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Abstract: Sugarcane is an important sugar and potential energy crop, and the complexity of its
genome has led to stagnant progress in genome decipherment and hindered the genome-wide analy-
sis of the nucleotide binding site leucine-rich repeat (NLR) receptor until the genome of Saccharum
spontaneum was published. From the genome of S. spontaneum, 724 allelic and non-allelic NLRs were
identified and classified into five types (N, NL, CN, CNL, and P) according to domain architectures
and integrity and at least 35 genes encoded non-canonical domains. The phylogenetic analysis
indicated NLRs containing the coiled-coil (CC) domain separated from those without CC in six
Poaceae species, including S. spontaneum. The motif analysis determined the characteristics and
potential functions of the 137 representative non-allelic NLRs, especially the core motifs contained in
the NBS and LRR domains, which indicated that motifs were regularly distributed among clades.
Through transcription factor binding site (TFBS) profiles, we predicted that the most important
transcription regulator of NLRs in sugarcane were ERF, MIKC_MADS, and C2H2. In addition, based
on three sets of transcriptome data from two sugarcane hybrids and one S. spontaneum clone infected
by the necrotrophic fungal pathogen Stagonospora tainanensis causing sugarcane leaf blight (SLB), the
expression dynamics of NLRs responding to the infection in three sugarcane clones were compared.
The different genetic background led to the significant difference of NLRs response to SLB in different
sugarcane clones, and we got an inference of the potential mechanism of SLB resistance. These results
provided a basic reference and new insights to further study and utilize the NLRs.

Keywords: Saccharum spontaneum; NLR receptor; genome-wide characterization; sugarcane leaf
blight; gene expression

1. Introduction

The immobility of plants causes passivity to accept environmental impacts. In re-
sponse, plants have evolved into a sophisticated, multi-layered mechanism for responding
to pathogenic challenge and triggering immune responses to counteract pathogen attack.
Immune responses are mainly induced by plasma membrane pattern recognition receptors
(PRRs) and cytoplasmic recognition receptors encoded by resistance (R) genes. PRRs di-
rectly perceive relatively conservative small molecules, which were defined as pathogen
associated molecular patterns (PAMPs) and were secreted externally to the plant cells by
invading pathogens [1]. However, in order to overcome the recognition of PRRs, pathogens
can also directly generate effectors into plant cells to disturb cell homeostasis [2]. Fortu-
nately, the effector is also acting as the trigger of the second defense by specific interactions
with a class of disease resistance proteins with a nucleotide binding site (NBS) and a leucine-
rich repeat (LRR) domain, serve as recognition receptors encoded by NLR or NBS-LRR
genes in plants, and strongly revealed the evil invading behavior of pathogens [3,4]. A
hallmark of the resistance mediated by R proteins is hypersensitive response (HR), which
often facilitates a localized cell programmed death response around the infected tissues to
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prevent the further spread of disease symptom and infection of pathogens [5–7]. The two
defense modes mentioned above are the so-called PAMP triggered immunity (PTI) and
effector triggered immunity (ETI), respectively.

The highly conservative NBS domain is also referred to as the NB-ARC domain
since it was also found both in human apoptotic protease-activating factor-1 (Apaf-1) and
caenorhabditis elegans death-4 protein (CED-4) [8,9]. Most of the members of the NLR
family can be roughly divided into three typical classes in accordance with different amino-
terminal domains named toll/interleukin-1 receptor (TIR), coiled-coil (CC), and resistance
to powdery mildew8 (RPW8), which are referred to as TIR-NLRs (TNLs), CC-NLRs (CNLs),
and RPW8-NLRs (RNLs), respectively [10]. However, the NLR family has a high structural
diversity. Except for the three typical classes aforementioned, it also contains many other
small classes based on structural diversity. Truncation of NLRs is one way of diversity
formation, which contains truncation of a single domain, such as LRR (named CN- or
TN-type), RPW8, TIR, or CC (named NL-type). There is only one N domain left, which is
named the N-type. The presence of atypical domains, or integrated domains, for instance,
LIM, BED, WRKY, MAPKKK, SD, PK, and ZF, can also increase the structural diversity of
the NLR family [11].

With the development of plant genomics, the genome-wide analysis of important
gene families at different taxonomic levels has become available. At the beginning of the
21st century, pioneering genome-wide studies of NLR started in Arabidopsis [12] and rice
(Oryza sativa) [13], and other species were also subsequently quickly involved. These efforts
correspond to the importance of NLR in ecology and breeding and simultaneously revealed
that the number of NLR genes varies from less than one hundred to several thousand
in different species [14]. Although sugarcane is an important sugar crop, accounting for
about 80% of total sugar and cultivated in more than one hundred countries in the world
as well as acting as a potential energy crop, the complexity of sugarcane genome has led
to stagnant progress in genome decipherment. Gratifyingly, one clone named AP85-441
belongs to S. spontaneum, which is one of the two ancestor species of modern sugarcane
cultivars (Saccharum spp. hybrids, Poaceae), in which the genome was recently published
by Zhang et al. [15]. Sugarcane hybrids are derived from interspecific crosses between
S. officinarum and S. spontaneum, and have approximately 10–15% chromosomes derived
from S. spontaneum, which is the most important contributor to many important biotic
resistance and abiotic tolerance [16,17].

The first cloned R gene was Hm1 from maize in 1992, and subsequently over about
25 years, the number of cloned R genes has steadily increased and some mechanisms of
NLR genes recognizing pathogens are already known [18]. New disease-resistant NLR
genes and the mechanisms of NLR perception are also constantly being explored and
discovered [19–21], which provides valuable resources for people to fully understand
the working mechanism of NLR genes and then utilize NLR genes in breeding work.
Undoubtedly, the genome-wide identification and analysis of the resistant gene family NLR
in S. spontaneum also represents an important task and a vital precondition in sugarcane
disease-resistant breeding. In the current study, we first used the Hmmer and Blast
software to search all NLR genes in the S. spontaneum genome, and compared the number
and density of NLR genes with five other different species in Poaceae. Then, conservative
motif, gene structure, and upstream TFBSs were analyzed for those genes containing both
the complete NBS and LRR domain, and the distribution characteristics of all NLR genes
on the chromosomes were described. Finally, based on the transcriptome data of sugarcane
response to sugarcane diseases leaf blight, we detected some active NLR genes expressed
during the sugarcane response to disease infection.

