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Abstract: Nucleotide-binding leucine-rich repeat (NLR) genes play a key role in plant immune
responses and have co-evolved with pathogens since the origin of green plants. Comparative
genomic studies on the evolution of NLR genes have been carried out in several angiosperm lineages.
However, most of these lineages come from the dicot clade. In this study, comparative analysis was
performed on NLR genes from five Arecaceae species to trace the dynamic evolutionary pattern of the
gene family during species speciation in this monocot lineage. The results showed that NLR genes
from the genomes of Elaeis guineensis (262), Phoenix dactylifera (85), Daemonorops jenkinsiana (536),
Cocos nucifera (135) and Calamus simplicifolius (399) are highly variable. Frequent domain loss and
alien domain integration have occurred to shape the NLR protein structures. Phylogenetic analysis
revealed that NLR genes from the five genomes were derived from dozens of ancestral genes. D.
jenkinsiana and E. guineensis genomes have experienced “consistent expansion” of the ancestral NLR
lineages, whereas a pattern of “first expansion and then contraction” of NLR genes was observed for
P. dactylifera, C. nucifera and C. simplicifolius. The results suggest that rapid and dynamic gene content
and structure variation have shaped the NLR profiles of Arecaceae species.
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1. Introduction

The innate immune system can protect plants from the threats of foreign pathogens [1].
One of the core parts of the plant immune system is a set of genes, termed plant disease
resistance genes (R genes), which recognize pathogen-derived virulence proteins (called
“effectors”) to activate downstream defense responses [1]. Upon the recognition of the
invasion of pathogens, R proteins can activate a hypersensitivity reaction and a series of
immune responses, and finally cause the cell death of the infected cells, to restrain the
proliferation and spread of pathogens [1]. Nucleotide-binding leucine-rich repeat (NLR)
genes are the largest type of all the different R genes, accounting for over 60% of the R genes
functionally characterized to date [2]. A typical NLR protein contains a variable domain at
the N-terminus, a highly conserved NBS domain in the middle, and a diverse leucine-rich
repeat (LRR) domain at the C-terminus [3]. As the N-terminal domains in angiosperms are
usually annotated as CC, TIR, or RPW8 domain, angiosperm NLR genes were classified
into three subclasses: CC-NBS-LRR (CNL), TIR-NBS-LRR (TNL), and RPW8-NBS-LRR
(RNL) [4,5]. Functionally, CNL and TNL proteins act as “sensor NLRs” that recognize
specific pathogen effectors to trigger downstream immune responses, while RNL proteins
serve as downstream signal transduction molecules (“helper NLR”) of CNL and TNL
proteins [6,7].

NLR genes constitute a large gene family in plant genomes, usually comprising
hundreds of members [8], and they show very fast evolutionary modes in response to
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the fast-evolving pathogens [4]. With more and more plant genomes being sequenced,
genome-wide evolutionary analyses and comparative genomic studies of NLR genes
have been performed in many species and taxa, and different taxa exhibited distinct
evolutionary patterns. For example, frequent gene losses and limited gene duplications
resulted in a small number of NLR genes in the Cucurbitaceae species [9]. A similar
pattern of NLR gene contraction, caused by gene losses or frequent gene deletions, was
also reported for Poaceae species [10,11]. In contrast, NLR genes in Fabaceae and Rosaceae
species exhibited a “consistent expansion” evolutionary pattern [5,12], while the five
Brassicaceae species exhibited a “first expansion and then contraction” of NLR genes [13].
Moreover, species belonging to the same family may also show distinct patterns of NLR
gene evolution [14,15]. For example, in four orchid species, Phalaenopsis equestris and
Dendrobium catenatum exhibited an “early contraction to recent expansion” evolutionary
pattern, while Gastrodia elata and Apostasia shenzhenica showed a “contraction” evolutionary
pattern [14].

The distinct evolutionary patterns of these angiosperm lineages provide valuable
resources to the understanding of the fast evolutionary modes of R genes due to threats
from different pathogens. However, most of these investigated angiosperm lineages are
from the dicot clade, while only two monocot lineages have been surveyed [10,11,14].
Because the monocot and dicot clades are different in NLR subclass composition [8],
investigating more monocot lineages would provide new insights into the NLR gene
dynamics among monocot evolution.

