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The Brassicaceae consists of a wide range of species, including important Brassica crop species and the model plant Arabidopsis
(Arabidopsis thaliana). Brassica spp. crop diseases impose significant yield losses annually. A major way to reduce susceptibility to
disease is the selection in breeding for resistance gene analogs (RGAs). Nucleotide binding site-leucine rich repeats (NLRs),
receptor-like kinases (RLKs), and receptor-like proteins (RLPs) are the main types of RGAs; they contain conserved domains and
motifs and play specific roles in resistance to pathogens. Here, all classes of RGAs have been identified using annotation and
assembly-based pipelines in all available genome annotations from the Brassicaceae, including multiple genome assemblies of
the same species where available (total of 32 genomes). The number of RGAs, based on genome annotations, varies within and
between species. In total 34,065 RGAs were identified, with the majority being RLKs (21,691), then NLRs (8,588) and RLPs
(3,786). Analysis of the RGA protein sequences revealed a high level of sequence identity, whereby 99.43% of RGAs fell into
several orthogroups. This study establishes a resource for the identification and characterization of RGAs in the Brassicaceae and
provides a framework for further studies of RGAs for an ultimate goal of assisting breeders in improving resistance to plant
disease.

The Brassicaceae family encompasses ;340 genera
and 3,350 species, including important crop species
from the genus Brassica, such as Brassica napus (canola),
Brassica oleracea (including kale [Brassica oleracea var.
acephala], broccoli [Brassica oleracea var. italica], cabbage
[Brassica oleracea var. capitata], and brussels sprouts
[Brassica oleracea var. gemmifera]), and Brassica rapa (bok
choy [Brassica rapa ssp. chinensis] and turnip [Brassica

rapa ssp. rapa]; Schmidt et al., 2001). Several members of
this family are also employed as model species, in-
cluding Arabidopsis (Arabidopsis thaliana), which is the
most widely used plant in research;Arabidopsis halleri, a
model species for heavy metal tolerance and hyper-
accumulation (Palmer et al., 2001); Lepidium meyenii, a
model species for floral structure (Lee et al., 2002);
Eutrema salsugineum, a model species for salinity stress
(Wu et al., 2012); and Barbarea vulgaris, a model species
for insect resistance (Nielsen et al., 2010). Huang et al.
(2016) grouped tribes from the Brassicaceae into six
major clades (A to F) using nuclear markers from newly
sequenced transcriptomes of 32 Brassicaceae species.
Clade A includes plants from the genera Lepidium,
Arabidopsis, Capsella, and Boechera; the genera Brassica,
Eutrema, Raphanus, Arabis, and Thlaspi are examples
of clade B; the tribes Cochlearieae, Anastaticeae, and
Biscutelleae are from clade C; clade D includes the
tribe Alysseae; clade E includes species from four
tribes, including Chorisporeae and Hesperideae; and
clade F includes the Atheionemeae tribe (Huang
et al., 2016). Guo et al. (2017) also reported a simi-
lar phylogeny of Brassicaceae using the plastome of
53 species of Brassicales. However, clade D was not
identified as a result of the limited taxon sampling
(Guo et al., 2017).
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Crop species from the Brassicaceae are often affected by
several diseases, including blackleg (Leptosphaeria mac-
ulans), Sclerotinia stem rot (Sclerotinia sclerotiorum), downy
mildew (Hyaloperonospora parasitica), clubroot (Plasmodio-
phora brassicae), and Turnip mosaic virus (Rimmer et al.,
2007; Neik et al., 2017). Plant resistance gene analogs
(RGAs) play a role in host resistance to disease and consist
of genes with conserved domains and motifs and diverse
structure, function, and evolution (Sekhwal et al., 2015).
The nucleotide-binding-site leucine-rich repeat (NLR)
gene family is the best-known family of RGAs, with a
major role in plant disease resistance (Meyers et al., 1999;
McHale et al., 2006). NLR genes are known as Resistance
genes (R genes). R gene-induced resistance occurs in a
gene-for-genemannerwhereby anR gene in the host plant
has a corresponding avirulence gene in the pathogen (Flor,
1971). In a typical NLR gene, the nucleotide-binding site
(NBS) and leucine-rich repeat (LRR) domains are located
in the middle and in the C terminus of the gene, re-
spectively (Meyers et al., 1999; Xiao et al., 2001; Shao
et al., 2014). The remaining structure of NLR proteins
consists of three main domains at the N terminus,
which are also used to classify R genes: the TIR-NBS-
LRR (TNL) class is characterized by a Toll/IL-1 re-
ceptor (TIR) domain, the CC-NBS-LRR (CNL) class
contains the coiled-coil domain, and the RPW8-NBS-
LRR (RNL) class contains the RESISTANCE TO POW-
DERY MILDEW8 (RPW8) domain.

