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Plants have evolved two layers of protection against biotic stress: PAMP-triggered
immunity (PTI) and effector-triggered immunity (ETI). The primary mechanism of
ETI involves nucleotide-binding leucine-rich repeat immune receptors (NLRs).
Although NLR genes have been studied in several plant species, a comprehensive
database of NLRs across a diverse array of species is still lacking. Here, we present a
thorough analysis of NLR genes across 100 high-quality plant genomes
(PlantNLRatlas). The PlantNLRatlas includes a total of 68,452 NLRs, of which
3,689 are full-length and 64,763 are partial-length NLRs. The majority of NLR
groups were phyletically clustered. In addition, the domain sequences were found
to be highly conserved within each NLR group. Our PlantNLRatlas dataset is
complementary to RefPlantNLR, a collection of NLR genes which have been
experimentally confirmed. The PlantNLRatlas should prove helpful for comparative
investigations of NLRs across a range of plant groups, including understudied taxa.
Finally, the PlantNLRatlas resource is intended to help the field move past a
monolithic understanding of NLR structure and function.
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1 Introduction

Plants have evolved two layers of defense against biotic and abiotic stressors. Pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) trigger the first layer of defense, PAMP-triggered immunity (PTI), via cell
surface localized pattern recognition receptors (PRRs) (Jones and Dangl, 2006). As a
countermeasure, numerous pathogens, including bacteria, fungi, oomycetes, and

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1178069/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1178069/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1178069/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1178069/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1178069/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1178069&domain=pdf&date_stamp=2023-04-14
mailto:absklhhc@gmail.com
https://doi.org/10.3389/fpls.2023.1178069
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1178069
https://www.frontiersin.org/journals/plant-science

Li et al.

nematodes, transfer virulence-associated molecules into plant cells
or the apoplast. These molecules, such as effectors released by the
bacterial type III secretion system (T3SS), act to curtail host
immune response and promote pathogenic invasion and
proliferation (Xin et al,, 2018; Rocafort et al,, 2020). Direct or
indirect detection of effectors by plant nucleotide-binding leucine-
rich repeat immune receptors (NLRs) activates the second, more
robust layer, of defense: effector-triggered immunity (ETI) (Jones
and Dangl, 2006). NLRs can be divided into three subclasses
according to their characteristic N-terminal domain: toll/
interleukin-1 receptor-like (TIR), coiled coil (CC), or resistance to
powdery mildew 8 (RPW8). Accordingly, the three classes have
been named TIR-NBS-LRR (TNL), CC-NBS-LRR (CNL), and
RPWS8-NBS-LRR (RNL), respectively (Mchale et al., 2006). Recent
research suggests that partial-length NLRs may be crucial for plant
defense (Wu et al, 2022), although relatively few studies have
focused on these partial-length genes (Andolfo et al., 2022).

The quality and availability of reference datasets are of great
importance to computational biology studies. To date, only a few
NLR datasets have been published and made available for analysis. The
largest collection of experimentally verified NLR proteins from 73
plants, which includes 415 NLRs, is the RefPlantNLR database
(Kourelis et al., 2021). The NLRscape webserver contains a curated
collection of over 80,000 proteins containing NOD-like receptor
signatures, as identified in UniProtKB (Martin et al,, 2022). Because
of improvements in sequencing techniques and bioinformatics
methods, and with the advent of third generation sequencing, many
more accurately-assembled plant genomes are being published
(Sharma et al, 2022). Utilizing these high-quality plant genomes
alongside other sequencing methods, researchers are discovering ever
more NLRs (Inturrisi et al., 2020; Lee et al., 2021; Huang et al., 2022).
However, most of these studies involve only one plant species, even
though a sea of plant genomes is available. To bolster efforts to develop
stress-resistant crops, it is imperative to identify and validate NLRs
across an array of plant species at a large scale.

