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Abstract

Background: Switchgrass (Panicum virgatum L)) is a warm-season perennial grass that can be used as a second
generation bioenergy crop. However, foliar fungal pathogens, like switchgrass rust, have the potential to significantly
reduce switchgrass biomass yield. Despite its importance as a prominent bioenergy crop, a genome-wide
comprehensive analysis of NB-LRR disease resistance genes has yet to be performed in switchgrass.

Results: In this study, we used a homology-based computational approach to identify 1011 potential NB-LRR
resistance gene homologs (RGHs) in the switchgrass genome (v 1.1). In addition, we identified 40 RGHs that potentially
contain unique domains including major sperm protein domain, jacalin-like binding domain, calmodulin-like binding,
and thioredoxin. RNA-sequencing analysis of leaf tissue from ‘Alamo’, a rust-resistant switchgrass cultivar, and ‘Dacotah’,
a rust-susceptible switchgrass cultivar, identified 2634 high quality variants in the RGHs between the two cultivars.
RNA-sequencing data from field-grown cultivar ‘Summer’ plants indicated that the expression of some of these

RGHs was developmentally regulated.

Conclusions: Our results provide useful insight into the molecular structure, distribution, and expression patterns
of members of the NB-LRR gene family in switchgrass. These results also provide a foundation for future work
aimed at elucidating the molecular mechanisms underlying disease resistance in this important bioenergy crop.
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Background

Switchgrass (Panicum virgatum L.) is a North American
prairie grass that can be used as a second generation
bioenergy feedstock. As a readily outcrossing species,
native switchgrass germplasms have maintained a high
level of genetic diversity over time [1, 2]. Two ecotypes
of switchgrass, lowland and upland, have emerged that
are adapted to different growth habitats. Lowland
ecotypes are generally tetraploid in nature and grow in
warm, moist, southern climates whereas upland ecotypes
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of switchgrass can be tetraploid, hexaploid, or octoploid
and are usually found growing in the northern part of
the United States into southern Canada [3]. Lowland
ecotypes also typically produce more biomass and are
more tolerant to diseases than their upland counterparts;
however, upland ecotypes are considered to be more
tolerant to drought and cold stresses [3, 4].

Currently, industrial scale breeding programs of
switchgrass have focused on optimizing biomass yield
and improving feedstock quality in order to produce
more biofuel [5]. However, this practice is likely to
reduce the genetic diversity in switchgrass that promotes
disease resistance. Airborne foliar fungal pathogens, like
switchgrass rust, have potential to cause nationwide
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epidemics on switchgrass and have been shown to cause
significant biomass yield losses [6]. The causal agent of
switchgrass rust, Puccinia emaculata Schw., is wide-
spread and has been reported in Tennessee [7], Arkansas
[8], Virginia [9], and Mississippi [10]. The majority of
switchgrass cultivars, including lowland and upland
ecotypes, have been shown to be moderate to highly
susceptible to this rust pathogen [11, 12].

In order to understand and improve disease resistance
in switchgrass, the molecular mechanisms underlying tol-
erance to pathogen infection must be elucidated. A recent
report found that many genes were differentially expressed
during switchgrass rust infection and that some of these
genes belonged to the NB-LRR gene family, which is the
largest family of plant disease resistance (R) genes [13].
NB-LRR genes encode proteins that contain a C-terminal
leucine rich repeat (LRR) domain, a highly conserved
central nucleotide binding (NB) domain, and a variable
N-terminal region [14]. The NB domain has been well
characterized with regards to several preserved motifs
including the Walker-A/P-loop, kinase 2, RNBS/kinase 3,
and GLPL [15]. Recent studies have suggested that the
LRRs within the C terminal region may contain either a
‘LxxLxxLxxLxLxx’ signature [16] or a ‘LxxLxxL’ signature
[17]. Two major classes of NB-LRR genes have emerged
based on conserved sequences within the N-terminal.
These classes are characterized by the presence of either a
coiled-coil (CC) motif or a domain homologous to the
Drosophila Toll and mammalian Interleukin-1 Receptor
(TIR) [15]. To date, no TIR-NB-LRR genes have been
identified in cereal grass species [18].

Putative NB-containing R genes have been identified in
numerous plant species by experimental methods, such as
PCR cloning [19] which has been used to identify
potential RGHs in species such as Arabidopsis [20], rice
[18], and cotton [21]. Homology-based bioinformatics
approaches have also been used to identify thousands of
putative NB-containing R genes in plants, including
several important crop species such as rice [22], potato
[23], and soybean [24]. A recent study by Li et al. [25]
used readily available genomes for four grass species to
computationally identify 129, 245, 239, and 508 NB-LRR
R genes in maize, sorghum, Brachypodia, and rice,
respectively. Alternatively, advances in next generation
sequencing technologies have allowed for preferential high
throughput sequencing of R genes in a process known as
Resistance gene enrichment Sequencing (Ren-Seq) [26].
This method has been successfully used in potato and
tomato to identify NB-LRR resistance genes [26].