2. Materials and Methods
2.1. Sugarcane S. spontaneum and Other Poaceae Species Genome Resources

The whole genome assembly v4.1 of the haploid S. spontaneum, AP85-441, contain-
ing eight homologous groups (Chr1–Chr8) of four members (A–D) each (32 chromo-
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somes), as well as the protein, gene, CDS, and gff3 annotation files, were downloaded
from the following link: http://www.life.illinois.edu/ming/downloads/Spontaneum_
genome/ [15]. Genome sequences and annotation files of five other Poaceae species,
including millet (Setaria italica, Setaria_italica_v2.0), rice (Japonica Group, IRGSP-1.0),
Brachypodium distachyon (Brachypodium_distachyon_v3.0), sorghum (Sorghum bicolor,
Sorghum_bicolor_NCBIv3), and maize (Zea mays, B73 RefGen_v4) were downloaded from
the EnsemblPlants database (http://plants.ensembl.org/species.html). The six species
above belong to three subfamilies of Poaceae, the Panicoideae (S. spontaneum, S. bicolor,
Z. mays, and S. italica), Pooideae (B. distachyon), and Ehrhartoideae (O. sativa).

2.2. Identification of NLR Genes

In order to search for the total NLR genes as much as possible, two search strate-
gies were used in the current study. One search strategy was based on the software
Hmmer v3 using the Hidden Markov Model (HMM) corresponding to the NBS (NB-
ARC) family (PF00931, NBS.hmm), which was downloaded from the Pfam database
(http://pfam.xfam.org/). This NBS.hmm profile was built by nine NBS domain sequences
from other species. The high-quality, non-redundant, and complete NBS domain protein
sequences were obtained using the “hmmsearch” command from the Hmmer v3 with the
E-value < 1 × 10−15 and CDD tool [22] from NCBI with the E-value < 1 × 10−3. Then,
those NBS sequences were aligned by the Clustalw software and a S. spontaneum-specific
HMM (Ss-NBS.hmm) was built using the “hmmbuild” command from the Hmmer v3.
Again, the “hmmsearch” command was used based on the “Ss-NBS.hmm” profile with
the E-value < 1 × 10−2, and all searched proteins were filtered by the CDD tool with the
E-value < 1 × 10−3.

Another search strategy was based on local Blast [23]. First, 7,125 plant NLR genes in
the NCBI protein database were downloaded using the search keyword “NBS-LRR”, and a
local Blast database specially for the NLR gene search was built by the “makeblastdb” com-
mand. Except for those proteins searched by Hmmer, all the remaining proteins from the
S. spontaneum annotation were searched by “blastp” against the NLR database, and candi-
date proteins from blastp results were filtered by the CDD tool with the E-value < 1 × 10−3,
similar to the aforementioned strategy. Following the same approaches, the NLR genes
in the genomes of five other Poaceae species S. italica, O. sativa, B. distachyon, S. bicolor,
and Z. mays were also subsequently identified, as much as possible. In addition, atypical
domains can also be detected by the CDD tool on some sequences. By analyzing the
integrality of the NBS domain, these proteins were classified into two types: complete
genes (encoding the complete NBS domain) and partial genes (encoding the incomplete
NBS domain), by the CDD tool.

2.3. Multiple Sequence Alignment and Phylogenetic Analysis

The phylogenetic analysis was conducted to investigate whether there was an obvious
segregation of NLR proteins from different species of Poaceae, as well as from different
gene types. In this study, a total of 200 NLR proteins were randomly selected. Among them,
50 NLR proteins were selected from S. spontaneum and 150 on average were selected from
each of the other Poaceae species, including S. spontaneum, S. italica, O. sativa, B. distachyon,
S. bicolor, and Z. mays. As the indispensable and most conservative domains in NLRs, NBSs
are ideal sequences for constructing the phylogenetic tree [24]. The complete NBS domain
regions for every protein were extracted using an in-house perl script and the multiple
alignment were performed by the MEGA X software using the ClustalW algorithm with
default parameter settings. After trimming the poorly aligned regions at both ends of
aligned proteins, the Maximum Likelihood method based on the WAG with the Freqs. (+F)
model was used to conduct a phylogenetic tree and the bootstrap value was set to 1000
(test the node) [24]. Another phylogenetic tree of 137 representative NLR proteins were
also constructed using the above methodology.

http://www.life.illinois.edu/ming/downloads/Spontaneum_genome/
http://www.life.illinois.edu/ming/downloads/Spontaneum_genome/
http://plants.ensembl.org/species.html
http://pfam.xfam.org/
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2.4. Sequence Analysis

The types of CNL and NL containing both NBS and LRR domains were recognized
as the dominant class of NLR genes [12,25,26], which are our focus in the sequence anal-
ysis. Due to the polyploidy characteristic of modern sugarcane and its ancestor species
S. officinarum and S. spontaneum, alleles are rich among them. Considering that most al-
leles are highly similar in their sequences and functions, just one representative allele
was selected from each allele group. Finally, 137 non-redundant and non-allelic genes
were retained from a total of 724 NLRs, which can well represent the NLR family of
S. spontaneum.

The MEME suit for the protein sequence analysis was used to identify the conserved
motifs [27]. The main parameters were set as the following: the distribution of motifs
(-mod), anr; the maximum number of motifs to find (-nmotifs), 20; the minimum motif
width (-minw), and maximum motif width (-maxw) of each motif, 10 and 50 residues. For
the structure analysis of the 137 genes, we first extracted annotations for all genes, and
then used the web tool GSDS 2.0 (http://gsds.cbi.pku.edu.cn) to visualize annotation files.
The distribution of CDSs, introns, and UTRs were mapped in each gene sequence. The
number of exons of each gene was counted through annotation files, too.

