. thaliana genome (Shiu and
Bleecker, 2001, 2003). According to kinase-domain phylogeny,
A. thaliana LRR-RLK genes can be classified into 15 subfamilies
(Shiu and Bleecker, 2001, 2003). In this study, A. thaliana
LRR-RLK genes resolved into broadly the same subfamilies in
the phylogenetic trees (Figure 2B and Supplemental Figure 2)
after adding A. trichopoda sequences. Therefore, we annotated
these subfamilies using previously established nomenclature
(Shiu and Bleecker, 2001), with a few modifications (Figure 2);
for example, subfamilies VI, VII, and XIII were subdivided
into subfamilies VI-1 and VI-2; VII-1 and VII-2, and XIII-
1 and XIII-2, respectively. In total, LRR-RLK genes were
classified into 19 subfamilies according to the phylogenetic
tree (Figure 2B and Supplemental Figure 2). All subfamilies
except subfamilies X and XI were supported as clades with
moderate to high bootstrap support (>80). For subgroup X
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FIGURE 1 | Distribution of LRR-RLK genes on A. trichopoda scaffolds. The scaffold numbers are given at the top of each scaffold, and genes probably derived

from tandem duplication are highlight with blue and in blue boxes.

and XI, the topology varied between trees: either the group
XI appears to be monophyletic clade with very low branch
support or to be paraphyletic. As we could not confirm that
it was monophyletic, they were labeled with an asterisk. Of
the 19 LRR-RLK subfamilies (Figure 2), subfamily XIV did

not include LRR-RLK genes from A. trichopoda. All other
subfamilies included LRR-RLK genes from both A. thaliana and
A. trichopoda. When A. trichopoda LRR-RLKs were clustered
with A. thaliana LRR-RLKs (Figure 2B), the numbering for the
A. trichopoda LRR-RLK subfamilies (Figure 2A) was determined

Frontiers in Plant Science | www.frontiersin.org 5 December 2016 | Volume 7 | Article 1952

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Liu et al. Duplication and Divergence of LRR-RLK Genes in Amborella trichopoda

FIGURE 2 | Phylogenetic tree of LRR-RLK genes. (A) Maximum likelihood tree of LRR-RLK genes in Amborella trichopoda. (B) Maximum likelihood tree of

LRR-RLK genes in Amborella trichopoda and Arabidopsis thaliana. Bootstrap values of major clades are shown above branches. The full phylogeny is shown in

Supplemental Figure 1.

based on the nomenclature of the majority of A. thaliana
homologs within the same group. Hence, LRR-RLK genes from
A. trichopoda were classified into 18 subfamilies. The number
of genes between subfamilies was highly variable (Table 1),
Subfamilies III and XI∗ have the highest number of genes, with
16, 24 genes, respectively. The lowest numbers of genes are
subfamilies IV, VI-2, VII-1, XIII-2, which only possessed one

gene. XV also showed very low number of genes, with two genes.
After comparison of the copy number of each subfamily between
A. trichopoda and A. thaliana, we found that subfamilies I, VI-
2, VIII-2, XIII-2 showed the largest expansion rate, with 8.2, 4,
4, 3, respectively. In most of other subfamilies, there were also
more members in A. thaliana than in A. thichopoda. Among the
homologousA. thaliana genes ofA. trichopoda LRR-RLK genes in

Frontiers in Plant Science | www.frontiersin.org 6 December 2016 | Volume 7 | Article 1952

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Liu et al. Duplication and Divergence of LRR-RLK Genes in Amborella trichopoda

each subfamily, some are well studied. Those genes with known
functions are list in Table 1.

Phylogenetic analysis of kinase domains enables delimitation
of the major evolutionary lineages of the LRR-RLK subfamilies
of A. trichopoda, but it provides little information about
phylogenetic relationships between different subfamilies. As
shown in the ML tree (Figure 2 and Supplemental Figures 1, 2),
most deep nodes that represented the phylogenetic relationships
between different LRR-RLK subfamilies had low support values,
and they varied between trees constructed by ML analyses or
NJ (not shown). This finding is similar to the results of a
phylogenetic analysis of the kinase domains of LRR-RLK genes
in other organisms (Sun and Wang, 2011) and is likely due to
the fact that the kinase domain is relatively short and conserved,
with relatively few informative character positions. Therefore, the
inter-subfamily relationships shown in Figure 2 were omitted in
the later discussion.