Depending on the size of the plant genome, it is
estimated that NB-LRR genes comprise on average be-
tween 0.5 and 1.8 % of the protein coding genes [15, 27].
A few plant species, such as cucumber [28] and papaya
[29], have considerably less than 0.5 % NB-LRR genes.
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Additionally, NB-LRR genes in grass species have been
calculated to make up anywhere from 0.4 to 1.35 % the
total number of predicted proteins [25]. Despite recent ad-
vances in determining potential R genes, few studies have
been performed in switchgrass. One recent report by Zhu
et al. [30] identified RGHs in switchgrass using a
combination of PCR-cloning and EST database mining.
The results of this study identified approximately 380
RGHs. Since there are an estimated 98,007 protein-coding
loci in the switchgrass genome [31], the number of RGHs
identified by Zhu et al. [30] is roughly 0.39 % of the total
number of protein-coding transcripts in switchgrass. The
recent release of the draft switchgrass genome (v 1.1) pro-
vides an excellent opportunity to comprehensively identify
NB-LRR RGHs in this important bioenergy plant. Using a
homology-based computational method, 1011 putative
NB-containing RGHs were identified in the switchgrass
genome (v 1.1). We also identified several switchgrass
RGHs that contained unique domains, including a jacalin-
like lectin binding domain, a calmodulin-like binding
domain, and a major sperm protein domain. Additionally,
RNA-sequencing (RNA-seq) data from a rust-resistant
cultivar, ‘Alamo’ [9], and a rust-susceptible cultivar,
‘Dacotah’ [9], was used to identify variants within the RGHs
and to examine basal expression differences of these RGHs
in uninfected leaf tissue. An analysis of RNA-seq datasets
from the flag leaves of field-grown cultivar ‘Summer’ plants
indicated that the expression levels of some RGHs were
developmentally regulated. The results of this study sig-
nificantly improve our understanding of disease resistance
genes in this important biofuel crop species.

Methods

Switchgrass genome resources and identification of
putative NB-LRR resistance genes

The switchgrass genome (Panicum virgatum v1.1, DOE-
JGI) and its annotation resources were accessed from the
DOE-JGI website (http://www.phytozome.net/panicumvirg
atum.php) [31]. HMMER 3.0 ( http://hmmer.org/) [32] and
PfamScan (http://www.ebi.ac.uk/Tools/pfa/pfamscan/) were
employed to search for switchgrass genes that contained
Pfam NB (NB-ARC) family (PF00931) domains. The search
was conducted using switchgrass protein sequences that
are based on the curated Pfam-A dataset (Pfam10.0) [33]
and the threshold was set to <1E-10. To predict LRRs, a
Perl script was developed that identified and counted the
number of ‘LxxLxxLxx’ signatures in the C-terminal region
of the switchgrass RGHs.

Structural analysis of the newly identified RGHs

Coils (v 2.2) [34], a program embedded in the InterProScan
software (v 5.11) [35], was employed to search the putative
switchgrass RGHs for the presence of CC domains.
SMART (Simple Modular Architecture Research Tool,
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http://smart.embl.de/), a widely used online resource that
identifies and annotates protein domains and protein do-
main architectures [36], was used to search the RGHs for
TIR domains. The SMART and Pfam databases were also
used to detect other highly conserved unique domains that
may be present in the RGHs. SignalP (v 4.0) [37], as part of
InterProScan, was used to analyze the N-terminal region of
the putative switchgrass RGHs for the presence of signal
peptides. TargetP 1.1 (http://www.cbs.dtu.dk/services/Targ
etP/) was then employed to analyze the subcellular
localization of the switchgrass RGHs that contained a signal
peptide [38]. Finally, NLStradamus [39] was used to
determine if any of the RGHs may contain a putative
nuclear localization signal.

Phylogenetic analysis of switchgrass RGHs containing full-
length NB domains

The amino acid sequences of the switchgrass RGHs were
manually searched for the presence of 4 highly conserved
motifs within the NB domain: the P-loop/WalkerA, the
Kinase 2, the RNBS, and the GLPL [15]. For those RGHs
in which all four motifs could be easily identified, the
amino acid sequences were extracted and compiled
together. Clustal Omega [40] was used to align the
sequences and Skylign [41] was used to determine the
consensus sequences for the four conserved motifs men-
tioned above. Sequences that closely followed the consen-
sus sequence for each motif were kept for further analysis.
To analyze the genetic diversity present in the switchgrass
RGHs, the amino acid sequences of the full-length NB
domains, starting from the beginning of the P-loop and
ending at the GLPL motif, were compared to 116 full--
length NB domains from Brachypodium distachyon [42].
All of the sequences were aligned using ClustalW, as part
of the MEGA software (v 6) program, and the default pa-
rameters [43]. After alignment, a Maximum-likelihood
phylogenetic tree was constructed in MEGA using all sites
and the remaining default parameters and a bootstrap
value of 100.