The Arecaceae consists of 183 genera and 2450 species, which are distributed throughout
the tropical and subtropical areas in Africa, the Americas, Asia, Madagascar, and the Pacific,
and widely grown as ornamentals in botanical gardens (Flora of China, www.iplant.cn/
foc/, accessed on 2 August 2021). Recently, the genome of five horticultural plants from
the Arecaceae family of the Arecales, including Elaeis guineensis (2n = 32), Phoenix dactylifera
(2n = 36), Daemonorops jenkinsiana (2n = 24), Cocos nucifera (2n = 32) and Calamus simplicifolius
(2n = 26), were sequenced and made available [16-19]. Among them, oil palm (E. guineensis) is
a source of vegetable oil and has very important economic value [20], date palm (P. dactylifera)
is the most popular fruit in the Middle East and North Africa, and C. nucifera is widely
distributed on Earth and has considerable food and medicinal value [21]. These horticultural
plants are faced with infection by various pathogens during their lifespan. However, the
composition and evolutionary pattern of NLR genes in the Arecaceae family have rarely
been investigated [22,23]. Deciphering the evolutionary pattern of NLR genes among the
five Arecaceae species would provide an additional example of dynamic NLR gene evolution
across species speciation in the monocot lineage. Additionally, the obtained NLR information
may serve as a primary resource for the disease resistance breeding of the Arecaceae species.

2. Materials and Methods
2.1. Identification and Classification of the NLR Genes

The five whole genomes of the E. guineensis, P. dactylifera, D. jenkinsiana, C. nucifera
and C. simplicifolius were used in this study. Genomic sequences and annotation files were
obtained from the GigaScience database. NLR genes of the five genomes were retrieved
from the ANNA database (https://biobigdata.nju.edu.cn/ANNA/, accessed on 10 August
2021). All the identified NLR genes were subjected to NCBI's conserved domain database
(https:/ /www.ncbinlm.nih.gov/ Structure/cdd /wrpsb.cgi, accessed on 30 August 2021)
using the default settings to determine whether they encoded CC, RPW8, LRR and other
integrated domains (E value: 10~%). The domains that commonly encoded by the NLR
genes, such as NBS, LRR, TIR, RPWS8, CC, AAA+ and DUF1863 were removed from the
integrated domain list.

2.2. Cluster Arrangement of the Identified NLR Genes

Gene clustering was determined according to the criterion used for Medicago truncatula [24]:
if two neighboring NLR genes were located within 250 kb on a chromosome, these two genes
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were regarded as members of the same gene cluster. Based on this criterion, the NLR genes in
the five Arecaceae genomes were assigned to clustered loci and singleton loci.

2.3. Sequence Alignment and Phylogenetic Analysis of NLR Genes

The amino acid sequences of the NBS domain were extracted from the identified NLR
genes and used for multiple alignments using ClustalW integrated in MEGA 7.0 with
default settings [25]. Sequences that were too short (<190 amino acids, less than two-thirds
of a regular NBS domain) or too divergent were removed to prevent interference with the
alignments and subsequent phylogenetic analysis. The resulting alignments were manually
corrected and improved using MEGA 7.0. The phylogenetic tree was constructed using
IQ-TREE (version 1.6.12) with the maximum likelihood method, following the selection
of best-fit model by ModelFinder [26,27]. Branch support values were assessed using
SH-aLRT and UFBoot2 tests with 1000 replications [28].

2.4. Gene Loss/Duplication Analysis of the NLR Genes

In order to identify the gene duplication/loss events during the speciation of the five
Arecaceae species, the NLR gene phylogenetic tree was reconciled with the species tree
using Notung-2.9 software [29]. The types of NLR gene duplication within a genome were
determined using the MCScanX package [30] based on a pair-wise all-against-all blast of
protein sequences.