Receptor-like protein kinases (RLKs) or membrane-
associated receptor-like proteins (RLPs), known as
pattern recognition receptors (PRRs), are another class
of RGAand themain component of the first line of plant
immunity (Zipfel, 2014; Sekhwal et al., 2015). In plants,
RLKs are the most abundant RGAs, and their structure
is very similar to that of RLPs. They have an extracel-
lular domain at the beginning of their N terminus in-
volved in the perception of the microbial pattern and a
transmembrane helix domain that can anchor the RLP
and RLK in the plasma membrane. However, RLKs
differ from RLPs by having a cytoplasmic kinase do-
main such as Ser/Thr protein kinases and Tyr kinase
(STTK) at their C termini (Walker, 1994; Shiu and
Bleecker, 2003; Sekhwal et al., 2015). Plant PRRs are
classified according to their extracellular N-terminal
domain. The major PRR subclasses involved in patho-
gen recognition carry a Lys motif or an LRR domain
(Couto and Zipfel, 2016). RLPs do not possess any
signaling domain in their intracellular region, and their
domain structure is similar to extracellular domains of
RLKs, suggesting that they might function in conjunc-
tion with one or several RLKs (Shiu and Bleecker, 2003;
Zipfel, 2014). Along with defense mechanisms, RLKs
and RLPs are also involved in developmental processes
(Sekhwal et al., 2015), including meristem and stomatal
development (Jeong et al., 1999; Nadeau and Sack,
2002).

RGAs play an important role in plant defense and
have been widely used in breeding programs to im-
prove crop disease resistance. A better understand-
ing of their function, structure, and distribution is

extremely valuable for breeders to enhance crop disease
resistance. Several studies have analyzed the diversity
and evolution of RGAs among the Brassicaceae (Fritz-
Laylin et al., 2005;Wang et al., 2008; Shao et al., 2016; Yu
et al., 2016; Zhang et al., 2016b); however, most focus on
one or a fewmembers of the Brassicaceae, and no study
includes all sequenced species from this family. More-
over, the analyses have been undertaken using different
methodologies, making the results between studies
harder to compare. In this research, we used a unified
methodology for RGA identification, phylogeny, and
distribution analysis in all currently available genome
annotations for 25 species of the Brassicaceae, including
both wild and domesticated species, and one species
from the Cleomaceae, the Brassicaceae sister family
(Cheng et al., 2013). The results provide a valuable re-
source of candidate R genes in the Brassicaceae, which
can be employed by breeders to improve disease re-
sistance in Brassica spp. crops.

RESULTS

Identification, Classification, and Distribution of RGAs in
the Brassicaceae Family Using RGAugury

We used the RGAugury pipeline to identify three
main classes of RGAs (RLKs, RLPs, and NLRs) in the
Brassicaceae. A total of 34,065 candidate RGAs were
identified in all genomes, with the most common being
RLK (21,691 genes), followed by NLR (8,588 genes) and
RLP (3,786 genes) classes. Among all genomes, B. napus
‘ZS11’ (NLRs, 566; RLKs, 1,517; and RLPs, 260), B. napus
‘Darmor-bzh V4’ (NLRs, 621; RLKs, 1,497; and RLPs,
273), and Camelina sativa (NLRs, 504; RLKs, 1,469;
and RLPs, 280) contained the highest number of
NLRs, RLKs, and RLPs (Supplemental Figs. S1 and
S2; Supplemental Table S1).

RLKs and RLPs were subdivided into three classes
based on their N-terminal domain, namely LRR, LysM,
andOther. RLKswere further divided into RD and non-
RD classes, where RD refers to the kinases that are in-
volved in phosphorylation with positively charged Arg
(R) and negatively chargedAsp (D) amino acid residues
at the activation site and non-RD refers to kinases that
are lacking these amino acids (Dardick et al., 2012). In
total, the majority of candidate RLKs and RLPs were of
class LRR, 9,066 and 3,702, respectively, whereas only
157 LysM-RLKs and 84 LysM-RLPs were identified.
There were fewer than 10 LysM-RLPs identified in all
the Brassicaceae genomes. C. sativa and L. meyenii
contained the highest number of LysM-RLKs, 15 and
10, respectively. The additional contigs of the B. napus
and B. oleracea pangenomes were not found to contain
any LysM-RLK and LysM-RLP RGAs (Supplemental
Table S1).

Among RLK subclasses, the majority of LysM-RLKs
and other-RLKs were classified as RD; however, almost
half of LRR-RLKs (4,068 out of 9,066) were non-RD. L.
meyenii (total, 655; non-RD, 311), C. sativa (total, 609;
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non-RD, 263), and B. napus ‘ZS11’ (total, 604; non-RD,
269) were found to harbor the highest number of LRR-
RLKs and non-RD LRR-RLKs. However, the highest
proportion of both LRR-RLK types was found in
Schrenkiella parvula (0.79%), E. salsugineum (0.79%), and
Capsella rubella (0.78%). The highest number of LRR-RLPs
was identified in C. sativa (271), B. napus ‘Darmor-bzh V4’
(268), and B. napus ‘ZS11’ (254). The highest proportion of
LRR-RLPs was found in S. parvula (0.43%), Thlaspi arvense
(0.43%), and Brassica nigra (0.36%; Fig. 1; Supplemental
Table S1).