To study the distribution of TFBSs in each gene promoter region, the upstream se-
quences (1500 bp) of the 137 NLR genes were retrieved and then submitted to the web
tool PlantRegMap (http://plantregmap.cbi.pku.edu.cn/binding_site_prediction.php) with
a threshold p-value ≤ 1 × 10−5. The first 12 transcription factors (TFs) with the largest
number of predicted TFBSs were extracted and the TFBS distribution was plotted in the
promoter region of each NLR gene using GSDS 2.0, as well. Some genes were removed due
to the absent TFBSs in their promoter regions based on prediction.

2.5. Chromosomal Distribution of NLR Genes

All NLR genes (407 complete NLR genes encoding the complete NBS domain and
317 partial genes) were mapped to eight homologous groups of four members each of
S. spontaneum based on the physical location information extract from the gff3 annotation file
of S. spontaneum genome using the web tool MG2C v2.1 (http://mg2c.iask.in/mg2c_v2.0/).
In order to clearly display the distributions of the NLR gene, only the name of NLR genes
with the complete NBS domain was tagged along the edge of the chromosome. The gene
numbers were tagged at the top of each group of chromosomes.

2.6. Plant Materials and Treatments

Sugarcane leaf blight, one of the most serious biotic constraints for sugarcane, is
caused by the necrotrophic fungal pathogen S. tainanensis. The expression profiles of NLR
genes in response to natural infections of S. tainanensis at different stages in S. spontaneum
and sugarcane hybrids are our interest here. For S. spontaneum, more than 50 plants of
S. spontaneum clone SES208 were cultivated in the field under the same environmental
conditions in Fuzhou, China. Two different disease development stages were defined: For
the early stage of infection, most lesions or spots were pale yellow; for the medium to late
stage of infection, most lesions were reddish-brown, bright red, or brown together with part
of the necrotic tissue. Four biological replicates were performed for each infection stage
and for the healthy control, and thus total 12 samples were obtained. For each infected
replicate, more than 100 lesions clipped from random leaves and random plants were
pooled. Similarly, control samples were also randomly collected from different leaves of
different plants.

The expression patterns of NLRs in response to the S. tainanensis infection in Saccharum
spp. hybrids are also our focus. One susceptible clone FN12-047 derived from the cross
of S. tainanensis-resistant variety ROC22 and -susceptible variety YT93-159, together with
its resistant male parent ROC22 were selected for the present transcriptional study. Both
sugarcane clones were cultivated in the field under the same environmental conditions in
Fuzhou, China. After the appearance of SLB symptoms visible to the naked eye, a symptom

http://gsds.cbi.pku.edu.cn
http://plantregmap.cbi.pku.edu.cn/binding_site_prediction.php
http://mg2c.iask.in/mg2c_v2.0/
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observation was performed daily to identify the development of disease symptoms and
the infected leaves were collected for pathogen inspection. For each sugarcane clone, two
plants with a similar growth vigor and disease severity in the same clone were selected for
sampling, and the leaf located at the same leaf position was collected, pooled together for
one replicate before RNA extraction, and finally subjected to RNA-sequencing. The healthy
leaves at the same leaf position without any disease symptom were selected as the control.
The infected leaves with most lesions were reddish-brown, bright red, or brown together
with a little part of necrotic tissue were selected as the case. Three biological replicates
were performed for each type of resistance reaction types and a total of 12 samples were
obtained, six for each clone.

2.7. Total RNA Extraction and mRNA-Sequencing

A total of 12 RNA samples from sugarcane ancestor species S. spontaneum and 18
samples from sugarcane hybrids were isolated using the mirVana™ miRNA Isolation
Kit (Ambion Life Technologies, Austin, TX, USA) as recommended by the manufacturer.
RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). The samples with the RNA integrity number (RIN) ≥ 7 were sub-
jected to the subsequent DNA library construction. The libraries were constructed using the
TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA) following the
manufacturer’s protocol. Then, these libraries were sequenced on the Illumina sequencing
platform (HiSeqTM 2500) and 150 bp paired-end reads were generated.

2.8. Identification of Differentially Expressed NLR Genes

As an efficient and time-saving transcriptome reads alignment tool, Hisat2 was used
as the aligner in the current study [28]. After the alignment, the SAM files are converted
into BAM files, and then Featurecounts was used to quantify gene expression [29]. DESeq2
provided the most accurate differential analysis and has been confirmed by Sahraeian
et al. [28]. For sugarcane-S. tainanensis transcriptome data, each sample has three biological
repeats, and thus we chose DESeq2 as the software for the differentially expressed genes
(DEGs) analysis. All differentially expressed genes need to meet the following screening
criteria: p-value < 0.05, |log2 (FoldChange)| > 1.

3. Results
3.1. Identification of NLR Genes

We searched 140 complete and non-redundant NBS domain sequences from S. spontaneum
using raw NBS.hmm downloaded from the Pfam database and built a S. spontaneum-
specific Ss-NBS.hmm file. Using the Ss-NBS.hmm, we searched for total proteins in the
S. spontaneum genome again and obtained 721 NLR proteins. Simultaneously, three ex-
tra NLR proteins were obtained by the Blast method. Finally, 724 non-redundant NLR
proteins encoded by 724 genes were obtained, and their detailed information including
protein/gene identity (id), gene name, gene type, length of coding sequence (CDS length),
number of amino acids (no. of AA), molecular weight (MW), and protein isoelectric point
(pI) were presented in Table S1. The aforementioned proteins were classified into two
classes by the CDD tool based on the integrality of the NBS domain. Of which, one class
containing 407 proteins with complete NBS was divided into four types according to the
composition of main domains (Table 1), including N (120, only NBS existed), CN (66, only
CC and NBS existed), NL (105, only NBS and LRR existed), and CNL (120, CC, NBS, and
LRR existed). These 407 proteins, encoded by 407 NLR genes, are the focus of our analysis
in the current study. In addition, 317 partial proteins without the complete NBS domain
were termed as P-type.
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Table 1. The classification of nucleotide-binding site-leucine-rich repeat (NLR) proteins/genes and their corresponding
numbers in six Poaceae species genomes.