3. Results
3.1. Comparative Analysis of NLR Gene Composition in the Genomes of Five Arecaceae Species

A total of 399, 536, 85, 262, and 135 NLR genes from the genomes of C. simplicifolius,
D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively, were retrieved from
the ANNA database. Among them, D. jenkinsiana possessed the largest number of NLR
genes and was as 1.34-, 6.31-, 2.05- and 3.97-times bigger than that of C. simplicifolius,
P. dactylifera, E. guineensis and C. nucifera, respectively. All NLR genes were divided into
the CNL and RNL subclasses based on the classification provided in ANNA, with no TNL
genes found. Among the two NLR subclasses, CNL genes overwhelmingly outnumbered
RNL genes, with 99.50%, 99.25%, 100%, 99.62% and 98.52% of NLRs in C. simplicifolius,
D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively, being CNLs. There
were only two, four, one, and two RNL genes in C. simplicifolius, D. jenkinsiana, E. guineensis
and C. nucifera, and no RNL genes were identified in P. dactylifera. Domain composition
analysis revealed that less than half of NLR genes in C. simplicifolius, D. jenkinsiana and
C. nucifera encode intact NLR proteins possessing all three domains (CC/RPWS8-NBS-LRR),
with the rest of NLR, either lacking the CC/RPWS8 domain at the N-terminus, the LRR
domain at the C-terminus, or domains at both termini (Table 1). The proportion of intact
NLR genes in the E. guineensis genome is much higher, with 144 (143 CNL and 1 RNL) of
the 261 genes having all three domains. Some NLR genes were classified as “other” in CNL
due to their atypical structural domain compositions (Tables 1 and S1). For example, the
D. jenkinsiana genome encodes one “other” gene in CNL(NccLNccL), and the C. nucifera
genome encodes two “other” genes, including NccLNcc and CNCNL.



Horticulturae 2021, 7, 539 40f12

Table 1. The number of identified NLR genes in the five Arecaceae genomes.

Corzgglsait?ons C. simplicifolius D. jenkinsiana P. dactylifera E. guineensis C. nucifera
CNL subclass 397 (99.50%) 532 (99.25%) 85 (100%) 261 (99.62%) 133 (98.52%)
CNL (Intact) 112 171 26 143 63
CN 142 202 22 41 28
NL 60 57 26 59 28
N 83 101 11 17 12
Other 0 1 (NLNL) 0 1 (CNCNL) 2 (NLN, CNCNL)
RNL subclass 2 (0.50%) 4 (0.75%) 0 1 (0.38%) 2 (1.48%)
RNL (Intact) 0 0 0 1 1
RN 0 1 0 0 0
NL 2 3 0 0 0
N 0 0 0 0 1
Other 0 0 0 0 0
Total number 399 536 85 262 135
Integration of alien domains in addition to the three typical domains was detected for
NLR genes from the five genomes, including eight, 15, five, three and five distinct integrated
domains (IDs) found in 13, 14, six, seven and seven NLR genes of the C. simplicifolius,
D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera genomes, respectively (Table S2).
All the NLR-ID genes belong to the CNL subclass. The numbers of NLR genes with fused
IDs (NLR-ID gene) in the five genomes show a significant positive correlation with total
NLR gene numbers (Figure 1a). An average of 4.15% of NLR genes in each genome possess
the NLR-ID structure. The comparison of the ID diversity in the five species shows that
a total of 32 non-redundant IDs were present in the five genomes (Table S2). Some of
these IDs have been detected in proteins with immune function, including the v-SNARE
domain and the PKinase domain. Plant SNARE domain-containing proteins are targets of
filamentous fungi effectors and are monitored by NLRs for programmed cell death [31].
PKinases are known to function in the immune pathways in both plants and mammals
and are also often found in the receptor-like PKinases that transduce PAMP-triggered
immunity [32]. Among the 32 different types of IDs, one of them was found in NLR
genes from three species and two were found in NLR genes from two species (Table S2).
In contrast, the majority of IDs were found only in one genome, suggesting frequent
occurrence of species-specific domain fusions (Figure 1b).
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Figure 1. Exogenous fusion domains of NLR genes in D. jenkinsiana, C. nucifera, C. simplicifolius, E. guineensis and P.
dactylifera. (a) Spearman correlation between the total number of species” NLR genes and the number of NLR genes fused
IDs. r represents the correlation coefficient, p < 0.05. (b) Extraneous domains of NLR gene-specific fusions or convergent
fusions among different species in the Arecaceae species. Black circles indicate exogenous fusion domain presence, and gray
circles indicate exogenous fusion domains non- presence.
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3.2. Organization of NLR Genes in Arecaceae Genomes