Out of the total 8,588 NLR genes, 3,146 were typical
NLRs (NLR genes with all three domains) and 5,442
were atypical (genes with partial or disordered do-
mains). TX (TIR with unclassified domains; 1,822
genes), NL (NBS-LRR; 1,532), NBS (631), and TN (TIR-
NBS; 618) were themost commonly identified atypical
NLR genes, whereas RN (RPW8-NBS) was the least
frequent (30). The number of atypical NLRs was
higher than typical NLRs in all genomes except for
three: B. rapa (typical, 130; atypical, 120), Arabidopsis
Araport reannotation (typical, 117; atypical, 88), and

Figure 1. Phylogeny of Brassicaceae genomes based on R genes. The colored bars show the percentages of RLKs and RLPs in each
genome. Genes were identified using RGAugury.
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ArabidopsisTAIR (typical, 119; atypical, 86; Supplemental
Fig. S1; Supplemental Table S1). The total numbers of
the three typical classes of NLR genes identified were
as follows: TNLs, 1,954; CNLs, 1,055; and RNLs, 137
(Supplemental Table S1). The B. napus ‘Darmor-bzh V4’
genome was revealed to have the highest number of
TNLs (169 genes), L. meyenii contained the highest num-
ber of CNLs (86 genes), and Brassica juncea contained the
highest number of RNLs (11 genes). The largest numbers

of NLR genes were identified in B. napus ‘Darmor-bzhV4’
(621),B. napus ‘ZS11’ (566), andC. sativa (504). The highest
percentages of NLR genes were found in Boechera stricta
(1.41%), Cardamine hirsute (1.02%), and S. parvula (0.99%).
B. stricta and S. parvula also had the highest percentages of
typical NLR genes, 0.63% and 0.42%, respectively (Fig. 2;
Supplemental Table S1).

Despite the greater overall total number of TNLs in
the Brassicaceae, six of the genomes were found to

Figure 2. Phylogeny of Brassicaceae genomes based on R genes. The colored bars show the percentage of NLRs in each genome.
Genes were identified using RGAugury. Boxes show the agreement of the presented results with the previously reported phy-
logenetic relationship of Brassicaceae by Huang et al. (2016). All species from clade A grouped and formed a separate clade,
similar to species from clade B and F. Species from the Cleomaceae family formed a separate clade from all Brassicaceae family
species.
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contain more CNLs than TNLs, including B. juncea
(TNLs, 30; CNLs, 49), L. meyenii (TNLs, 18; CNLs, 86),
and Raphanus raphanistrum (TNLs, 15; CNLs, 18). The
number of RNLs and RNs identified was lower than
that of TNLs and CNLs, with 14 genomes not con-
taining any RNLs. Furthermore, no RNLs were found
in the additional contigs of B. napus and B. oleracea
pangenomes, even though these extra contigs contained
all other classes of RGAs (Supplemental Table S1).
Comparing the ratios of RGAs to the assembled sizes

of the genomes shows that species with larger genome
sizes do not necessarily harbor higher percentages of
RGAs (Fig. 3). For example, S. parvula (NLRs, 0.99%;
RLKs, 2.1%; and RLPs, 0.44%) and C. rubella (NLRs,
0.63%; RLKs, 1.89%; and RLPs, 0.3%) contained higher
percentages of RGAs compared with the species with
larger genomes, such as B. napus ‘Darmor-bzh V4’
(NLRs, 0.61%; RLKs, 1.48%; and RLPs 0.27%) and B.

juncea (NLRs, 0.39%; RLKs, 1.36%; and RLPs, 0.23%;
Fig. 3; Supplemental Table S1).
The percentage of atypical NLRs within whole NLR

genes indicates that genomes with larger genome sizes
have higher percentages of atypical NLRs. For example,
C. sativa (72.22%), L. meyenii (69.67%), B. napus ‘Darmor-
bzh V8’ (82.16%), R. raphanistrum (82.03%), and B. napus
‘Tapidor’ (81.73%) have higher percentages of atypical
NLRs compared with species with small genome sizes,
such as Arabidopsis TAIR (41.95%) and S. parvula
(57.43%; Supplemental Table S1).
We analyzed and compared the numbers of candi-

date RGAs among different assembly versions of B.
napus, Raphanus sativus, and Arabidopsis. The total
percentages of RLK genes among different assembly
versions of these species show the percentage of RLKs
to be comparable between B. napus ‘Darmor-bzh V4’
(1.48%) and ‘Darmor-bzh V8’ (1.04%). However, the

Figure 3. Comparing the NLR, RLK, and
RLP ratios with assembled sizes of the
genomes, illustrating no clear link be-
tween the genome size and the ratio of
RGAs.
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percentage of NLR genes in B. napus ’Darmor-bzh V4’
(0.61%) is almost twice that of B. napus ‘Darmor-bzhV8’
(0.3%). Similarly, the percentages of RLPs and total
RGAs were higher in B. napus ‘Darmor-bzh V4’ (RLPs,
0.27%; total, 2.36%) in comparison with B. napus
‘Darmor-bzh V8’ (RLPs, 0.08%; total, 1.42%). The per-
centages of NLR genes and total RGAs between the two
assembly versions of Arabidopsis from TAIR (NLRs,
0.54%; total RGAs, 2.12%; RLKs, 1.37%; and RLPs,
0.19%) and Araport (NLRs, 0.66%; total RGAs, 2.56%;
RLKs, 1.66%; and RLPs, 0.23%), R. sativus 2014 (NLRs,

0.37%; total RGAs, 1.46%; RLKs, 0.89%; and RLPs,
0.19%), and R. sativus 2015 (NLRs, 0.46%; total RGAs,
1.884%; RLKs, 1.17%; and RLPs, 0.24%) were not sig-
nificantly different (Fig. 2; Supplemental Table S1).