Here, we sought to identify full- and partial-length NLRs by
analyzing 100 high-quality plant genomes. In all, we identified
68,452 distinct NLR genes across 15 subgroups, including four full-
length and eleven partial-length NLR groups. Phylogenetic analysis
indicated that the matching domain sequence is highly conserved for
each NLR group, with each group containing numerous subclades.
Comparison of our dataset with RefPlantNLR suggested that there are
still many NLRs requiring experimental validation. Based on the results
of this study, we created the PlantNLRatlas dataset (Supplementary
Table 2), which includes information about the 100 plant species
surveyed, identified domains, and relevant literature. Our
PlantNLRatlas dataset offers a comprehensive complement to
RefPlantNLR to aid in the identification and cloning of NLRs.

2 Materials and methods
2.1 Genomic data processing

We downloaded the genomic sequences and annotation files
(gff format) for 100 plant species, utilizing the most recent version
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of each genome (Supplementary Table 1). Protein FASTA
sequences were generated using gffread (v0.11.7) (Pertea and
Pertea, 2020). Each plant was classified as either a eudicot or
monocot according to the NCBI Taxonomy database (Schoch
et al., 2020). The RefPlantNLR protein sequences were
downloaded from the Zenodo database (https://zenodo.org/
record/3936022#.Y300lHbMLiA) (Kourelis et al., 2021).

2.2 Domain annotation

OrthoFinder (v2.5.4) (Emms and Kelly, 2019) was used, with
default parameters, to create the phylogenetic tree utilizing the
NLRs domain sequences in order to investigate the phylogenetical
relationships between the 100 plants.

Protein sequences were annotated with Pfam identifiers using
InterProScan (v5.56-89.0) (Jones et al., 2014), with parameters -f
TSV -app Pfam. The IPS2fpGs.sh script (https://github.com/
AndolfoG/HRP) (Andolfo et al, 2022) was used to classify the
NB-LRR genes as either full- or partial-length according to the
domain(s) they contained. We used the homology-based R-gene
prediction pipeline to identify new NB-LRR genes (Andolfo et al.,
2022) and to annotate the RefPlantNLR protein sequences. NLR-
Annotator (v2) (Steuernagel et al., 2020), with default parameters,
was used to identify NLR genes using CDS sequences that were
either downloaded or parsed using gffread (v0.11.7).

2.3 Phylogenetic analysis

Based on the InterProScan results, domain sequences were
parsed from the corresponding protein sequence of each
identified NB-LRR gene. If a gene contained more than one
domain, we spliced the domains in the order in which they
appeared in the gene sequence. Domain sequences were aligned
using Clustal Omega (v 1.2.4) (Sievers et al., 2014), with default
parameters. After alignment, we used FastTree (v2.1.10) (Price
et al,, 2010) to construct the phylogenetic tree with parameter -Ig.
The R packages ggtree (v3.6.0) (Yu et al, 2017) and ggtreeExtra
(v1.8.0) (Xuetal,, 2021) were used to visualize the phylogenetic tree.

2.4 Protein sequence analysis

The protein length, molecular weight, and isoelectric point were
calculated using ExPASy (https://www.expasy.org/) (Artimo et al.,
2012). The results were visualized using the R package ggplot2
(v3.4.0) (Wickham, 2016).

2.5 RNA-Seq data processing

To study the expression patterns of NLR genes, we utilized
transcriptomic data from chitin- or flg22-treated polyploid wheat
(Triticum aestivum; accession number PRJEB23056) (Ramirez-
Gonzalez et al, 2018) and chitin-treated soybean (Glycine max;
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accession number PRJNA594515) (Yao et al, 2020). HISAT2
(v2.2.1) (Kim et al, 2019) was used to create a genomic index
and align the raw fastq data to the genome, using default
parameters. Gene counts were calculated from the sorted bam file
using featureCounts (v2.0.2) (Liao et al, 2013). The expression
patterns of selected NLR genes were visualized using the pheatmap
package (v1.0.12) in R.