Clustering organization of NLR genes has been proposed as an important mechanism
of generating NLR diversity and functional members. Our results show that the majority of
NLR genes were organized into clusters rather than singletons in C. nucifera, D. jenkinsiana,
and E. guineensis genomes, with 54.8%, 70.7% and 77.7% NLR genes detected in clusters,
respectively (Table 2). However, there were more singleton genes in the other two Arecaceae
genomes, with only 15 (17.6%) and 176 (44.1%) NLR genes organized into clusters in the
P. dactylifera and C. simplicifolius genomes, respectively. Among the five Arecaceae genomes,
the clustered loci in E. guineensis genome contained the most genes (3.37 genes/locus) on
average. The largest gene clusters of C. nucifera, D. jenkinsiana, E. guineensis, C. simplicifolius,
and P. dactylifera were in locus 47 (eight genes), locus 34 (10 genes) and 126 (10 genes), locus
80 (11 genes), locus 237 (five genes), and locus 47 (three genes), respectively (Table 2).

Table 2. The organization of NLR genes in five Arecaceae species.

Gene and Loci C. nucifera D. jenkinsiana E. guineensis  C. simplicifolius P. dactylifera
No. of chromosome-anchored NBS loci and genes 89 (135) 284 (536) 114 (262) 296 (399) 77 (85)
No. of singleton loci (no. of NBS genes) 61 (61) 157 (157) 60 (60) 223 (223) 70 (70)
No. of clustered loci (no. of NBS genes) 28 (74) 127 (379) 54 (202) 73 (176) 7 (15)
Clustered NBS genes/singleton NBS genes 1.21 2.41 3.37 0.34 0.21
Average (median) no. of NBS genes in clusters 2.6 (2) 3.0 (3) 3.7 (3) 1(2) 2.1(2)
No. of clusters with 10 or more NBS genes 0 2 2 0 0

No. of NBS genes in the largest cluster 8 (locus 47) 10 (loci 34, 126) 11 (locus 80) 5 (locus 237) 3 (locus 47)

NLR genes may undergo duplication via different mechanisms [33]. We surveyed
the duplication patterns of NLR genes from the five Arecaceae species by using MCScanX
software. The results showed that amplification of NLR genes in the five genomes was
dominated by different types. The majority of NLR genes in C. nucifera (57.0%) and
E. guineensis (70.1%) were generated by tandem/proximal duplications, whereas most
NLR genes in the remaining three genomes were characterized as dispersed duplication.
Only a small proportion of NLR genes in C. nucifera, D. jenkinsiana and E. guineensis were
generated by whole genome duplications (WGD)/segmental duplication, whereas no
WGD/segmental duplicated NLR genes were found in C. simplicifolius or P. dactylifera
(Figure 2). However, the proportion of segmental duplicated genes might have been
underestimated because the syntenic relationship of NLR genes would be disrupted during
long-term evolution.

Singleton Singleton Singleton
WGD/segmental 0 dispersed WGD/segmental 9 dispersed WGD/segmental 0 dispersed
a 75 4 72 2 56
] 33
32
153 45
tandem proximal tandem proximal tandem proximal
P. dactylifera E. guineensis C. nucifera
Singleton Singleton
WGD/segmental 0 dispersed WGD/segmental 0 dispersed
0 304 8 313
a1 54 55
160
tandem proximal tandem proximal
C. simplicifolius D. jenkinsiana

Figure 2. Type of gene duplication in C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively.