Identification of NLRs in the Brassicaceae
Using NLR-Annotator

To evaluate the impact of different assembly and
annotation methods on RGA prediction, NLR genes

Figure 4. Phylogeny of Brassicaceae genomes based on R genes. The colored bars show the percentage of NLRs in each genome.
Genes were identified using NLR-Annotator.
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were also identified using the assembly-based NLR-
Annotator, in contrast to the annotation-based RGAu-
gury. The total numbers of NLRs for both methods
were comparable: RGAugury (8,588 NLR genes) and
NLR-Annotator (8,889NLR genes; Fig. 4; Supplemental
Table S1).

RGA Distribution on Chromosomes/Pseudochromosomes
and Subgenomes

We investigated the distribution and density of
RGAs in the annotations of the closely related genomes
B. oleracea, B. rapa, and B. napus. Overall, RGAs were
unevenly distributed along the chromosomes. The
RGA distribution pattern in the C subgenome (B. oler-
acea) and the A subgenome (B. rapa) is comparable with
their counterpart subgenome in B. napus (Fig. 5). In
general, a similar distribution and density pattern of
RLKs was found between subgenome A in B. napus and
B. rapa. However, some regions, such as the end of
chromosome A3 and the beginning of chromosome A8
in B. rapa, do not contain any RGAs, which is not the
case in A3 and A8 of B. napus. Similarly, in the C sub-
genome, there are some similarities and differences
between B. napus and B. oleracea. For example, both
species do not contain any RGAs in the middle of
chromosome C9, but chromosome C7 has a similar
distribution and density pattern in both species (Fig. 5).
RGA analyses were carried out for the A and C

subgenomes in B. napus ‘Darmor-bzh V8’, ‘Tapidor’,

‘Darmor-bzh V4’, and ‘ZS11’. The total number of RLKs
was found to be similar between the A and C sub-
genomes in each of the cultivars and assembly versions
of B. napus (Supplemental Table S1). However, the total
number of NLRs was found to be noticeably higher in
the C subgenome of all cultivars and assembly versions
of B. napus than in subgenome A (Supplemental Table
S1). For example, subgenomes A and C in B. napus
‘Darmor-bzh V8’ contained 479 and 486 RLKs and 119
and 157 NLRs, respectively. For RLPs, there was no
specific pattern: whereas both subgenomes contained
similar numbers of RLPs in B. napus ‘Darmor-bzh V8’
and ‘Darmor-bzh V4’, in B. napus ‘Tapidor’ and ‘ZS11’,
the C subgenomes have noticeably more RLPs than the
A subgenome (Supplemental Table S1).

Orthogroup Clustering and Phylogenetic Analysis

We investigated the protein sequence similarity of all
candidate RGAs across all genomes using OrthoFinder.
All RGAs were grouped into 1,396 multigene clusters
(orthogroups). The cluster with the largest number of
RGAs contained 2,969 genes, including 917 non-RGAs,
2,028 NLRs, zero RLKs, and 24 RLPs. Of the 2,029 NLR-
RGAs, the majority were of class TNL (1,098), followed
by 428 NLs and 141 TNs.
CNLs and RNLs, similar to TNLs, mostly grouped

together, and their clusters also contained high num-
bers of their respective atypical genes. For instance, the
two clusters with the largest number of CNLs (572 and

Figure 5. Distribution and density of RGAs in
genomes of Brassica spp. RGAs are presented
from B. oleracea (ending in o), B. rapa (ending
in r), and B. napus (ending in n) genomes.
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168) contained the highest number of CNs, 108 and 56,
respectively (Supplemental Table S2). The number of
non-RGAs in clusters varied from zero to 2,195. Out of
1,396 clusters, 12 contained at least 1,000 non-RGAs and
256 contained at least 100 non-RGAs. The non-RGA
domain structure was examined among 20 clusters
with the highest number of candidate RGAs, and the
results showed that most of the non-RGAs in each
cluster contained some conserved domains of the
dominant RGAs in the cluster (Supplemental Table S2).

To gain insight into the dynamic evolution of NLR
genes, phylogenetic analysis based on the genome an-
notation was performed for all 30 genomes and two
extra contigs of pangenomes. The tree formed twomain
clades: one clade included only species from the Bras-
sicaceae family and the other clade included the Tar-
enaya genus from the Cleomaceae family. All the
genomes from the same species grouped together: all
species from the Brassica genuswere in one clade and all
species from the Arabidopsis genus grouped together
(Figs. 1 and 2).