3 Results

3.1 Identification of NLR genes and
creation of the PlantNLRatlas dataset

A total of 68,452 full- or partial-length NBS-LRR resistance genes
were identified across 100 plant genomes, including 83 eudicots, 10
monocots, and 7 other plants representing 31 orders and 48 families
(Figure 1, Supplementary Table 2). On average, there were 685 NLRs
per genome. Coriander (Coriandrum sativum) (Song et al., 2020), a
medicinal herb and spice plant, contained the least NLR genes (28).
Alfalfa (Medicago sativa) (Chen et al., 2020), an important forage crop,
contained the most NLR genes (3,428). Two groups of domains, L
(Leucine Rich repeat) and N (NB-ARC domain), were identified across
all 100 genomes. The L group was the most abundant, with 31,481
family members. The RL (Arabidopsis broad-spectrum mildew
resistance protein RPW8 and Leucine Rich repeat) group contained
only two members, present in Rosa chinensis (Raymond et al,, 2018)
and Chrysanthemum nankingense (Song et al., 2018). One of the 30-
gene full-length groups, RNL was present in 14 species belonging to 6
orders and 8 families. Half of these 14 species are important food crops,
including pea (Pisum sativum) (Yang et al., 2022), mustard (Brassica
juncea) (Yang et al., 2016), cauliflower (Brassica oleracea var. botrytis)
(Belser et al., 2018), cabbage (Brassica oleracea var. capitata) (Cai et al.,
2020), alpine strawberry (Fragaria vesca) (Shulaev et al, 2011),
sunflower (Helianthus annuus) (Badouin et al, 2017), and jujube
(Ziziphus jujuba) (Liu et al, 2014). The largest full-length group,
CNL, was present in 89 species and contained 1,010 genes. The last
group of NLRs contained 474 genes and was present in 59 species of
non-monocots, which is consistent with previous research (Shao et al,,
2016; Andolfo et al,, 2019). In contrast to the norm of classifying each
gene into one NLR group, we found that 520 genes contained multiple
NLR domains (Supplementary Table 3). These genes were present in
45 species, including wheat (T. aestivum; 61 genes), corn (Zea mays; 1
gene), and African rice (Oryza glaberrima; 18 genes).

In order to validate our results, we used NLR-Annotator to identify
NLRs from across 100 plant genomes. With the exception of seven
plants (Eucalyptus grandis, Coffea arabica, Punica granatum,
Coriandrum sativum, Populus trichocarpa, Prunus persica, and
Manihot esculenta), our pipeline led to the discovery of more NLRs
than were identified by NLR-Annotator (Figure 2). For example, in the
commercially important hardwood species Eucalyptus grandis, our
pipeline identified 2,543 NLRs while NLR-Annotator identified 3,259
NLRs. A previous study on Eucalyptus grandis utilized the Hidden
Markov Model approach to identify 1,487 NLRs (Christie et al., 2016).
Additionally, NLR-Annotator identified two NLRs in Oryza
glaberrima, while our pipeline identified 750 NLRs.
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FIGURE 1

Survey of NLRs across 100 plant genomes. The left panel shows the
phylogenetic tree created utilizing NLR domain sequences. Eudicots,
monocots, and other plants are represented by green, red, and blue
letters, respectively. The right panel shows the NRL gene groups.
Numbers in each cell indicate the number of NLRs identified in each
plant genome. Blank cells indicate that no NLRs were discovered in
the plant genome.

Our dataset of 68,452 NBS-LRR resistance genes (Figure 1) was
used to create the PlantNLRatlas (Supplementary Table 2). The
dataset was expanded to include pertinent details about each
genome, including species, domain information, and relevant web
links. Each species identifier included the scientific name, Chinese
name, Order, Family, Genus, and Species. Domain information
included protein ID, corresponding gene ID, NLR group, domain
starting and ending positions (via InterProScan), database name
and ID (via InterProScan), protein sequence, and extracted domain
sequences. Relevant literature was annotated within the
“Paper.link” column, and downloadable genomes were annotated
within the “Download.link” column. Finally, the primary process
code was made available on GitHub (https://github.com/
lixiang117423/PlantNLRatlas).