Horticulturae 2021, 7, 539

6 of 12

3.3. Phylogenetic Analysis of the NLR Genes

To trace the evolutionary history of the NLR genes in Arecaceae, a phylogenetic
tree was constructed based on the amino acid sequences of the NBS domain, using three
Amborella TNL proteins as the outgroups (Figure 3 and Data S1). The results show that
NLR genes from the five species form two monophyletic clades with high support values
(>90%) (Figure S1). The two deeply diverged clades correspond to the RNL and CNL
subclasses, respectively (Figure 3a), supporting the ancient separation of the two NLR
clades (Figure S1; Data S1). Compared to the CNL clade, the branch lengths of the RNL
clade were relatively short (Figure 3a), suggesting that RNL genes had a slow evolutionary
rate. Within the CNL clade, clustering of NLR genes from a single species was frequently
observed (Figure 3a), which is caused by species-specific gene duplications.
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Figure 3. Phylogenetic tree of CNL and RNL genes based on conserved NBS domain sequences.
(a) A total of 1408 CNL and 9 RNL sequences were used: 536 sequences from D. jenkinsiana (shown
in red), 135 from C. nucifera (green), 399 from C. simplicifolius (purple), 262 from E. guineensis (blue),
and 85 from P. dactylifera (black). Four TNL sequences from Arabidopsis thaliana were used as an
outgroup. (b) Number variations of NLR genes at different stages of Arecaceae species evolution.
Differential gene losses and gains are indicated by numbers with — or + on each branch. (c) Arecaceae
ancestral lineage genes were inherited by C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis
and C. nucifera, respectively.

To gain insight into the evolution of the NLR genes during the speciation of the
five Arecaceae species, Notung software was used to reconcile gene duplication/loss
events of the NLR genes at each node of the phylogenetic tree [34]. The result reveals
that at least 101 ancestral NLR lineages (2 RNL and 99 CNL) may have existed in the
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common ancestor of the five Arecaceae species (Figure S1 and Data S1). We term these
ancestral NLR lineages as “Arecaceae NLR lineage”. The common ancestor of P. dactylifera,
E. guineensis and C. nucifera (Pd-Eg-Cn) inherited 85 Arecaceae NLR lineages but lost
16. These Arecaceae NLR lineages further expanded to 114 NLR lineages before the
divergence of the P. dactylifera, E. guineensis and C. nucifera (Pd-Eg-Cn). The common
ancestor of C. simplicifolius and D. jenkinsiana (Cs-Dj) inherited 61 Arecaceae NLR lineages
and duplicated to 154 Cs-Dj NLR lineages (Figure 3b). Subsequent gene loss and gain
during the divergence of Pd-Eg-Cn and Cs-Dj lineages further shaped the NLR content
in the five Arecaceae species, resulting in the current distinct NLR profile in these species.
By assigning the NLR genes in each species to the 114 ancestral Arecaceae NLR lineages,
the results showed that 32, 56, 38, 58 and 63 Arecaceae NLR lineages were inherited
by C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively
(Figure 3c). Among these ancestral NLR lineages, only five of them were reserved in all
five genomes, and 20 lineages were species-specific (D. jenkinsiana, eight; P. dactylifera, one;
C. simplicifolius, zero; E. guineensis, six; C. nucifera, five). The remaining 89 lineages were
differentially preserved in two to four species (Figure 3c).

3.4. Tracing the Trajectory of NLR Gene Evolution in Different Arecaceae Species

Based on the traced loss and gain of NLR genes at each species divergence node,
the evolutionary trajectory of NLR genes for each of the five species can be traced. After
separation from the common ancestor of the five Arecaceae species (Cs-Dj-Pd-Eg-Cn node),
40 gene-loss and 93 gain events were detected at the Cs-Dj node (Figure 3b), suggesting a
pattern of NLR expansion during this period. The Cs-Dj node then diverged to generate
C. simplicifolius and D. jenkinsiana. In C. simplicifolius, 81 NLR genes inherited from the
Cs-Dj were lost, while the remaining NLR genes underwent intensive gene duplication,
leading to the generation of 106 new members (Figure 3b). Again, a pattern of NLR
expansion occurred during the period from Cs-Dj to C. simplicifolius. Taken together, a
“consistent expansion” of NLR genes occurred during the evolution of C. simplicifolius
from the common ancestor of the five Arecaceae species (Figure 4d). Using this strategy, a
similar pattern of “consistent expansion” was also observed for NLR genes in D. jenkinsiana
and E. guineensis (Figure 4b,e). However, a different pattern of “first expansion and then
contraction” was observed for the other species, P. dactylifera and C. nucifera (Figure 4a,c).
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Figure 4. Dynamic evolutionary patterns of NLR genes among different evolutionary states of five Arecaceae species.