The phylogenetic signal was also tested for RLKs,
RLPs, and NLRs across the Brassicaceae using phylo-
signal (Keck et al., 2016). Significant positive autocor-
relation (P , 0.05) was detected in clade B of the
phylogeny tree for RLKs and NLRs and in clades A and
B for RLPs. There was a strong phylogenetic signal for
RLPs among three species (Leavenworthia alabamica, B.
vulgaris, and C. hirsute) in clade A that was not present
in species that are distanced phylogenetically. For all
three subclasses of RGAs there were strong positive
phylogenetic signals for B. napus ‘Darmor-bzh V4’ and

B. napus ‘ZS11’; however, there were no positive phy-
logenetic signals for other B. napus cultivars and their
other surrounding species in the clade (Fig. 6).

DISCUSSION

Distribution of RGAs in the Brassicaceae Family

In this study, the whole-genome distribution of
RGAs was studied among different members of the
Brassicaceae. The results revealed variation in RLK,
RLP, and NLR gene numbers among different species
of this family. The large number of RLKs compared
with the other RGAs has been previously reported
in several species, including Arabidopsis (Shiu and
Bleecker, 2001; Meyers et al., 2003), rice (Oryza sativa;
Shiu et al., 2004; Zhou et al., 2004; Fritz-Laylin et al.,
2005), and Fragaria vesca (Li et al., 2018b). This is likely
to be due to RLKs also having a signaling function and
their involvement in different plant processes, such as
growth and development, aswell as defense (Shiu et al.,
2004), whereas NLR genes are primarily involved with
plant resistance responses (McHale et al., 2006).

The largest class of PRRs have an extracellular LRR
domain (RLK/RLP) that has been reported in many
plant species, including Arabidopsis (LRR-RLK:216;
Shiu and Bleecker, 2001), potato (Solanum tuberosum;
LRR-RLK:246; Li et al., 2018a), cotton (Gossypium hir-
sutum; LRR-RLK:543; Yuan et al., 2018), wheat (Triticum
aestivum; LRR-RLK:531; Shumayla et al., 2016), rice (LRR-
RLK:309; Sun and Wang, 2011), and poplar (Populus

Figure 6. Significance test of phylogenetic signals for RLKs, RLPs, and NLRs across the Brassicaceae using autocorrection (local
Moran’s I) metrics. Red bars represent genomes with significant phylogenetic autocorrelation (P , 0.05).
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trichocarpa; LRR-RLP:82; Petre et al., 2014). Similarly,
in this study, the majority of RLKs and RLPs were
classified as LRR-RLK/RLP. Here, a large number of
non-RD RLKs were identified across the Brassicaceae,
and it has been suggested that non-RD RLKs are
mainly involved in immunity responses (Dardick
et al., 2012; Rameneni et al., 2015).
Different numbers of NLR genes have also been

reported within and between plant species, including
Arachis duranensis (Song et al., 2017), Manihot esculenta
(Lozano et al., 2015), Arabidopsis and B. rapa (Mun
et al., 2009), B. rapa, C. rubella, and Arabidopsis lyrata
(Zhang et al., 2016b), Arabidopsis (Meyers et al., 2003;
Kong et al., 2018), B. napus, B. rapa, and B. oleracea
(Alamery et al., 2018), the B. oleracea pangenome (Golicz
et al., 2016), tomato (Solanum lycopersicum), pepper
(Capsicum annuum), and potato (Seo et al., 2016), Fra-
garia 3 ananassa, Fragaria iinumae, Fragaria nipponica,
Fragaria nubicola, and Fragaria orientalis (Zhong et al.,
2018), and wheat (Gu et al., 2015). Using different
pipelines for gene prediction and different versions of a
genome assembly causes the contradiction of reported
numbers of NLR genes among different studies, in-
cluding our study. It has been confirmed that different
approaches in genome annotation and masking of re-
petitive elements have a major impact on gene predic-
tion (Bayer et al., 2018; Slotkin, 2018). In our study, the
quality of different assembly versions of the genera
Arabidopsis and Raphanus was comparable, and no sig-
nificant differences were observed between the per-
centages of candidate RGAs. However, there were
noticeable differences among different assembly ver-
sions of B. napus, potentially due to different repeat-
masking approaches.
The higher number of TNLs than CNLs and RNLs

observed in our study is similar to the findings in B. rapa
and B. napus (Alamery et al., 2018) and Arabidopsis
(Meyers et al., 2003). However, some of the genomes
contain more CNLs than TNLs, such as Aethionema
arabicum and R. raphanistrum, which was also reported
in potato (Seo et al., 2016) and Medicago truncatula
(Ameline-Torregrosa et al., 2008). The reports of RNLs
being the least prevalent among different classes of
NLRs in 25 species of angiosperms (Shao et al., 2014;
Zhang et al., 2016b) are consistent with our findings.
RNLs are not directly involved in pathogen recogni-
tion, and they assist other NLR genes to accomplish a
resistance response (Xiao et al., 2001). Therefore, plants
do not need a high number of RNLs, and thus the wide
range of TNLs and CNLs is necessary for plants to ex-
pand their ability for pathogen recognition to counter-
act rapid pathogen evolution. The observed variation of
identified RGAs and their uneven distribution along
the genomes indicate that the genome evolutionary
events, namely whole-genome duplication (WGD),
whole-genome triplication (WGT), transposon-mediated
gene duplication, and tandem and segmental gene
duplication, have an important role in generating dif-
ferent numbers of RGAs (Walker et al., 1995; Mun et al.,
2009; Franzke et al., 2011; Lisch, 2013). Loss of function,