3.2 PlantNLRatlas is complementary
to RefPlantNLR

We compared our results to RefPlantNLR, a comprehensive
collection of experimentally validated plant disease resistance
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FIGURE 2

Comparison of NLR genes discovered using both our pipeline and
NLR-Annotator. The blue bar shows the number of NLRs identified
by NLR-Annotator. The red bar shows the number of NLRs identified
by our pipeline.

proteins from the NLR family (Kourelis et al., 2021). First, we
classified each protein into a corresponding NLR group by
annotating the protein sequences from RefPlantNLR using our
pipeline. Next, we compared the number of NLR genes in 15
species using both the RefPlantNLR dataset and our pipeline
(Figure 3). According to the RefPlantNLR dataset, the 15 species
were classified into six NLR groups (CL, CN, CNL, N, NL, and TN).
Compared to our dataset, the RefPlantNLR dataset contained fewer
NLR genes among the six groups, suggesting that there are still
many NLR genes which have not yet been identified and cloned. For
wheat (Triticum aestivum), RefPlantNLR contained 22
experimentally validated NLRs, while our dataset included 1,450
NLRs. In the oilseed sunflower (Helianthus annuus), only one NLR
gene was identified. The majority of experimentally validated NLRs
within RefPlantNLR contained more than one NLR domain, with
the exception of group N. For full-length NLRs within
RefPlantNLR, group NL was found to contain four NLRs and
group CNL was found to contain 18 NLRs.

To study the expression patterns of NLR genes in response to
PTI and ETI, we utilized RNA-Seq data from polyploid wheat
(Triticum aestivum) treated with either chitin or flg22 (Ramirez-
Gonzalez et al., 2018). Overall, similar expression patterns were
observed for NLR genes from both PlantNLRatlas and
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FIGURE 3

Comparison of NLR genes identified in this study with those in
RefPlantNLR. Genes in RefPlantNLR are represented in blue, and
genes in our study are represented in red. Numbers in each cell
indicate the number of NLRs identified in each plant genome. Blank
cells indicate that no NLRs were discovered in the plant genome

RefPlantNLR, particularly in the first cluster containing four
cloned NLRs (Figure 4A). It is likely that many of the NLR genes
identified in the PlantNLRatlas dataset may share similar functions
in the wheat immune response, including in PTT and ETI. These
results suggest that many NLR genes await experimental validation
and cloning. Furthermore, the soybean NLR genes reported in our
dataset were all significantly upregulated when plants were
challenged by the soybean aphid (Aphis glycines) (Figure 4B),
suggesting that these genes may play important roles in the plant
response to herbivory. Overall, our PlantNLRatlas dataset is likely
to be an invaluable asset for the continued study of plant NLRs.

3.3 NLR gene characteristics across
100 plants

We evaluated the characteristics of each NLR gene, including
gene length (protein sequence length), protein molecular weight,
and protein isoelectric point (Supplementary Figures 1B-D). As
expected, full-length NLR genes were the longest and had the
greatest molecular weight (Supplementary Figures 1B, D). Group
T NLRs were the shortest and had the lowest molecular weight.
Group TNL NLRs were the longest and had the greatest molecular
weight. The average protein length and molecular weight were 722
amino acids and 81.5 kDa, respectively. The smallest NLR protein
was from black mustard (Brassica nigra; 34 amino acids and 3.7
kDa) while the largest was from kenaf (Hibiscus cannabinus; 5,849
amino acids and 680.7 kDa). The average NLR protein isoelectric
point was 6.8 in dicots and 7.1 in monocots, and ranged from 3.2 in
rose (Rosa chinensis) to 12.9 in black pepper (Piper nigrum). The
isoelectric points of 12 NLR groups were < 7, indicating that the
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(A): Wheat (Triticum aestivum) NLR gene expression patterns according to both RefPlantNLR and PlantNLRatlas. The heatmap was created using
FPKM (fragments per kilobase of transcript per million mapped reads) values. Genes identified in both RefPlantNLR and PlantNLRatlas are annotated
as “shared NLR genes”. (B): Heatmap of soybean (Glycine max) NLR gene expression patterns in response to challenge by soybean aphid (Aphis

glycines), according to PlantNLRatlas.

majority of NLR proteins are acidic. Additionally, the average
isoelectric points of the four full-length NLR groups were < 7
(Supplementary Figure 1D).