Protein Domain and Motif Analyses
To investigate the protein structure characteristic of the LRR-
RLK proteins in each subfamily, all LRR-RLK proteins of A.
trichopodawere subjected to protein domain analyses in the CDD
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Protein
structures were mapped to each protein in the phylogenetic
tree (Figure 3) (Figure 3A is an unrooted cladgram presentation
of the tree in Figure 2A). According to the protein structure
analysis, members within each of the LRR-RLK subfamilies in
A. thaliana tend to have a similar number of LRR repeats in
the LRR domain, while members in different subfamilies have
different numbers of LRR repeats in the LRR domain. As shown
in Figures 3A,B and Table 1, this pattern can also be observed in
the LRR-RLK proteins of A. trichopoda. For example, although 1
sequence in subfamily I has 4 LRR repeats in the LRR domain,
the other 4 members of this subfamily have 3 LRR repeats in that
domain. All members of subfamily II have 3 or 4 LRR repeats
in the LRR domain. Three of the four members of subfamily
VIII-1 have 11 LRR repeats in the LRR domain. The members
of subfamily XII have 16–23 LRR repeats in the LRR domain.

In comparison with the LRR domain, the KD domain is
better conserved. To explore evolutionary divergence of the
KD domain, we performed motif analyses with the MEME
program. MEME analysis identified 15 motifs in the LRR-RLK
kinase domain (from the N-terminus to the C-terminus): M1
to M15 (Figures 3C, 4). The KD domain can be divided into
12 subdomains: 8 with conserved residues (I, II, III, VIB, VII,
VIII, IX, and XI) and 4 without conserved residues (IV, V,
VIA, and X) (Hanks et al., 1988; Hanks and Hunter, 1995).
Subdomain X is the most poorly conserved subdomain and its
function is obscure (Hanks and Hunter, 1995). In the study,
8 conserved subdomains can be found in the MEME motifs
according to their position in the kinase domain and their
conserved amino acid residues (Figure 4): motifs M1, M2, M3,
M10, M11, M12, and M15 correspond to subdomains I, II,
III, VIb & VII, VIII, IX, and XI, respectively. These motifs
are shared by almost all LRR-RLK genes, with the exception of
motifs M3 (subdomain III) andM11 (subdomain VIII) (Table 1).
Meanwhile, 3 less conserved subdomains can also be found

in the MEME motifs only according to their positions: motifs
M4, M5, and M7 correspond to subdomains IV, V, and VIa,
respectively. These motifs are also shared by all subfamilies and
almost all members of each subfamily (Figure 3C, Table 1). M6
also correspond to subdomain V, it was only present in two
members of subfamily X∗, As previous studies, it is difficult
to determine the correspondence of less conserved subdomain
X. Other four MEME motif (M8, M9, M13 ad M14) do not
correspond to the known subdomains. M8 are shared by all
members of subfamilies XIII-1 and XIII-2, and most members
of subfamilies I and XI∗. Motif M9 is subfamily-specific, and
appeared only in subfamily II. Motif M14 were absent from
several members of a few subfamilies and shared by most LRR-
RLK proteins. Motif M13 together with M3 (subdomain III),
and M11 (subdomain VIII) were absent from a few LRR-RLK
subfamilies. For example, M3 (subdomain III) was absent from
all LRR-RLK genes of subfamilies V and VI-2, as well as most
of those of subfamilies III, VI-1, and X∗. Motif M11 (subdomain
VIII) was not observed in any LRR-RLK genes of subfamilies VI-
1 and VI-2, as well as most genes of subfamily III (Figure 3C and
Table 1).

Besides, to find all possible domains in LRR-RLK proteins,
all proteins identified in this study were analyzed with Pfam
(http://pfam.xfam.org/). The results showed that three members
in subfamily I and all members in subfamily III each harbored an
extracellular malectin-like (ML) domain.