NLR Protein Type Saccharum
Spontaneum

Oryza
Sativa

Brachypodium
Distachyon Zea Mays Setaria

Italica
Sorghum
Bicolor

N 120 59 73 36 48 66
TN 0 1 1 1 1 1
CN 66 63 92 37 67 81
NL 102 51 37 85 52 61

CNL 119 83 121 63 123 126
P (Partial proteins) 317 110 96 55 140 73

Total 724 367 420 277 431 408
Coding genes of NLR protein 724 344 346 139 407 333
Coding genes in the genome 83,826 35,825 35,125 39,591 35,831 34,118

Percentage of NLR genes 0.88% 0.96% 0.99% 0.35% 1.14% 0.98%
Genome size (Mb) 3133.3 375 271.2 2135.1 405.7 708.7

Average NLR gene density (Mb −1) 0.2 0.9 1.3 0.1 1.0 0.5

Moreover, a total of 420, 277, 367, 431, and 407 NLR proteins encoded by 246, 139, 344,
407, and 333 NLR genes were identified in B. distachyon, Z. mays, O. sativa, S. italica, and
S. bicolor, respectively (Table 1). Among the six Poaceae species, S. italica has the largest NLR
gene percentage (1.14%) in the genome, followed by B. distachyon (0.99%). Then, in terms
of the average NLR gene density in the genome, the B. distachyon is the highest (1.3 Mb −1),
followed by S. italica (1.0 Mb −1). Whether the NLR gene percentage or density, Z. mays
is the smallest (0.35%, 0.1). Although the NLR gene percentage of S. spontaneum is high
(0.88%), the average NLR gene density in the genome is very low (0.2 Mb −1). Interestingly,
in the six Poaceae species, there is almost no NLR protein containing TIR domain.

3.2. Diversity of Integrated Domains

As mentioned above, the presence of integrated domains can also increase the struc-
tural diversity of the NLR family. A total of 45 distinct Pfam domains were identified in
the six Poaceae species involving 85 genes using the Pfam database, which were shown
in Table S2. We preliminarily estimated that the NLR genes carrying integrated domains
in Poaceae species account for about 3.7% according to the data of the aforementioned
six species. Of the 724 NLR genes identified in S. spontaneum, 35 (4.8%) encoded at least
one (ranked from one to eight) non-canonical NLR domain, or integrated domain, repre-
senting 28 distinct Pfam domains (Figure 1). Among these Pfams, protein kinase domain
(Pkinase, 8), integrase core domain (rve, 4), RNA-dependent DNA polymerase (RVT_1,
3), and WRKY DNA-binding domain (3) occur more frequently. Interestingly, most of
the genes (57.0%) carrying integrated domains are partial NLRs, although partial NLRs
account for only 43.8% of all NLR genes. Thirty-six integrated domains were detected in
64 Arabidopsis accessions [30], and eight of them, i.e., Pkinase, WRKY, Pkinase_Try, PAH,
PP2, B3, Calmodulin_bind, and AAA, were observed coexisting in the aforementioned six
Poaceae species and Arabidopsis, which are marked with black triangles in Figure 1.
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3.3. Comparative Phylogenetic Analysis of NLR Genes among Six Poaceae Species

The phylogenetic analysis was constructed using complete NBS sequences extracted
from 200 NLR proteins randomly selected from S. spontaneum, S. italica, O. sativa, B. dis-
tachyon, S. bicolor, and Z. mays. Among the 200 proteins, 50 (12 CNs + 12 NLs + 12 Ns +
14 CNLs) were selected from S. spontaneum, another 150 were selected on average from
the five other species, each having 30 proteins (7 CNs + 7 NLs + 7 Ns + 9 CNLs, Figure 2).
We labelled the proteins with an acronym for its species name and protein name given in
this study. Since there are almost no TIR-containing NLRs screened from the six Poaceae
species, the separation between the two typical classes cannot be confirmed in the six
Poaceae species. However, interestingly, we can clearly see that proteins containing the CC
domain separated from those without the CC domain. Based on this phenomenon, we can
confidently divide 200 protein sequences into four clades, CN-I and CN-II (containing CC
domains) clades, N-I and N-II (without CC domains) clades. Clade N-I was comprised of
10 proteins, of which eight belong to the NL-type. Clade N-II contains 79 proteins, of which
65 (82.3%) were truncated to the CC domain. However, we found that 14 CC-containing
proteins in N-II were mainly derived from O. sativa (7, 50.0%). Of the 15 proteins in clade
CN-I, 13 belong to the CNL protein. Clade CN-II contained the largest number (96) of
proteins in four clades and 83.3% (80) of the proteins contained CC domains. However, we
found that 16 CC-containing proteins in N-II were mainly derived from S. italica (7, 43.8%).