3.4 Multiple sequence alignment and
phylogenetic analysis

The domain sequences were extracted from each NLR protein
sequence via InterProScan, and then aligned to construct a
phylogenetic tree (Figures 5-7, Supplementary Figures 2-12).
Because some NLR genes can be classified into several NLR
groups according to the domains present therein, the domain
sequences of all transcripts of each gene were used to construct
the phylogenetic tree. Overall, the domain sequences within each
NLR group were highly conserved (Figures 3-5, Supplementary
Figures 2-12). Several NLR groups were divided into multiple
subclades, particularly group T (Supplementary Figure 2), group
C (Supplementary Figure 4), and group N (Supplementary
Figure 6). Furthermore, several NLR groups were phyletically
clustered according to order, including group T (Supplementary
Figure 2) and group TN (Supplementary Figure 11). However, the
four full-length NLR genes did not clearly cluster into order-
based subclades.
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4 Discussion

As the world population continues to grow, the global food
supply is becoming more vulnerable. Pathogens and pests, in
particular, present significant threats to crop production. In
response to these challenges, plants have developed powerful
defense mechanisms to combat diseases throughout their entire
life cycle (Jones and Dangl, 2006). The NLR genes represent one
aspect of plant defense. With the publication of many high-quality
plant genomes and advancements in sequencing technology and
bioinformatics, new NLR genes are being continuously discovered
and cloned (Kourelis et al., 2021). Until recently, the majority of
NLR genes were believed to fall into three main subgroups: TIR-
NBS-LRR (TNL), CC-NBS-LRR (CNL), and RPW8-NBS-LRR
(RNL) (Ding et al., 2020; Zhang et al., 2022). However, a recent
study found that partial-length NLRs may be essential to plant
defense (Wu et al., 2022). Here, we surveyed NLR genes across 100
high-quality plant genomes, including from 83 eudicots, 10
monocots, and 7 other plants belonging to 31 orders and 48
families. The 68,452 identified NLR genes were split into 15
subgroups, 4 of which contained full-length NLRs and 11 of
which contained partial-length NLRs.

Modern biological research is often conducted with large
datasets and databases, such as those provided by NCBI or
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FIGURE 5

Phylogenetic analysis of group NL. The left panel shows the
phylogenetic tree created using FastTree, with different colors
denoting different orders. The right panel shows the corresponding
aligned domain sequences, with different colors corresponding to
different amino acids.

EMBEL (Madeira et al., 2022). For studies of NLRs, RefPlantNLR
and NLRscape are the two most commonly utilized databases
(Kourelis et al,, 2021; Martin et al., 2022). RefPlantNLR contains
481 experimentally verified NLRs and NLRscape contains over
80,000 protein sequences identified via UniProtKB. Here, we have
created a novel and complementary reference dataset,
PlantNLRatlas. Although the RefPlantNLR contains several highly
significant plant species, we have expanded our dataset to include
an even wider variety of useful plants, including several traditional
Chinese medicinal (TCM) plants such as ginseng (Panax
notoginseng) (Chen et al., 2017), and major crops such as wheat,
rice, and corn/maize. Our 100PlantsRNLs dataset contains
significantly more NLR genes than RefPlantNLR, indicating that
many NLR genes are in need of experimental validation
and cloning.

FIGURE 6

Phylogenetic analysis of group CNL. The left panel shows the
phylogenetic tree created using FastTree, with different colors
denoting different orders. The right panel shows the corresponding
aligned domain sequences, with different colors corresponding to
different amino acids.
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FIGURE 7

Phylogenetic analysis of group TNL. The left panel shows the
phylogenetic tree created using FastTree, with different colors
denoting different orders. The right panel shows the corresponding
aligned domain sequences, with different colors corresponding to
different amino acids.