Genomic Structure of LRR-RLK Genes
We analyzed the gene structures of 92 LRR-RLK genes of
A. trichopoda and mapped the structures to their corresponding
genes in the phylogenetic tree (Figure 3) (For Am56.177 and
Am56.178, the structrues are unavailable on phytozome). As
shown in Figures 3A,D and Table 1, we found that most of
the closely related A. trichopoda LRR-RLK genes have roughly
the same number and position of introns, strongly supporting
their close evolutionary relationships. For example, all member
of subfamily XII have one intron over their coding sequences,
whereas almost all members of subfamily II have ten introns. We
also found that A. trichopoda and A. thaliana LRR-RLK genes
belonging to the same subfamily exhibit similar genomic features.
For example, 12 of 14 A. thaliana LRR-RLK genes of subfamily
II have introns with the same numbers and positions over their
coding sequences as that of A. trichopoda.

Selection Test
To evaluate the selective pressures acting on LRR-RLK genes
in the selected subfamily, we conducted likelihood ratio tests
in three pairs of models. The results are shown in Tables 2,

3. The LRTs for M3 vs. M0 were significant in all cases. The
discrete model (M3) with three sites classes revealed a quite
homogeneous picture of purifying selection among the sequences
of all analyzed subfamilies. The ω values of the three site classes
of all analyzed subfamilies were lower than 1 (0–0.1915) (Table 2)
with two exceptions. A proportion of sites (30.2%) in subfamily
I had a ω ratio of 1.0357 and a proportion of sites (20.8%) in
subfamily VIII-1 had a ω ratio of 1.2900. In subfamily I and
VIII-1, 22 and 6 sites, respectively, with NEB support>95% were

Frontiers in Plant Science | www.frontiersin.org 7 December 2016 | Volume 7 | Article 1952

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://pfam.xfam.org/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Liu et al. Duplication and Divergence of LRR-RLK Genes in Amborella trichopoda

FIGURE 3 | ML tree of 94 LRR-RLK proteins from Amborella trichopoda, with corresponding protein structure, motif, and gene structure. (A) ML tree of

94 LRR-RLK proteins from Amborella trichopoda. The full names of each LRR-RLK protein are shown in Supplemental Table 1. The subfamily names are shown on

the left. (B) Protein structures of LRR-RLK proteins. (C) MEME motif distribution of the kinase domain of each protein. (D) Gene structure of each LRR-RLK protein.

The green boxes represent exons, lines represent introns, and each line with double slash indicates a long intron.
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FIGURE 4 | Conserved motifs in kinase domain of LRR-RLK proteins and their consensus sequences. CON indicates consensus sequence. If the bits value

of amino acid at this position is smaller than 1, it is represent with x; 2>bits≥1, with lowercase; 3>bits≥2, with capital letter; bits≥3, with bold capital.

indicated as putative sites under positive selection. However, M2
vs. M1 and M8 vs. M7 were not significant in all cases (Table 3),
suggesting that the M1 and M7 models fit the observed data
for these subfamilies. The M1 and M7 models do not assume
positively selected sites. Nearly neutral model M1 revealed that
93.932–73.751% of the sites in all analyzed subfamilies have a ω

ratio lower than 1 (0.0727–0.1643). Therefore, for all subfamilies,
purifying selection seems to better explain the data.

Differential Expression Analysis of
A. trichopoda LRR-RLK Genes
To understand the putative functions of LRR-RLK genes in
A. trichopoda, the expression profiles of these genes were
examined by using the RNA-seq data from three tissues: whole

plant, apical meristem and young leaves (AMYL), and pre-
meiotic female flower buds. As shown in the heat map (Figure 5),
all LRR-RLK genes in subfamilies I, II, VI-2, and VIII-1showed
high expression levels in whole plant, while all LRR-RLK genes
in subfamilies V, VI-1, VI-1, VII-2, VIII-2, XIII-1, and XIII-2
showed low expression levels in whole plant. Genes from other
subfamilies, such as III, X∗ and XI∗, had very different expression
levels in whole plant: some had high expression levels, some had
moderate expression levels and some showed very low expression
levels. In apical meristem and young leaves, we found 28 genes
were highly expressed. These genes included all genes from
subfamilies V, XIII-2, and XV and some genes from subfamilies
II, III, VI-1, VIII-1, VIII-2, IX, X∗, XI∗, XII, and XIII-1. In pre-
meiotic female flower buds, 45 genes showed high expression
levels, six showed moderate expression levels and others showed
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TABLE 2 | Codeml site-models parameter values and likelihood scores estimated for each individual selected subfamilies.