(a) P. dactylifera. (b) E. guineensis. (c) C. nucifera. (d) C. simplicifolius. (e) D. jenkinsiana.
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4. Discussion

The NLR genes constitute one of the largest gene families in angiosperms, with an
average of about 300 genes per genome [8]. Genome-wide identification and comparative
analysis of NLR genes has greatly accelerated the mining of functional NLR genes from
various crops and ecological or economic important plants in recent years. The lack of NLR
information has greatly hampered identification of functional disease resistance genes by
using a genome-guided method for the Arecaceae species. Taking advantage of the recently
released genomes from the five Arecaceae species, the NLR profile across the five species
was compared in several aspects of this study, which may serve as a primary resource for
molecular breeding of the Arecaceae species.

Different proportions of NLR genes in the Arecaceae species form clusters of varied
size. The members within each of these NLR gene clusters provides large candidates for
positive selection to act on. Additionally, high polymorphism can be maintained between
NLR genes within the gene cluster through recombination, facilitating the generation of
new NLR genes [35,36]. Comparative analysis of NLR genes in the five Arecaceae species
showed that two of the Arecaceae genomes have more than 300 NLR genes, whereas
the other three have fewer than 300 NLRs, suggesting that species-specific NLR gain
and loss have occurred. NLR content dynamics is an important mechanism for plants
coping with the varied environments and ecological adaption [8,37]. The species-specific
NLR contraction or expansion for the five Arecaceae species suggest they may have faced
different selection pressure from environmental microbes after having separated from
the common ancestor, although the exact trajectory of environmental microbe diversity
dynamic could hardly be traced. Reconstruction of the ancestral states of NLR genes at
several divergence nodes of Arecaceae revealed 101 ancestral NLR lineages in the common
ancestor, including two RNL lineages and 99 CNL lineages. The number of recovered
ancestral NLR lineage in the Arecaceae family is much larger than that in the Orchidaceae
family (29), but lower than that of the Poaceae (456) in the monocot clade [4,14]. The
high difference of ancestral NLR lineage numbers in the three monocot families suggests
that dramatic NLR contraction and amplification consistently occurred in the monocot
lineage. Compared with several investigated dicot families, the ancestral NLR lineage
in the Arecaceae family is fewer than the 119 ancestral NLR lineages in Fabaceae, and
166 ancestral NLR lineages in Solanaceae, and far fewer than the 228 ancestral NLR lineages
found in Brassicaceae [13]. The large ancestral NLR lineage numbers in these dicot families
may have benefitted from having an additional NLR subclass, TNL, in their genomes.

The current NLR profile in a genome is contributed by differential inheritance and
amplification of ancestral NLR lineages [4]. Previous studies in Cucurbitaceae and Poaceae
revealed that species in the two families experienced a similar pattern of NLR “contrac-
tion” [9-11], whereas Fabaceae and Rosaceae species exhibited “consistent expansion” of
NLR genes after the families’ radiation [5,12]. A distinct “first expansion and then contrac-
tion” pattern of NLR genes was observed in the five Brassicaceae [13]. However, species in
the Arecaceae family exhibited two different modes of NLR gene evolution after diverging
from the common ancestor. D. jenkinsiana and E. guineensis have experienced “consistent
expansion” of the ancestral NLR lineages, whereas NLR genes in P. dactylifera, C. nucifera.
and C. simplicifolius show “first expansion and then contraction”. Such a pattern of species
belonging to the same family having distinct NLR gene evolution patterns has also been
observed in another monocot lineage, Orchidaceae, and two dicot families [15-17]. The
results provide additional evidence to support that rapid NLR gene content variation could
occur to facilitate plant adaption to changed environments.