subfunctionalization, and neofunctionalization play
major roles in the evolution of duplicated genes (Lynch
and Conery, 2000) by increasing the retention rate of
these genes (Rastogi and Liberles, 2005). The involve-
ment of these processes in the evolution of RGAs has
been also reported in other plant families such as
Rosaceae (Zhong et al., 2015, 2018).

NLR-Annotator and RGAugury Comparison

Different annotation approaches can affect the pre-
diction of NLR genes (Bayer et al., 2018). To evaluate
the results from RGAugury, a pipeline for RGA iden-
tification using all predicted proteins, we used NLR-
Annotator, a tool for de novo genome annotation of
NLR loci. The total number of candidateNLRswas very
similar between the RGAugury and NLR-Annotator
methods. Most of the assemblies that have been used
in this study are Illumina based; however, a few as-
semblies are based on other sequencing methods; for
example, B. rapa and B. napus ‘Darmor-bzh’ are PacBio
and Illumina based (Supplemental Table S1).
Only one assembly showed substantial differences

between the two methods. The results from RGAugury
show that B. napus ‘Darmor-bzh V8’ contains sub-
stantially fewer RGAs in comparison with B. napus
‘Darmor-bzh V4’; however, using NLR-Annotator, B.
napus ‘Darmor-bzh V8’ and ‘Darmor-bzh V4’ contain
exactly the same number of RGAs. Of note, B. napus
‘Darmor-bzh V8’ and ‘Darmor-bzh V4’ are different in
both annotation and assembly. As NLR-Annotator is
only annotation independent, this observation suggests
that the differences between B. napus ‘Darmor-bzh V4’
and ‘Darmor-bzh V8’ as a result of using different an-
notation methods and RGA prediction are not affected
by assembly methods. The stringent repeat-masking
method used for both B. napus ‘Darmor-bzh V8’ and
‘Tapidor’ (Bayer et al., 2017, 2018) can explain the lower
number of RGAs identified by RGAugury in compari-
son with that identified for other B. napus cultivars and
assembly versions. Using NLR-Annotator, the number
of RGAs in cv Tapidor is comparable with other B.
napus cultivars. These observations show that the re-
sults have not been significantly affected by sequencing
and assembly methods.

RGA Distribution on Pseudomolecules

The distribution of RGAs in and within the pseudo-
molecules of B. napus and its progenitor B. rapa and B.
oleracea genomes was not even, which is similar to ob-
servations made in other studies (Chalhoub et al., 2014;
Yu et al., 2014; Golicz et al., 2016; Zhang et al., 2016b).
The high similarity of distribution and density pattern
of RGAs in the C subgenome (B. oleracea) and the A
subgenome (B. rapa) with their counterpart subgenome
in B. napus shows that RGAs have been conserved
during genome evolutionary events. The results also
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show that a chromosome might be rich in one class of
RGAs whereas it has only a few or no genes of another
class. Different NBS-encoding gene numbers were also
reported in C. rubella, Thellungiella salsuginea, A. lyrata,
Arabidopsis, and B. rapa (Zhang et al., 2016b). The ob-
served differences of distribution and density pattern of
RGAs between different assembly versions of B. napus
and B. rapa reflect the importance of the genome
assembly quality, whereby the accuracy of gene
prediction mainly depends on the quality of genome
assembly.

Orthogroup Clustering and Phylogenetic Analysis

Based on Orthogroup clustering, most of the genes
from the same class of RGAs, across all genomes,
grouped together. This observation confirms a signifi-
cant homology between RGAprotein sequences among
all species. Non-RGAs in a cluster carry some of the key
domains of the dominant RGA class in the cluster. Non-
RGAs in RLK-dominated clusters consisted of different

types of kinase domain, such as STTK, and other types
of domains, including PAN/Apple domain, a type of
RLK receptor (Shiu and Bleecker, 2001); LRR; legume
lectin domain; and Gnk2-homologous domain. Non-
RGAs in NBS-dominated clusters mostly include a
winged helix-like DNA-binding domain, which is a
subdomain of the NBS domain (McHale et al., 2006),
and LRR and TIR domains. The non-RGAs might be an
incomplete form of the RGAs that have not been iden-
tified with the applied pipeline (RGAugury).

Our phylogenetic analysis is consistent with the
proposed Brassicaceae phylogeny and evolutionary
history presented by Guo et al. (2017) and Huang et al.
(2016). Species from the Brassicaceae family formed a
separate clade from the Cleomaceae family. The clade
of the Brassicaceae family also divided into three sub-
clades: one subclade includes all species from clade A,
the second one includes all species from clade B, and the
third one includes the Aethionema genus from clade F.