Plant materials

The seeds for the ‘Alamo’ and ‘Dacotah’ plants used in
this study were obtained from the USDA Plant Genetic
Resources Conservation Unit (Griffin, Georgia). The
plants were maintained in the greenhouse at Virginia
Tech. The source of the field grown switchgrass plants
were maintained at the experimental farms of the
University of Nebraska, near Mead, NE [44].

Plant growth conditions and tissue collection

One rust-resistant ‘Alamo’ plant and one rust-susceptible
‘Dacotah’ plant were used for this study. The plants were
grown in the greenhouse facility at Virginia Tech with a
12-14 h photoperiod and day/night temperatures of 28
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and 22 °C, respectively. After 3 months of growth, each
plant was clonally propagated into four biological repli-
cates by planting single tillers in Miracle-Gro Potting
Mix (Miracle-Gro Lawn Products, Inc., Marysville, OH,
USA) in 1.1 x 10 -2 m3 pots. The plants were watered
twice a week and maintained in the greenhouse. After
2 months of growth, the first fully expanded leaf of
E2-E3 stage tillers was collected for each biological
replicate, frozen in liquid nitrogen, and stored at —-80 °C
until RNA isolation.

RNA isolation and sequencing

Total RNA was isolated from switchgrass leaf samples
using a modified TRIzol combined with columns
method. Briefly, frozen leaf samples were ground to a
fine powder in liquid nitrogen using a mortar and pestle.
TRIzol reagent was added to the frozen tissue and total
RNAs were extracted following the manufacturer’s
protocol. After precipitation of the RNA with 100 %
isopropanol, the mixture was applied to an RNeasy spin
column that is part of the Qiagen RNeasy Plant Mini kit
(Qiagen, Valencia, CA, USA). The remaining RNA isola-
tion steps, including DNase treatment, were performed
according to the manufacturer’s protocol.

After RNA isolation, the quality and quantity of the
RNA was assessed using a Nanodrop-D1000 (Nanodrop,
Wilmington, DE, USA) and a bioanalyzer (Virginia
Bioinformatics Institute, Blacksburg, VA, USA). RNA for
one sample of ‘Alamo’ and one sample of ‘Dacotah’ was
sent to the Genomics Resources Core Facility at Weill
Cornell Medical College (Cornell Medical School, New
York, NY, USA) for 101 bp paired-end RNA-sequencing.
The remaining six RNA samples (3 biological replicates
per cultivar) were sent to the Genomics Facility of
Michigan State University (Lansing, MI, USA) for 50 bp
single-end RNA-sequencing.

RNA-seq analysis and variant detection between ‘Alamo’
and ‘Dacotah’

The 101 bp paired-end RNA-seq datasets for ‘Alamo’
and ‘Dacotah’ were imported and analyzed using CLC
Genomics Workbench (v 7.5). Raw reads that passed
default quality scores and were greater than 50 bp in
length were mapped to the switchgrass (v 1.1) reference
genome (Table 2) using the RNA-seq analysis tool with
the following parameters: mapping was also performed
to intergenic regions, only 1 hit was allowed per read, a
similarity fraction of 0.9, a length fraction of 1.0, a
mismatch cost of 2, an insertion cost of 3, and a deletion
cost of 3.

After read-mapping, the reads that mapped were
locally realigned and variants were called using the Basic
Variant Detection tool with the following parameters:
broken pairs were not ignored, non-specific matches
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were ignored, minimum read coverage of 3, minimum
variant count of 2, and a minimum variant frequency
(%) of 25.0. Following variant detection, the variant
tracks for both ‘Alamo’ and ‘Dacotah’ were filtered
against the RNA-seq mapped reads of the other cultivar,
respectively, to identify variants uniquely different
between them. High-quality variants, including single
nucleotide polymorphisms (SNPs), multiple nucleotide
polymorphisms (MNPs), insertions/deletions, and re-
placements were selected for based on the following
criteria:  zygosity = homozygous, Frequency =100 %,
coverage 23, control count =0, control coverage >3, and
control frequency =0 %. The resulting lists from both
variant detections were compiled together for a compre-
hensive list of high quality variants between the two
cultivars (Additional file 1: Table S1).