Subfamily Models and parameter estimates L

M0 (ONE RATIO)

I ω0 = 0.3743 −11330.92

II ω0 = 0.0920 −11063.62

III ω0 = 0.2292 −40462.98

VIII_1 ω0 = 0.2949 −11381.07

XII ω0 = 0.2182 −23228.48

M1 (NEARLY NEUTRAL)

I (0< ω0 <1, ω0 = 0.1112) p0 = 0.561, (ω1 = 1) p1 = 0.439 −6245.62

II (0< ω0 <1, ω0 = 0.0807) p0 = 0.738, (ω1 = 1) p1 = 0.262 −10906.03

III (0< ω0 <1, ω0 = 0.1643) p0 = 0.379, (ω1 = 1) p1 = 0.621 −39806.09

VIII_1 (0< ω0 <1, ω0 = 0.0727) p0 = 0.532, (ω1 = 1) p1 = 0.468 −11239.85

XII (0< ω0 <1, ω0 = 0.1336) p0 = 0.530, (ω1 = 1) p1 = 0.470 −22876.97

M2 (POSITIVE SELECTION)

I (0< ω0 <1, ω0 = 0.1112) p0 =0.561, (ω1 = 1) p1 = 0.265, (ω2 >1, ω2 = 1) p2 = 0.173 −6245.62

II (0< ω0 <1, ω0 = 0.0807) p0 = 0.738, (ω1 = 1) p1 = 0.023, (ω2 >1, ω2 = 1) p2 = 0.239 −10906.03

III (0< ω0 <1, ω0 =0.1643) p0 = 0.378, (ω1 = 1) p1 = 0.618, (ω2 >1, ω2 = 78.6307) p2 = 0.003 −39806.06

VIII_1 (0< ω0 <1, ω0 = 0.0727) p0 = 0.532, (ω1 = 1) p1 = 0.207, (ω2 >1, ω2 = 1) p2 = 0.262 −11239.85

XII (0< ω0 <1, ω0 = 0.1336) p0 = 0.530, (ω1 = 1) p1 = 0.342, (ω2 >1, ω2 = 1) p2 = 0.129 −22876.97

M3 (DISCRETE)

I (ω0 = 0) p0 = 0.199, (ω1 = 0.2468) p1 = 0.499, (ω2 = 1.0357) p2 = 0.302 −6236.24

II (ω0 = 0) p0 = 0.233, (ω1 = 0.0582) p1 = 0.406, (ω2 = 0.2836) p2 = 0.362 −10795.06

III (ω0 = 0.0437) p0 = 0.194, (ω1 = 0.2050) p1 = 0.282, (ω2 = 0.4979) p2 = 0.524 −39489.33

VIII_1 (ω0 = 0.0157) p0 = 0.288, (ω1 = 0.2942) p1 = 0.504, (ω2 = 1.2900) p2 = 0.208 −11218.68

XII (ω0 = 0.0140) p0 = 0.189, (ω1 = 0.1749) p1 = 0.413, (ω2 = 0.5757) p2 = 0.398 −22754.11

M7 (BETA)

I P = 0.465, q = 0.682 −6238.20

II P = 0.49967, q = 3.125 −10794.58

III P = 0.932, q = 1.660 −39479.63

VIII_1 P = 0.411, q = 0.673 −11221.78

XII P = 0.697, q = 1.518 −22753.97

M8 (BETA AND W)

I p = 0.584, q = 1.410, p0 = 0.833, (ω1 = 1.1338), p1 = 0.167 −6237.41

II p = 0.506, q = 3.249, p0 = 0.995, (ω1 = 2.1221), p1 = 0.005 −10794.53

III p = 0.932, q = 1.661, p0 = 0.99999, (ω1 = 1.0000), p1 = 0.00001 −39479.63

VIII_1 p = 0.460, q = 0.940, p0 = 0.941, (ω1 = 2.0703), p1 = 0.059 −11219.10

XII p = 0.690, q = 1.611, p0 = 0.977, (ω1 = 3.2665), p1 = 0.023

TABLE 3 | Likelihood ratio test of positive selection in LRR-RLK subfamily

proteins.

Subfamily 2L/M3 vs. MO 2L/M2a vs. M1a 2L/M8 vs. M7

I 306.86551* 0 5.479124

II 537.108832* 0 0.101476

III 1947.3058* 0.69886 0.00078

VIII_1 324.776964* 0 5.357916

XII 948.721848* 0 0.353648

*indicates significant at p < 0.001 level.

low expression levels. The highly expressed 45 genes included all
genes from subfamilies IV, VII-1, and VII-2, majority of genes
from subfamilies III, V, IX, XI∗, XII, and XIII-1, and some genes
from subfamilies II, VI-1, VIII-2, and X∗.