3.4. Gene Structure and Motif Composition of NL and CNL Proteins

For different types of NLR genes in Poaceae species, the genes with CC domains
and those without CC domains have undergone an obvious evolutionary segregation.
As a member of Panicoideae, S. spontaneum also shows this characteristic (Figure 2). We
selected two main types CNL and NL (full-length genes) for the detailed sequence analysis,
including a complete phylogenetic analysis, motif prediction, and gene structure analysis
(Figure 3). In the two types, CNL and NL, for highly similar or identical protein sequences
caused by alleles, only one protein sequence was retained. Finally, 137 representative NL
and CNL protein sequences were retained for the subsequent analysis. From the phyloge-
netic tree constructed by the NBS domain of all CNL and NL genes from S. spontaneum, the
two types of genes did have a distinct segregation in the evolution (Figure 3A). Five clades,
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I, II, III, IV, and V were divided. Clearly, in clade II, 39 genes were included, 38 of them
were NL-type genes. However, in clade III, all genes (16) belong to the CNL-type, and in
clade IV, 22 of the 24 genes belong to the CNL-type. However, in clades I and V, the above
separation characteristics are not obvious.
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In order to explore the gene characteristics within each clade, we used the MEME
to search the conserved motifs. The motif prediction results were arranged behind the
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phylogenetic tree (Figure 3B). A total of 20 distinct conserved motifs were found with the
E-value < 6.8 × 10−313. A detailed amino acid composition of each motif is provided in
Figure S1. Among the 20 motifs, motif 13 has the largest number. However, most of motif
13 is distributed in clade I (93, 64.1%), followed by clade II (31, 21.4%). Moreover, some
proteins have several of the motif 13, for instance, CNL44, CNL68, CNL28, and CNL19
have five and NL07 have six. Motifs 9 and 13 show similar distribution characteristics,
while the number of motif 9 (128) is less than that of motif 13. Motif 16 (32) mainly appears
in clade IV (24, 75.0%) and motif 1 rarely appears in clade V. In addition, clades III and IV
are mainly composed of CNL-type proteins, of which most have one to two of motif 11.
Similarly, for clade II, which consists mainly of NL-type proteins, most of the sequences
contain motif 18. The distribution of other motifs in five clades is relatively uniform.

The structures (location of CDSs and UTRs) of the gene sequences encoding 137 NLR
proteins were shown in Figure 3C. The exon number of each gene was calculated, and then
the number was tagged after the gene sequence. The average number of exons contained in
these gene sequences was 3.4, while the number of exons in different genes varies greatly.
Twenty-three genes contain only one exon, but three genes have more than 10 exons. For
instance, CNL65 has only one exon, while NL53 and NL63 have 11 exons, and CNL03 has
12 exons.

3.5. Chromosomal Distribution of NLR Genes

The 407 NLR genes encoding the complete NBS domain and 317 partial genes were
mapped to eight homologous groups of four members each (Figure 4). The number of
NLR genes in each homologous group showed obvious differences. Respectively, 22, 84,
21, 27, 95, 70, 61, and 28 genes mapped to Chr1–Chr8. Chr5 carried the most NLR genes
(95), followed by Chr2 (84), Chr6 (70), and Chr7 (61), which together account for 76.0% of
the total. The remaining 24.0% were distributed in Chr1 (22), Chr3 (21), Chr4 (27), and
Chr8 (28), and the gene number of each group was less than 30. Whilst, the distribution
characteristic of the NLR gene on each chromosome was shown to be higher in gene
density at both ends of the chromosome. Moreover, in Chr4 and Chr8, NLR genes were
concentrated mainly on one chromosome arm. Interestingly, many NLR genes have been
clustered on chromosomes. These gene clusters contain two to seven NLR genes, and most
of the clusters were formed by the same type of genes.

3.6. Transcription Factor Binding Sites in NLR Promoters

To further study the potential regulatory mechanisms of NLR genes, 3747 TFBSs
involving 34 TFs were predicted in the promoter regions (−1500 bp) of all the 73 CNL
and 67 NL genes. According to the number of binding sites, 12 TFs (ERF, MIKC-MADS,
C2H2, Dof, BBR-BPC, LBD, MYB, TALE, GRAS, G2-like, WRKY, and HD-ZIP) with the
largest number of binding sites were selected, and a total of 3109 TFBSs were tagged in the
promoter regions (Figure S2), while promoter regions of CNL09, CNL53, CNL65, CNL66,
and CNL67 were absent. Of these 12 TFs, ERF accounts for nearly half (48.5%) of the
binding sites. Some NLR genes contained abundant TFBSs at its upstream regions, such as
CNL14, CNL19, and CNL38, etc., but some contain only one TFBS, such as NL21 and NL40,
etc. Although ERF has the most binding sites, these binding sites do not exist in most of
the NLR genes, but only in the promoter regions of 72 genes (Figure S2). However, for
MIKC_MADS, and C2H2, although the number of binding sites in both was less than that
of ERF, they existed more in NLR promoter regions (79 and 74, respectively) than in ERFs.
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3.7. The NLR Expression Responses to SLB in One S. spontaneum Clone and Two
Sugarcane Hybrids

Three sets of transcriptome data were applied to study the NLR expression dynamics
of sugarcane in response to SLB (Figure 5). These data were obtained from one S. spontaneum
clone named SES208 and two sugarcane hybrids named ROC22 and FN12-047. ROC22 is
resistant to SLB, and FN12-047 and SES208 are susceptible to SLB. A total of 20, 19, and
45 differentially expressed NLR genes (DENLRs) were detected in SES208, FN12-047, and
ROC22, respectively. In each sugarcane clone, the expression of all five types of NLRs was
activated or inhibited, including partial genes (P-type) which were also actively involved
in the responses to SLB. In some types of NLRs, the numbers of differentially expressed
partial genes were more than half, such as the N-type NLRs in SES208 and FN12-047. In
either clone, the number of NLRs responding to SLB in the medium to late disease stage
was significantly higher than that in the early disease stage. Continuous DENLRs (marked
with an orange triangle in Figure 5) both in the early and medium to late disease stages
were infrequent for just 5, 5, and 8 in SES208, FN12-047, and ROC22. Interestingly, the
number of DENLRs detected in ROC22 was more than twice that in the susceptible SES208



Agronomy 2021, 11, 153 12 of 20

and FN12-047. However, there were more downregulated (fold change < 0.50) NLRs in
ROC22, but a few downregulated NLRs in FN12-047 and SES208. Especially in the early
stage in ROC22, nine NLRs (69.2%) were downregulated.
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were susceptible to SLB. Respectively, 20, 19, and 45 differentially expressed NLR genes (DENLRs) were detected in SES208,
FN12-047 and ROC22. Continuous DENLRs both in the early and medium to late disease stages were marked with an
orange triangle.