Many bioinformatic analyses utilize only one representative
transcript per gene (Yang et al., 2021; Zhao et al., 2021). Here, we
discovered that 520 NLR genes from 45 plants could be classified as
either partial- or full-length NLRs (Supplementary Table 3),
including genes from Oryza glaberrima (18 NLRs), Triticum
aestivum (61 NLRs), and Zea mays (1 NLR). These results suggest
that, as a best practice, bioinformatic analyses and experimental
validations should take into account the structural and functional
variations of each transcript derived from a single gene.

While many studies have probed the evolutionary history of
NLR genes as a group, few have specifically focused on how
individual NLR genes have evolved across various plants
(Kourelis et al., 2021; Martin et al., 2022). Here, we performed
phylogenetic analyses for each distinct NLR group. Because each
NLR group was found to contain one or more subclades, we can
infer that each group has a unique evolutionary history.
Additionally, the majority of NLRs clustered into groups
according to the order to which each species belonged, further
indicating that each group has a unique evolutionary history.

5 Conclusion

In conclusion, this study is the first to conduct a genome-wide scan
of plant NLR genes using the high-quality genomes of 100 plant
species. In all, we identified 3,689 full-length NLRs genes and 64,763
partial-length NLRs genes. Based on this, we created a dataset with a
wealth of information that may be used to complement RefPlantNLR,
the most comprehensive dataset available at the time. Furthermore, we
used transcriptomic data to confirm the identified NLR genes, and we
discovered that several of the NLR genes may be crucial for the plant
response to biotic stress. Our study and the corresponding dataset will
be a valuable tool for NLR gene research and will support the discovery
of plant stress resistance genes.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1178069
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

XL and HH raised scientific questions and designed the study.
XL, LM, and YW collected data. XL and HH performed the analysis.
XL, YW, LM, CY, CG, YL, XM, and FD wrote the manuscript. All
authors read and approved the final manuscript.

Funding

This study was supported by the National Key R&D Program of
China (2021YFD1000200), the National Natural Science
Foundation of China (31801792, 31960554) and the Major
Science and Technology Project of Yunnan (202202AE090036-04).

Acknowledgments

We appreciate the linguistic assistance provided by TopEdit
(www.topeditsci.com) during the preparation of this manuscript.
We thank Dr. Jianming Zeng (University of Macau), and all the
members of his bioinformatics team, biotrainee, for generously
sharing their experience and codes.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1178069/
full#supplementary-material

SUPPLEMENTARY TABLE 1
Metadata of the 100 plants used in this study.

SUPPLEMENTARY TABLE 2
The PlantNLRatlas dataset.

Frontiers in Plant Science

10.3389/fpls.2023.1178069

SUPPLEMENTARY TABLE 3
The subset of one gene divided into multiple NLR gene groups.

SUPPLEMENTARY FIGURE 1

Number of genes within and characteristics of each NLR group. Different
colors represent full-length and partial-length genes. (A): Number of genes in
each group. (B): Protein lengths. (C): Protein molecular weights, with the red
point indicating the average value. (D): Protein isoelectric points, with the red
point indicating the average value.

SUPPLEMENTARY FIGURE 2

Phylogenetic analysis of group T. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 3

Phylogenetic analysis of group R. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 4

Phylogenetic analysis of group C. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 5

Phylogenetic analysis of group L. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 6

Phylogenetic analysis of group N. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 7

Phylogenetic analysis of group RN. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 8

Phylogenetic analysis of group CL. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 9

Phylogenetic analysis of group CN. The left panel shows the phylogenetic
tree created using FastTree, with different colors denoting different orders.
The right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 10

Phylogenetic analysis of group TL. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 11

Phylogenetic analysis of group TN. The left panel shows the phylogenetic tree
created using FastTree, with different colors denoting different orders. The
right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.

SUPPLEMENTARY FIGURE 12

Phylogenetic analysis of group RNL. The left panel shows the phylogenetic
tree created using FastTree, with different colors denoting different orders.
The right panel shows the corresponding aligned domain sequences, with
different colors corresponding to different amino acids.
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