DISCUSSION

LRR-RLK genes have been identified in some eudicots through
analysis of genome sequences. For example, in genomes of
A. thaliana, B. rapa, Citrus clementina and Citrus sinensis,
S. lycopersicum and P. trichocarpa, 213, 303, 300, 297, 234, and
379 LRR-RLK genes, respectively, have been identified (Shiu
and Bleecker, 2001; Zan et al., 2013; Rameneni et al., 2015;
Wei et al., 2015; Magalhães et al., 2016). In G. max genome,
as many as 467 genes were identified (Zhou et al., 2016). In
monocot O. sativa genome, previous studies also identified 309
LRR-RLK genes (Sun and Wang, 2011). In another monocot
T. aestivum genome, 531 LRR-RLK genes were identified, which
showed the largest copy number of LRR-RLK gene family
as far as we know (Shumayla et al., 2016). A recent study
showed there are 7, 554 LRR-RLK genes in 31 fully sequenced
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FIGURE 5 | Transcript abundance of 94 A. trichopoda LRR-RLK genes.

The genes were grouped according to subfamily and the color scale represents

the expression values. AMYL indicates apical meristem and young leaves.

flowering plant genomes, with mean 243 LRR-RLK genes in
each angiosperm genome. This study estimated that the copy
number of ancestral genes present in the last common ancestor
of angiosperm (exactly is common ancestor of eudicots and

monocots since their analyses only included data from eudicot
and monocots) is 150. However, in the present study, we only
identified 94 LRR-RLK genes in A. trichopoda. The number
of LRR-RLK genes in the last common ancestor of eudicots
and monocots is 1.60 times (150/94) that of A. trichopoda,
and the number of LRR-RLK genes in eudicots and monocots
is roughly 2–6 times that of A. trichopoda,. The difference in
the numbers of LRR-RLK genes between A. trichopoda and the
ancestor of eudicots/monocots, and between A. trichopoda and
eudicots and monocots, suggests a relatively greater degree of
lineage-specific expansion of this gene family in the lineages
leading to the ancestor of eudicots/monocots and to eudicots
and monocots. Indeed, Fischer et al. (2016) demonstrated that
the expansion rates of LRR-RLK genes are very dynamic in
angiosperm (eudicots +monocots) and LRR-RLK genes showed
some degree of expansion in most species. When we compared
the copy number of each subfamily between A. trichopoda and
A. thaliana, in consistent with previous studies (Fischer et al.,
2016), we found the expansion rates of different subfamilies
varied and subfamilies I, VI-2, VIII-2, and XIII-2 showed the
largest expansion rates to the lineage to Brassicaceae (Table 1).
There are at least four major mechanisms that produce duplicate
genes: tandem gene duplication, whole genome duplication
(WGD), segmental duplication, and transpositional duplication
(Freeling, 2009). Previous studies demonstrated that tandem
duplication and WGD played a major role in expansion of the
LRR-RLK gene family in some eudicot, such as in A. thaliana,
P. trichocarpa,G.max, andmonocotO. sativa (Shiu and Bleecker,
2001, 2003; Sun and Wang, 2011; Zan et al., 2013; Zhou et al.,
2016). Genes in the same cluster showed more similarity to
each other, suggesting that tandem duplication events should
be responsible for the origin of the genes in each cluster. In
P. trichocarpa, G. Max and O. sativa, 82, 20.3, and 45% of genes,
respectively were derived from tandem duplication after whole-
genome duplication (Sun andWang, 2011; Zan et al., 2013; Zhou
et al., 2016). However, after examination of the locations of LRR-
RLK genes on the chromosomes of A. trichopoda, we determined
that only 12.8% of LRR-RLK genes in A. trichopoda (Figure 1)
may have been derived from tandem duplication. Thus, unlike
the cases in some eudicots and monocot rice, tandem duplication
seemed to play a minor role for the formation of the LRR-RLK
gene family in A. trichopoda. WGD or polyploidy is prominent
in the evolutionary history of angiosperms (Soltis et al., 2009).
For example, there have probably been at least two or three
rounds of paleo-polyploidization in the evolution of the O. sativa
and A. thaliana lineages since their splits (Blanc et al., 2003;
Bowers et al., 2003; Paterson et al., 2004). In P. trichocarpa
and G. Max, 20 and 73.3% of LRR-RLK genes were located in
WGD regions (Zan et al., 2013; Zhou et al., 2016). In rice, at
least 15 pairs of LRR-RLK genes (9.7%) were located on the
retention regions after genome duplication (Sun and Wang,
2011). However, with the exception of the common ancient
WGD that occurred shortly before the diversification of all
living angiosperms, the A. trichopoda genome shows no evidence
of lineage-specific WGD (Albert et al., 2013). According the
study of A. trichopoda genome sequences, 47 intra-Amborella
syntenic block were identified containing 466 gene pairs (Table
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S10 showed the syntenic gene pairs in Albert et al., 2013). All the
syntenic, duplicated blocks correspond to the common ancient
WGD that occurred shortly before the diversification of all living
angiosperms, and none correspond to segmental duplication.
Hence, the three pairs of genes we found in these syntenic blocks
(Am04.89 and Am78.104; Am68.165 and Am71.179; Am24.264
and Am48.222) were the result of WGD but not the result
of segmental duplication. Therefore, tandem duplication and
WGD have made limited contributions to the expansion of
LRR-RLK genes in A. trichopoda while segmental duplication
did not contribute to the expansion of LRR-RLK genes in
A. trichopoda. The rarity of lineage-specific WGD/segmental
duplication and tandem duplication events in A. trichopoda
may explain why A. trichopoda has few LRR-RLK genes in
comparison with eudicot and monocot plants. Then, what is
the main contributer to LRR-RLK duplication in A. trichopoda?
Single gene transposition duplications exist in plants, but they
are incompletely understood (Freeling, 2009). Considering that
most genes position in different scaffolds, transposition may
be common in the evolution of A. trichopoda LRR-RLK genes.
It would be interesting to study this in more detail in the
future.