3.8. A Few DENLRs Coexist in Three Sugarcane Clones

The transcriptome data of SES208 and the two hybrids were not from the same project,
however, the experimental materials were planted in the same geographical environment,
and the disease classification of experimental materials followed the same standard. In
addition to comparing the quantitative differences of NLR responses of the three sugarcane
clones after infection of S. tainanensis, we are more concerned about which NLRs were
active in the disease stages of each clone. Based on the Venn diagram (Figure 6A) of the
DENLR sets derived from three clones, no DENLR was shared by them. ROC22 shared
eight DENLRs (DENLR set f, Figure 6B) with FN12-047 and shared two DENLRs (DENLR
set d) with SES208. Similarly, FN12-047 shared more DENLRs with ROC22 than with
SES208 (2, DENLR set e). Each clone has its own unique DENLR set, of which ROC22
has the most (DENLR set b). Moreover, the most downregulated NLRs (22, 91.0%) were
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included in the unique DENLR set of ROC22. Obviously, the number of DENLRs shared
between hybrids was significantly higher than that of each hybrid with SES208.
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4. Discussion
4.1. Mining NLR Family Genes Based on Genome-wide is More Representative

Although there are many transcriptome data available for sugarcane derived from
the studies on different breeding traits, such as biotic resistance and abiotic tolerance,
NLR genes mining based on transcriptome data are limited. Due to the fact that the high
expression of the NLR gene is harmful to plants themselves, the expression of the NLR
gene is low, even not expressed under unnecessary circumstances [4]. Therefore, mining
NLR family genes based on genome-wide will be more important due to the fact that more
complete members were collected. Fully searching for its family members is the first step
in the genome-wide gene family analysis. In the NLR gene family, NBS being the most
conservative domain was used to build the HMM model for searching NLR genes, in the
current study. However, in order to fish out all members of the family as far as possible,
we also used Blast to search for sequences containing incomplete NBS domains. The
combination of Hmmer and Blast was crucial to find the maximum number of NLR genes.

4.2. The Number and Type of NLRs in Six Poaceae Species

Through this combination of Hmmer and Blast, we searched for genome-wide NLR
genes in six Poaceae species S. spontaneum, S. italica, O. sativa, B. distachyon, S. bicolor, and
Z. mays. Among the above six species, the percentage of NLR genes from Z. mays is lowest
(0.35), while the percentage of NLR genes is roughly similar (0.88–1.14%) for the other
five. Commonly, the number of NLR genes in plants is consistent with the total number of
genes in the genome, but with exceptions. For example, although Carica papaya, Citrullus
lanatus, and Cucumis sativus have 27,769, 23,440, and 21,503 genes, respectively, just 46
(0.17%), 42 (0.18%), and 65 (0.30%) NLR genes were discovered in C. papaya, C. lanatus, and
C. sativus genomes, respectively [14]. Moreover, Z. mays (139, 0.35%) in the current study
should be one of the exceptions. These exceptions indicate the existence of species-specific
mechanisms of the NLR gene during expansion and evolution. The pathogen avr genes are
evolving at a very fast rate and encode polymorphic protein effectors [31,32]. Being the
receptors of the effector avr genes, it is not surprising that there are a large number of NLR
members which are present in high diversity in plants, and thus it is the inevitable choice
for plants to adapt to multiple adversities caused by pathogens. Indeed, in rice cultivar
Tetep, although few cloned NLRs showed resistance to > 6 blast pathogen strains, multiple
NLRs are noticeably essential for Tetep’s broad-spectrum resistance to blast [33].

In general, CNLs can be found both in monocot and dicot genomes, but TNLs are
almost missing in monocots and widely distributed in dicots [34]. With the exception of
one TNL present in the S. spontaneum genome, they are absent in the aforementioned NLRs
we identified, which confirms that this conclusion is due to the fact that the above six
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plant species belong to monocot. Although TNL genes exist widely in dicots, there are
some exceptions, for instance, both the core eudicot Beta vulgaris [35] and Ranunculacea
Aquilegia coerulea [36], are absent in the TNL gene. The two types of RNL and RN have not
been found in Poaceae plants at present, which has been confirmed by this study and the
previous study [14]. However, we can find many RNL and RN genes in Brassicaceae and
Fabaceae [14]. Due to the missing TNL and RNL genes in the S. spontaneum genome, it
is impossible to analyze whether the NLR genes can be clearly divided into two or three
classes in the evolution according to the RPW8, TIR, and CC domain. Interestingly, in the
phylogenetic analysis, the type CNL with the CC domain and the type NL without the CC
domain have a distinct trend towards separation (Figure 3). Likewise, this trend also exists
in the five other Poaceae species in the current study (Figure 2).

4.3. Diversity of Integrated Domains in S. spontaneum

Some integrated domains carried by NLRs are thought to be required for effector
recognition, which has been confirmed by several studies [20,37,38]. For instance, in
Arabidopsis, a receptor complex consisting of RRS1-R and PRS4 proteins can recognize
two bacterial effectors, AvrRps4 or PopP2, and then triggers a defense. However, in this
complex, the target of the pathogen effectors directly function to is the WRKY domain
contained in the RRS1-R NB-LRR protein [37]. Li et al. [20] found that the Sw-5b NLR
immune receptor recognizes the NSm effector not only using a single domain LRR, but
also depending on the N-terminal Solanaceae domain. Although 28 integrated domains in
S. spontaneum and total 45 integrated domains in six Poaceae species are detected, only a
few (8) integrated domains coexist in Arabidopsis (Figure 1). Even among the six Poaceae
species, the shared integrated domains are also scanty. To some extent, this characteristic
reflects the high integrated domain diversity among species, especially the distant species.
It is noteworthy that both kinase and WRKY domains occur frequently in S. spontaneum
and Arabidopsis.

4.4. Characteristics of Motifs Derived from NBS and LRR Domains

Most known NLR genes are those encoding proteins with a nucleotide-binding site
and a C-terminal leucine-rich repeat domain [34,39]. Therefore, this study mainly focused
on NL- and CNL-type genes, and the 137 representative NL and CNL proteins were
retained for further analysis. In the motif prediction, we find that they exist in different
motifs, such as motifs 1, 9, 11, 13, 16, and 18. Different clades are present in the above
motifs, which may be highly correlated with gene evolution and these specific motifs may
contribute to the functional divergence of NLR genes.