NLR distribution among the species shows that
species with a larger genome size (such as Brassica spp.)
contain a higher number of NLR genes; however, they

Table 1. List of the genomes used in this study, their assembly size, and number of predicted proteins

N/A, Not available.

Species Total Assembled Size
No. of

Proteins
Reference

Aethionema arabicum 199,432,295 37,839 Haudry et al. (2013)
Arabidopsis halleri 127,615,339 26,911 Briskine et al. (2017)
Arabidopsis lyrata 206,667,935 33,132 Rawat et al. (2015)
Arabidopsis Araport N/A 48,359 Arabidopsis Genome Initiative (2000)
Arabidopsis TAIR 119,667,750 37,513 Cheng et al. (2017)
Arabis alpina 336,719,365 34,220 Willing et al. (2015)
Barbarea vulgaris 167,749,783 25,350 Byrne et al. (2017)
Boechera stricta 189,344,188 29,812 Lee et al. (2017)
Brassica juncea 937,030,072 79,644 Yang et al. (2016)
Brassica napus ‘Darmor-bzh V4’ 850,288,203 101,040 Chalhoub et al. (2014)
Brassica napus ‘Tapidor’ 636,323,668 84,347 Bayer et al. (2017)
Brassica napus ‘ZS11’ 976,245,903 101,942 Sun et al. (2017)
Brassica napus pangenome 1,048,086,857 111,283 Hurgobin et al. (2018)
Additional contigs 197,794,754 16,518 Hurgobin et al. (2018)
Darmor-bzh V8.1 850,292,103 94,765 Bayer et al. (2017)
Brassica nigra 402,096,365 47,953 Yang et al. (2016)
Brassica oleracea pangenome 587,191,128 66,298 Golicz et al. (2016)
Additional contigs 98,568,621 7,078 Golicz et al. (2016)
V2.1 488,622,507 59,220 Parkin et al. (2014)
Brassica rapa N/A 45,985 Zhang et al. (2018)
Camelina sativa 641,452,262 94,495 Kagale et al. (2014)
Capsella grandiflora 105,346,052 26,561 Slotte et al. (2013)
Capsella rubella 134,834,574 28,447 Slotte et al. (2013)
Cardamine hirsuta 198,654,690 38,094 Gan et al. (2016)
Eutrema salsugineum 243,117,811 26,351 Yang et al. (2013)
Leavenworthia alabamica 174,200,922 38,676 Haudry et al. (2013)
Lepidium meyenii 743,171,196 96,417 Zhang et al. (2016a)
Raphanus raphanistrum 254,586,761 50,972 Moghe et al. (2014)
Raphanus sativus 402,330,269 80,521 Kitashiba et al. (2014)
Raphanus sativus 383,104,752 64,657 Mitsui et al. (2015)
Sisymbrium irio 259,494,581 49,956 Haudry et al. (2013)
Tarenaya hassleriana 249,929,577 40,802 Cheng et al. (2013)
Schrenkiella parvula 137,251,937 28,178 Dassanayake et al. (2011)
Thlaspi arvense 343,012,389 27,390 Dorn et al. (2015)
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contain a lower percentage of typical NLR genes and
a higher percentage of atypical NLR genes compared
with species with a small genome size (such as Ara-
bidopsis). Additionally, the difference between the
percentages of typical and atypical NLRs is more
significant in species with a larger genome size. This
suggests that the large number of R genes must be
costly, so that in the Brassicaceae family, despite the
increased genome size during genome evolutionary
events, the R gene number has not increased pro-
portionally with genome size. The biological cost of
containing a high copy number of R genes is in-
creasing energy consumption under stress condi-
tions, when plant adaptation relies on energy-saving
responses (Tomé et al., 2014), in order to balance the
transcription and translation of R genes where the
high expression of R genes can be lethal for plants (Li
et al., 2012). The lower percentage of NLRs among
Brassica spp., those species with larger genome sizes,
could also be a consequence of extensive gene loss,
which occurred during WGD, WGT, and poly-
ploidization events in these species. Gene loss is
reported to be common during polyploidization
(Town et al., 2006), and extensive gene and segmental
loss have been frequently reported in B. oleracea (Town
et al., 2006; Liu et al., 2014; Alamery et al., 2018), B. napus
(Parkin et al., 2005; Chalhoub et al., 2014; Alamery et al.,
2018), B. rapa (Alamery et al., 2018), and B. juncea (Yang
et al., 2016). Consequently, both genome evolutionary
events and the biological cost of the high copy number of
R genes lead plants to keep the number of R genes at a
definite range, regardless of genome size.
Phylogenetic signals were observed among species