After duplication, duplicated genes often accumulate
mutations leading to functional divergence. Although few
functional studies of LRR-RLK genes in A. trichopoda have
been performed, diversification of the LRR-RLK genes of
A. trichopoda can be deduced from phylogenetic analysis,
protein structures, gene structure and expression profile analysis.
Phylogenetic analyses have classified the diversity of LRR-RLK
genes of A. trichopoda into 18 distinct subfamilies (Figure 2A),
which largely correspond to subfamilies generated from
phylogenetic analysis of A. thaliana (Shiu and Bleecker, 2001).
As shown in the phylogenetic tree (Figure 2B), A. trichopoda
LRR-RLK sequences occurred in almost every major clade
that was defined as a subfamily in A. thaliana (Figure 2).
This result suggested that almost all A. thaliana LRR-RLK
subfamilies existed in the most recent common ancestor of
extent angiosperms, which also suggested the duplication and
diversification of LRR-RLK genes occurred before the origin
of extant angiosperms. In phylogenetic trees, sequences in
the same clade (or subfamily) usually have relatively similar
functions. According to the functional studies, we know
different subfamily members of LRR-RLK gene in A. thaliana
usually have different functions. For example, A. thaliana
FRK gene in subfamily I is involved in defense signaling
(Asai et al., 2002); SEEK1-2, BAK1 and BKK1 in subfamily II
are involved in somatic embryogenesis and brassinosteroid
signaling (He et al., 2007); PXC1 gene in subfamily III is
involved in secondary cell wall formation in xylem fiber (Wang
et al., 2013) and SUB/SCM gene in subfamily V regulated
organ development (Chevalier et al., 2005). Hence, members
of different subfamilies of LRR-RLK genes of A. trichopoda
may have different functions. The phylogenetic analysis
indicated functional divergence of LRR-RLK gene subfamilies in
A. trichopoda.