As the most conservative domain of NLR protein, the NBS domain contains four main
conserved motifs [12,40]. The first is the P-loop, which binds to ATP and may have a crucial
effect on the activity of the R protein [41]. The three other motifs were named Kinase 2,
Kinase 3, and GLPL and their structural characteristics have been intensively studied and
described in the report of Meyers et al. [12]. P-loop sequences were detected in motifs 2, 5,
and 17 (Figure 7A–C) in the current study. According to the conservativeness of amino acid
residues at each locus in three P-loop sequences, we can infer that the conserved sequence
of P-loop in sugarcane is G[M/L]GG[V/L/I/M]GK[T/S]TL[A/V]. In the phylogenetic
analysis (Figure 3), motif 17 mainly appeared in clades IV and V. Motif 14 containing kinase
2 (Figure 7D) and motif 8 containing kinase 3 (Figure 7E) are present in almost all NLR pro-
teins. Based on the predicted results of motifs 14 and 8, the conserved sequences of kinase
2 and kinase 3 are [L/I][L/I]VLDDVW and S[R/K][I/V/F][I/L/V][I/V/L]T[T/S]R. In
addition, motif 6 containing GLPL (Figure 7F) is absent in clade IV consisting mainly of CNL-
type genes, and the conserved sequence of GLPL is G[L/V]PLA[I/A/V]K. We noted that the
conserved sequences of P-loop (G[M/L/F]GG[L/M/I]GK), kinase 2 (L[L/I]VLD[D/N]V[W/D],
and GLPL (G[L/I]PLA[L/I][K/E]) of the NLR genes in the common bean (Phaseolus vulgaris
L.) have also been reported, while no kinase 3 was predicted [42]. Clearly, there are no
significant differences in the sequences of P-loop, kinase 2, and GLPL between the two
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species P. vulgaris and S. spontaneum in different families, indicating that they are highly
conservative. In addition, Zhang et al. [14] suggested that the most frequent P-loop core
was GFGGLGK or GMGGLGK in monocots, which is consistent with our observation, and
the second amino acid Phe of P-loop core can be found in motif 5 (Figure 7B).
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The LRR domain is a common amino-structure in a wide range of species, from viruses
to eukaryotes, whose functions were mainly involved in ligand binding and protein-protein
interactions. LRR repeats in the LRR domains vary among different species, and the
largest, minimal, and the mean of repeats are 8, 25, and 14, respectively, in Arabidopsis [43].
However, the largest repeats of LRR may be considerably higher in other species, for
instance, in the Dm3 protein, CNL resistance gene candidate 2 (RGC2) proteins of lettuce,
as many as 47 LRRs appeared [44]. In our study, 20 motifs with the E-value < 6.8 × 10−313

were predicted and analyzed. It is inevitable that some motifs containing LRR are not
identified. These motifs may appear in fewer genes. Therefore, we can only cautiously
infer that the numbers of LRR repeats in NLR genes of S. spontaneum are less than 20, such
as CNL10. In addition, the minimal LRR repeats may be close to two, such as NL39. That
is to say, the range of change in the LRR repeats number of different NLR genes in the
S. spontaneum genome is considerable. Although LRR repeats exist in five motifs with
similar structures (Figure 7G–K), there are also obvious differences among them, and the
distribution of each clade has certain characteristics. For instance, among the five motifs,
motif 13 has the largest number (145) mainly distributed in clade I (93). In motif 16, we
did not find the double amino acid residue combination (Leu and Pro) at upstream of LRR,
which is an obvious difference between LRRs in motif 16 and the four other motifs with
LRR repeats (Figure 7G–K), and motif 16 is mainly distributed in clade IV. In addition, we
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found that Thr appears most frequently in the position of the 26th residue of motif 4, while
the corresponding position of motif 9 (containing the 26 residues) is Cys.

What is the function of quantity variance and sequence diversity of LRR repeats among
NLR genes for plants? In Arabidopsis, the NLR recognition of Peronospora parasitica1
(RPP1) can interact with the Arabidopsis thaliana recognized1 (ATR1), an effector from the
oomycete pathogen Hyaloperonospora Arabidopsidis [45]. Moreover, different RPP1 alleles
can recognize the products of different ATR1 alleles due to the diversity of the LRR domain,
thus triggering plant immunity [46]. For S. spontaneum, the abundant structural specificities
and quantitative variations in the LRR domain among different NLR genes may improve
its ability to recognize potential pathogens. Meanwhile, the specificity of the LRR structure
is also evident in the same NLR gene.

4.5. Several Transcription Factors May Regulate the Expression of the NLR Gene

To date, no report on the prediction of TFBSs in the upstream promoter region of
NLR genes was found. In this study, a total of 3,747 TFBSs of several TFs were predicted.
Especially for TFs ERF, MIKC_MADS, C2H2, and Dof, the number of predicted TFBSs is
considerable, and their binding sites are present in nearly half of the promoters of the 137
non-allelic full-length NLR genes. It is possible that these TFs are the main regulators of
the NLR gene expression in sugarcane, and some NLR genes are regulated by a variety
of TFs. Although the predicted TFBS number of ERF was largest in the current study,
there is no report on the direct regulation of the NLR gene by ERF until now. Despite this,
we still note that Pre et al. [47] illustrated the JA- and ethylene-responsive expression of
some resistance-related genes, including PLANT DEFENSIN1.2, depending on ORA59,
a APETALA2/Ethylene response factor (AP2/ERF) domain TF from Arabidopsis. For
MIKC_MADS and C2H2, although the number of binding sites in both are less than
that of ERF, they exist more in NLR promoter regions (79 and 74, respectively) than ERF
(72). MIKC_MADS are exclusive to plants, which play an important role in growth and
development regulation and signal transduction [48]. Studies on C2H2 responses to abiotic
stress have been reported in several species [49,50]. However, there are a few reports on
MIKC_MADS and C2H2 responding to biotic stress, let alone their direct involvement in
regulating the expression of the NLR gene. Kim et al. [51] illustrated that when threatened
by bacterial Xanthomonas campestris and fungal Colletotrichum coccodes, the expression of
CAZFP1, a pepper gene encoding a C2H2-zinc finger protein, was significantly induced
at the transcriptional level. Similarly, StZFP1, a C2H2-type zinc finger protein gene in
potato, was also activated when facing the infection of Phytophthora infestans [52]. However,
whether CAZFP1 or StZFP1, their specific roles are unknown. This study suggests that
ERF, MIKC_MADS, C2H2, and Dof are major TFs regulating the NLR expression, which
need to be further studied in the future.