The high diversity of NLR could be detected not only for gene content, but also for
gene structure. For example, the three NLR subclasses have distinct N-terminal domains
to support distinct functional mechanisms, either by making holes in the cell membrane,
or by action as an enzyme [38]. Loss of characteristic domains is detected for many NLR
genes in the Arecaceae species. This pattern has also been observed in several angiosperms
by previous studies. For example, only a small proportion of NLR genes with intact
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structures were reported in C. annuum (23.2%), S. lycopersicum (42.7%), S. tuberosum (28.2%),
P. trichocarpa (46.2%), M. truncatula (39.1%), Lotus japonicus (31.0%), and Oryza sativa (30.6%)
genomes [5,39-41]. The remaining large proportion of NLR genes further expanded the
diversity of NLR genes through the loss of the N-terminal, C-terminal, or both domains
(Figure S2). Notably, several studies have reported that NLR genes with atypical structures
also function in plant immunity [42-45], suggesting the loss of the N-terminal or C-terminal
domains may also be a mechanism to generated NLR functional diversity. It is worthy of
note that a deeply diverged CNL lineage showed the feature of widespread loss of the
N-terminal CC domain (Figure S2). The long-term maintenance and expansion of this CNL
lineage suggest that the loss of the CC domain did not completely abolish the function of
genes on this lineage. Considering the CC domain had been shown to be indispensable
for multimerization and forming pores on the plant cell membrane of CNL proteins, the
CC-lacking structure of this CNL lineage may suggest a different functional mechanism.
Different from the domain loss found in many NLR genes, we also detected fusion of
alien domains for a small proportion of Arecaceae NLR genes to form the NLR-ID structure.
This provides another way to expand the structure and functional diversity. In recent years,
studies have increasingly found that alien domains can be fused to plant NLR proteins to
act as target proteins for pathogens’ effector factors. The research on RGA4/RGAS and
Pik-1/Pik-2 of the NLR with rice blast resistance provides the first experimental evidence
for this model. Both RGA5 and Pik-1 genes are fused with an HMA domain, which serves
as a decoy to interact directly with pathogenic effectors to stimulate the disease resistance
of RGA4 and Pik-2 [46,47]. Arabidopsis NLR genes RPS4/RRS1 provides another example
to support the important functions of alien domains. The RRS1 protein fused with WRKY
domain can directly interact with the pathogenic effectors. AvrRPS4 interacts to stimulate
the disease resistance activity of RPS4 [48]. In this study, different NLR alien domains were
found in five species. These domains may be the “baits” proteins of pathogenic effectors
in plant cells. Among them, v-SNARE and the PKinase domains have been detected in
many proteins that play a role in plant disease resistance [32,33], but SRE-TF, DUF761and
DUF4283, etc. have no direct evidence of being related to plant immunity. The discovery of
these alien domains is helpful to explore more potential plant immune-related proteins.

5. Conclusions

This study compared the NLR gene profiles in five Arecaceae species and revealed
a high NLR content and structure variation, which serve as a resource for the evolution
of functional NLR genes. Phylogenetic analysis revealed that NLR genes from the five
genomes were derived from 101 ancestral genes, and distinct “consistent expansion” and
“first expansion and then contraction” patterns were observed for NLR genes from the
five species. The results show that dynamic gene content and structure variation have
shaped the NLR profiles of different Arecaceae species. The obtained NLR profiles serve as
a valuable resource for molecular breeding of these species and for further exploration of
the NLR evolutionary pattern.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7120539/s1, Figure S1. 101 NLR gene families divided based on NLR phylogeny
from C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera. Figure S2. Phylogenetic
distribution of NLRgenes with different domain compositions in five Arecaceae species. Table S1. The
gene list and classification of NLR genes identified from C. simplicifolius, D. jenkinsiana, P. dactylifera, E.
guineensis and C. nucifera. Table S2. Exogenous fusion domains of NLR identified from five Arecaceae
species. Data S1. An NEXUS format phylogenetic tree of NLRs in five Arecaceae species with branch
support values.
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