The function of a protein is linked to its amino acid sequence.
The protein structure characteristic of LRR-RLK proteins have

been demonstrated in many studies (Shiu and Bleecker, 2001).
They compose of three functional domains: the extracellular LRR
domain, a transmembrane domain, and an intracellular kinase
domain (Shiu and Bleecker, 2001). In this study, we focused
on the number of LRR repeats in the LRR domain and motifs
in the KD domain. Previous studies in eudicots and monocots
reported that members within the same LRR-RLK subfamily tend
to have a similar number of LRR repeats, whereas members of
different subfamilies exhibit a different number of LRR repeats
(Shiu and Bleecker, 2001; Sun and Wang, 2011; Zan et al., 2013;
Rameneni et al., 2015; Wei et al., 2015; Magalhães et al., 2016;
Shumayla et al., 2016). The protein structure analyses of LRR-
RLK proteins in A. trichopoda reinforced the conclusion that
the same subfamily members tend to have broadly the same
number of LRR repeats in the LRR domain (Figures 3A,B and
Table 1), while members of different subfamilies have different
numbers of LRR repeats in the LRR domain. For example, most
members of subfamily I have 3 LRR repeats, all members of
subfamily II have 3 or 4 LRR repeats, and most members of
subfamily VIII-1 have 11 LRR repeats. In addition, members
of subfamilies X∗ and XI∗ tended to have many more LRR
repeats. It has demonstrated that the number of LRR repeats
have a significant impact on LRR-RLK proteins contained them.
Usually, RLK proteins with few LRRs are more likely to be co-
receptors or cofactors (Somssich et al., 2016). For example, the
perception of brassinosteroids (BRs) and flg 22 by their LRR-
kinase receptor BRI1 and FLS2 often results in the recruitment
of a co-receptor, such as BAK1 (Li et al., 2002; Sun et al.,
2013a,b); The receptors BRI1 in LRR-RLK subfamily X∗ contains
25 LRRs and FLS2 in LRR-RLK subfamily XII contained 28
LRRs; however, the co-receptor BAK1 (SERK3) in LRR-RLK
subfamily II contain a shorter LRR, 4 LRRs. Moreover, LRR
domains interaction with different substrates (including proteins,
nucleic acids, lipids, and small molecule hormones) showed
different LRR numbers and arrangements (Helft et al., 2011).
Hence, the divergence of LRRs among different subfamilies
appears to reflect their divergence with respect to ligand
perception.

When the LRR domain binds a ligand, the KD is activated to
trigger activation of downstream substrates (Gou et al., 2010).
The KDs contain 12 conserved subdomains (Hanks et al., 1988;
Hanks and Hunter, 1995). These subdomains often contain
conserved residues (except for subdomains IV, V, VIa, and X),
which play important roles in enzyme function (Hanks et al.,
1988; Hanks and Hunter, 1995; Krupa et al., 2004). In the present
study, we identified 15 motifs through MEME motif analysis
(Figure 4). Eight motifs (M1, M2, M4, M5, M7, M10, M12, and
M15) are shared by essentially all LRR-RLK proteins identified
in A. trichopoda (Figure 3C and Table 1). M1, M2, M10, M12,
and M15 correspond to subdomains with conserved residues (I,
II, VIb & VII, IX, and XI), whereas M4, M5, and M7 correspond
to less conserved subdomains (IV, V, and VIa). These common
motifs indicate functional similarities in kinase activity. The
MEME analysis also showed that some motifs are present only in
some subfamilies, suggesting functional divergence. For example,
subdomain III (motif M3) of the KD contains a nearly invariant
Glu residue that is required for kinase activity (Hanks et al.,
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1988; Hanks and Hunter, 1995). The absence of M3 from all
members of subfamilies V and VI-2, as well as most members
of subfamily III, suggests significant functional divergence in the
kinase activity of these subfamily members from those containing
M3. Indeed, biochemical assays of the SUB (one member of
subfamily V) kinase domain, suggested that it lacks enzymatic
phosphotransfer activity (Chevalier et al., 2005). In addition, we
also identified one subfamily-specific motif, M9, which appeared
only in subfamily II and may contribute to the functional
divergence of this subfamily.

It was noted that except the LRR-TM-Kinase motifs, we also
identified an malectin-like (ML) domain before a short stretch of
LRR repeats in three members of subfamily I and all members of
subfamily VIII-1. According to the previous study, the malectin-
like domain is likely involved in carbohydrate binding (Schallus
et al., 2008). They are found in RLK from plants and in
protein described as glycoside hydrolases. One member with
malectin-like domain from LRR-RLK subfamily I of A. thaliana,
ISO1, confers susceptibility to a downy mildew pathogen in
A. thaliana (Hok et al., 2011). Although the function of malectin-
like domains of RLK is not well understood (Lindner et al., 2012),
the extra malectin-like domain in these two subfamilies may
suggested a significant functional divergence of them from other
subfamilies.