with close phylogenetic distance for all three classes of
RGA (i.e. RLKs, RLPs, and NLRs). However, the strong
positive phylogenetic signals that were detected for B.
napus ‘Darmor-bzh V4’ and B. napus ‘ZS11’ were not
detected for other B. napus cultivars and their other
surrounding species in the phylogeny tree, which sug-
gests that the observed signals for B. napus ‘Darmor-bzh
V4’ and B. napus ‘ZS11’ might be false-positive signals
due to technological artifacts. This is more likely linked
to the different annotation methods, as we show that
RGA prediction is not affected by the sequencing
technologies and assembly approaches in this study.
In summary, we identified more than 34,000 RGAs

across Brassicaceae wild and domesticated species. In
Brassica spp., despite their large genome size andWGD,
WGT, and polyploidization events, the number of R
genes has not expanded widely. Comparative analysis
indicates that the number and distribution of RGAs
greatly vary among species, whereas orthogroup clus-
tering confirmed a high homology of the RGA proteome
across all genomes. Despite many studies that have
identifiedRGAs across different plant species, only a few
R genes have been cloned due to the complexity of fine-
mapping of R genes, which is partially due to the lack of
information about their genomic structure and distri-
bution. These complications are further intensified in
plants that experienceWGD andWGT, like Brassica spp.

that harbor many copy numbers of RGAs. Different
methods of RGA identification make further fine-
mapping and comparative genomic analysis between
species more complicated. Here, by using a unified
methodology, we performed a comparative analysis of
RGAs among all sequenced wild and cultivated spe-
cies in addition to two sets of extra contigs from two
Brassica spp. pangenomes. These comparative analy-
ses provide a better insight into the genomic distri-
bution and variation of RGAs across this plant family,
which can be used to assist the identification and
cloning of RGAs from previously untapped sources
and their subsequent application in breeding pro-
grams for producing resistant cultivars.

MATERIALS AND METHODS

Genomic Resources

Whole-genome RGA identification was performed on 32 sequenced and
annotated genomes, including 30 genomes from the Brassicaceae in addition to
two sets of extra contigs of Brassica napus and Brassica oleracea pangenomes and
one genome from Cleomaceae, included as an outlier. To minimize the as-
sembly impact on RGA prediction, different assembly versions for identical
species were included (Table 1).

Identification and Classification of RGA Genes in the
Brassicaceae Family

RGAs were identified using RGAugury, a pipeline for genome-wide RGA
prediction (Li et al., 2016). Three main classes of RGAs were identified and
classified: RLK, RLP, and NLR genes. The RGAugury pipeline also divided the
NLR gene family members into several subgroups according to their domain
architecture, namely NBS, CNL, TNL, TN, CN, NL, TX (TIR with unclassified
domains), and Other. Genes carrying RPW8 domains were manually reas-
signed based on their original domains: genes classified as NBS with an RPW8
were reclassified as RN, genes classified as NL with an additional RPW8 do-
main were reclassified as RNL, and all other remaining genes (TNL, CNL, CN,
TN, and TX) carrying an additional RPW8 domain were reclassified as Other.
Among NLRs, TNL, CNL, and RNL subgroups were named as typical NLRs
and the rest of the subgroups that contain partial or disordered domains was
named as atypical NLRs. Using a Python script, RLKs and RLPs were divided
into three subclasses: PRRs containing an LRR domain (LRR-RLK/RLP), PRRs
containing Lys motifs (LysM-RLK/RLP), and PRRs with any other domain
(other-RLK/RLP). RLKs were further divided into RD and non-RD classes by
performing BLAST between RLK candidates and previously published RD and
non-RD RLK candidates in Brassica rapa (Rameneni et al., 2015). To evaluate the
effect of annotation on gene prediction, we also used NLR-Annotator
(Steuernagel et al., 2018) for the identification of NLR genes based on motifs
present in the genome assembly.

Phylogenetic Analysis of RGAs

All proteomes were clustered using OrthoFinder v1.1.8 (Emms and Kelly,
2015). The species-level tree obtained fromOrthoFinder was comparedwith the
phylogenies stored for the Brassicaceae in the Open Tree Of Life (Wang et al.,
2009; Parfrey et al., 2011; Soltis et al., 2011; Ruhfel et al., 2014; Magallón et al.,
2015; Sun et al., 2016; Foster et al., 2017). The expansion of RGA classes for
different branches of the tree was carried out using the R package phytools v0.6
(Revell, 2012). Phylogenetic signal was tested with the function phyloSignal in
the R package phylosignal v.1.2 (Keck et al., 2016); its significance was esti-
mated with 999 iterations.

Gene Density Plots

ChromoMap v0.2 (Anand, 2019) was used to calculate and then plot a his-
togram of RGA candidate density and distribution for B. oleracea, B. rapa, and B.
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napus by plotting the density of NLR candidates for B. napus ‘ZS11’, B. oleracea
V2.1, and B. rapa V3.0.

Accession Numbers

All candidate sequences are available at https://doi.org/10.26182/
5dbf848ca28c3.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phylogeny of Brassicaceae genomes based on
NLR R genes.

Supplemental Figure S2. Phylogeny of Brassicaceae genomes based on
RLP and RLK R genes.

Supplemental Table S1. RGA classification and clustering analysis.

Supplemental Table S2. Orthogroup clustering of RGAs
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