4.6. NLR Expressions May Determine the Resistance Levels to SLB in Sugarcane Clones

The NLR expression patterns of one resistant sugarcane clone ROC22 and two sus-
ceptible clones FN12-047 and SES208 responding to SLB were studied. The number of
DENLRs in the resistant clone was significantly higher than that in two susceptible clones.
Moreover, the number of DENLRs that were shared between any two clones were small.
This may be due to the difference in the genetic background. In particular, the number of
shared DENLRs between the hybrids and S. spontaneum were less than that between two
hybrids, which indicated that the genetic background difference between the sugarcane
hybrids and S. spontaneum were obvious. However, we got a more interesting finding. In
susceptible clones of FN14-047 and SES208, a few downregulated NLRs were observed.
However, this phenomenon was just the opposite in ROC22 and more than 90% of the
downregulated NLRs only existed in ROC22. Why are there many downregulated NLRs
in the resistant clone ROC22 at the early or medium to late disease stage?

S. tainanensis belongs to the plant-pathogenic species of Dothideomycetes, a necrotrophic
fungal pathogen [53,54]. Necrotrophic pathogens can interact with their hosts in an inverse
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gene-for-gene manner, in which necrotrophic effectors (NEs) are recognized by specific
dominant genes in the host leading to host-mediated programmed cell death in the infection
site allowing the pathogen to cause the disease [55]. The specific dominant genes are mainly
considered as NLRs [55,56]. In the resistant ROC22, many NLR expressions were inhibited,
which may make ROC22 unable to interact with S. tainanensis NEs and fail to initiate
downstream defense responses, such as programmed cell death. In this way, S. tainanensis
could not hijack host NLRs to achieve further infection, and ROC22 also obtained resistance.
Therefore, only these NLRs downregulated in ROC22 need to be further studied in relation
to the sugarcane resistance to SLB.

5. Conclusions

In sum, a total of 724 non-redundant NLRs encoded by 724 genes were identified
in S. spontaneum. At least 35 (4.8%) NLRs contained at least one integrated domain. In-
terestingly, we clearly observed that the NLRs containing CC domains separated from
those without CC domains. This characteristic was also present in five Poaceae species
B. distachyon, Z. mays, O. sativa, S. italica, and S. bicolor. According to the chromosomal
distribution of NLRs, Chr5 carried the most (95), followed by Chr2 (84), Chr6 (70), and
Chr7 (61), which together account for 76.0% of the total. The average number of exons
contained in 137 representative NLRs was 3.4, while the number of exons in different genes
varied greatly (1–12). In the motif analysis, we found that different motifs were distributed
regularly in different clades. We discussed in detail the distribution characteristics of some
important motifs, especially motifs 2, 5, 17, 14, 8, and 6 in the NBS domain and motifs 4, 9,
13, 20, and 16 in the LRR domain. In the promoter regions (−1,500 bp) of 137 representative
NLR genes, 3,747 TFBSs involving 34 TFs were predicted. For ERF, MIKC_MADS, C2H2,
and Dof, the number of predicted TFBSs is considerable. In addition, based on three sets
of transcriptome data from two sugarcane hybrids and one S. spontaneum clone infected
by the necrotrophic fungal pathogen S. tainanensis causing sugarcane leaf blight (SLB), the
expression dynamics of NLRs responding to the infection in different sugarcane clones
were compared. The difference of genetic background led to the significant difference of the
NLR response to SLB in different sugarcane clones, and we got an inference of the potential
mechanism of SLB resistance. These results provided a basic reference and new insights to
further study and utilize the NLRs and may aid in sugarcane disease-resistant breeding.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/2073
-4395/11/1/153/s1. Figure S1: Twenty distinct conserved motifs of 137 representative non-allelic
NLR proteins were found with the E-value < 6.8 × 10−313. Among the 20 motifs, motif 13 has the
largest number. However, most of motif 13 is distributed in clade I (93, 64.1%), followed by clade II
(31, 21.4%). Moreover, some proteins have several of motif 13, for instance, CNL44, CNL68, CNL28,
and CNL19 have five and NL07 have six. Motifs 9 and 13 show similar distribution characteristics,
while the number of motif 9 (128) is less than that of motif 13. Motif 16 (32) mainly appears in clade IV
(24, 75.0%) and motif 1 rarely appears in clade V. In addition, clades III and IV are mainly composed of
CNL-type proteins, of which most have one to two of motif 11. Similarly, for clade II, which consists
mainly of NL-type proteins, most of the sequences contain motif 18. The distribution of other motifs
in five clades is relatively uniform; Figure S2: Predicted transcription factor binding site (TFBSs)
profile of CNL and NL-type genes in promoters. Promoter sequences (–1,500 bp) of all the 73 CNL
and 64 NL genes are analyzed by PlantCARE. The top 12 predicted TFBSs were labeled in promoter
regions with different color boxes (promoter regions of CNL9, CNL53, CNL65, CNL66, and CNL67
were absent). The upstream length to the translation initiation sites can be inferred according to the
scale at the bottom; Table S1: Detailed information on 724 NLRs including protein/gene identity (id)
in genome, gene name, gene type, CDS length, number of amino acids, molecular weight (MW), and
isoelectric point (pI) of protein; Table S2: A total of 45 distinct Pfam domains were identified in the
six Poaceae species involving 85 NLR genes.
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