According to the protein structure and motif analyses, we
concluded that the protein sequences of duplicated LRR-RLK
gene diversified during evolution. Therefore, we assessed whether
relaxation of purifying selection or positive selection was the
major cause of sequence diversification of the duplicated genes.
Selection test showed that neutral models M1 and discrete M7
fit the data significantly better than the other tested models.
Nearly neutral model M1 revealed that 73.751–93.932% of the
sites in all analyzed subfamilies had a ω ratio less than 1 (0.0727–
0.1643). Therefore, for all of the analyzed subfamilies, most sites
were under negative or relaxed purifying selection. This finding
was largely consistent with the results of selection testing of the
LRR-RLK subfamilies of O. sativa (Sun and Wang, 2011).

Like the protein structure of the LRR-RLK genes, their
gene structure showed significant diversification between the
subfamilies of LRR-RLK proteins in A. trichopoda. We found that
most of the closely related A. trichopoda LRR-RLK genes have
roughly the same number and location of introns, which strongly
supports their close evolutionary relationship. However, different
subfamily members show different intron/exon structures. For
example, all member of subfamily XII have one intron over
their coding sequences, while most members of subfamily
II have ten introns. Introns play important roles in various
cellular and developmental processes via alternate splicing or
regulation of gene expression (Roy and Gilbert, 2006). The
presence of multiple introns of LRR-RLK gene ERECTA has been
demonstrated to be essential for its expression in A. thaliana
(Karve et al., 2011). The unique structures of each subfamily
provide additional evidence that supports functional divergence
between LRR-RLK subfamilies.

Tissue-specific transcript abundance is suggestive of a genes
biological function. Gene expression patterns of LRR-RLK genes
also showed significant diversification of genes from different

subfamilies. For example, all LRR-RLK genes in subfamilies I,
II, VI-2, and VIII-1 showed high expression levels; conversely,
a low expression level was observed for all LRR-RLK genes in
subfamilies V, VI-1, VI-1, VII-2, VIII-2, XIII-1, and XIII-2 in
whole plant (Figure 5). All genes from subfamilies V, XIII-2,
and XV were highly expressed in apical meristem and young
leaves, and all genes from subfamilies IV, VII-1, and VII-2 and
most genes from subfamilies III, V, IX, XI∗, and XII were highly
expressed in pre-meiotic female flower buds. Besides, genes
even from the same subfamily also showed different expression
patterns. Some genes from subfamilies III, X∗, and XI∗ showed
high expression levels in whole plant, some showed moderate
expression levels and some showed very low expression levels
in that tissue (Figure 5). Some genes from subfamilies II, III,
VI-1, VIII-1, VIII-2, IX, X∗, XI∗, XII, and XIII-1 showed high
expression levels in apical meristem and young leaves, and some
genes from these subfamilies showed low expression levels in
that tissue. In pre-meiotic female flower buds, one-third of genes
from subfamilies II, VI-1, VIII-2, and X∗ showed high expression
levels, whereas two-third of genes from these subfamilies showed
low expression levels. Hence, the results suggested LRR-RLK
genes from different subfamilies and even genes from the same
subfamilies exhibited expressional divergence. Similar results
have also been obtained from the expression analyses of LRR-RLK
genes from other plants (Zan et al., 2013; Rameneni et al., 2015;
Wei et al., 2015; Shumayla et al., 2016; Zhou et al., 2016).

Taken together, our phylogenetic analysis, protein structure
and motif analysis, gene structure analysis and expression
profiling analysis suggest divergence of the LRR-RLK subfamilies
of A. trichopoda. The results of this study reveal the complexity
of the LRR-RLK gene family in angiosperm and provide a
framework for further functional investigation of A. trichopoda
LRR-RLK genes.
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Supplemental Figure 1 | Phylogeny of LRR-RLK genes in Amborella

trichopoda. This phylogenetic tree based on kinase domain sequence was

constructed by the Maximum Likelihood method.

Supplemental Figure 2 | Phylogeny of LRR-RLK genes in Amborella

trichopoda and Arabidopsis thaliana. This phylogenetic tree based on

kinase domain sequence was constructed by the Maximum Likelihood

method.

Supplemental Table 1 | The full name of 94 LRR-RLK proteins identified in

the Amborella trichopoda genome.
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