Gene expression analysis of switchgrass RGHs in ‘Alamo’,
‘Dacotah’, and ‘Summer’

In order to determine if any of the RGHs identified in
this study are expressed basally in switchgrass leaves,
the 50 bp single-end RNA-Seq datasets for the three
biological replicates of ‘Alamo’ and ‘Dacotah’ were
analyzed using CLC Genomics Workbench. Reads with
a quality score (Q-score) >20 were mapped to the
switchgrass reference genome (v 1.1) (Table 2). After
read-mapping, the gene expression output tracks for all
replicates of ‘Alamo’ and ‘Dacotah’ were compared
using readily available tools within the program. A gene
was considered expressed if five or more total reads
mapped to it. Differential expression analysis between
the two cultivars was carried out using an Empirical
analysis of Differential Gene Expression (EDGE) test
that is available as part of the CLC Genomics
Workbench software. The results were filtered based
on a False Discovery Rate (FDR) p-value of < 0.05 and a
corrected fold change >2.

We utilized the raw RNA-sequencing data obtained
from flag leaves of field grown cultivar ‘Summer’ plants
[44] to analyze developmental gene expression of the
1011 switchgrass RGHs over the course of a growing
season. Only RGHs that exhibited detectable expression
levels in all three biological replicates, and also in at
least one of the five sampled time points, were kept for
further analysis. Weighted Gene Co-expression
Network Analysis (WGCNA, version 1.43) in R was
then used to identify RGHs that demonstrated similar
expression patterns [45-47]. Signed co-expression
networks were identified using WGCNA with a soft
threshold value of 16 and a minimum module size of
30. The module eigengene (ME), which corresponds to
the first principal component of a specific module,
represents the expression pattern of each co-expression
module.
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Isolation of DNA from ‘Alamo’ and ‘Dacotah’

DNA was isolated from young leaf tissue using a modified
CTAB method [48]. The DNA was re-suspended in 1x TE
buffer (10 mM Tris pH 8.0, 10 mM EDTA pH 8.0) and
the quantity and quality was measured using a Nanodrop
ND-1000 (Wilmington, DE, USA).

Validation of SNPs using allele-specific PCR primers and
DNA sequencing

Allele-specific SNP PCR primers for both ‘Alamo’ and
‘Dacotah’ were designed as previously described [49].
Both the forward and reverse primers for each locus
accounted for a SNP at the 3’ end. The 3™ base pair
from the 3" end of each primer was changed according
to the recommendations from Hirotsu et al. [49] in
order to maximize allele-specificity. Four sets of forward
and reverse primers that detected 16 SNPs were
designed and used for PCR amplification in a total
reaction volume of 20 pL (Additional file 2: Table S2).
After the reactions were completed, the products were
separated by gel electrophoresis on a 1.0 % agarose gel
and visualized using a GelDoc system (Bio-Rad,
Hercules, CA, USA).

Conserved PCR primers were also designed to amplify
DNA fragments containing SNPs between ‘Alamo’ and
‘Dacotah’ (Additional file 3: Table S3). These SNPs were
validated wusing traditional DNA sequencing. PCR
reactions were performed in a total volume of 30 pL and
contained the following components: 15 pL of high fi-
delity iProof (Bio-Rad, Hercules, CA, USA), 11 uL of
ddH,0, 2 pL of 200 ng/uL DNA, 1 pL of 10 uM forward
primer, and 1 pL of 10 pM reverse primer. The
conditions for the PCR reactions were: 98 °C for 3 min,
followed by 30 cycles of denaturation at 98 °C for 30 s,
annealing at 60 °C for 45 s, extension at 72 °C for 1 min
and 30 s, and a final extension at 72 °C for 7 min. Once
the PCR reactions finished, 2 pL of each reaction was
run on a 0.8 % agarose gel in order to verify amplifica-
tion. Next, the remaining 28 pL of each reaction was
purified. Finally, all purified PCR products were sent for
DNA sequencing.

Availability of data and materials

The data and datasets supporting the conclusions of this
article are included within the article and its supplemen-
tal files. In addition, the RNA-seq datasets used in this
article have been deposited in the GenBank database
and can be found under the following accession
numbers: SRR3473343, SRR3473344, SRR3467193,
SRR3467194, SRR3467195, SRR3467196, SRR3467197
and SRR3467198. The phylogenetic tree generated in
this study has been deposited in TreeBASE (Submission
19789) and can be accessed at the following URL: http://
purl.org/phylo/treebase/phylows/study/TB2:519789.
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Results

Identification of 1011 putative NB-containing RGHs in
switchgrass

In this study, a total of 1542 switchgrass proteins were
identified that contained R gene-like NB-ARC domains.
After selecting for protein sequences with an NB-ARC
e-value of <1E-10 and removing alternatively spliced
transcripts, a final number of 1011 unique switchgrass pro-
teins were collected that contained R gene-like NB-ARC
domains (Fig. 1, Additional file 1: Table S1). This accounts
for approximately 1.03 % of the total protein-coding genes
in switchgrass. From here on, these will be referred to as
putative switchgrass RGHs. The putative RGH proteins
varied in length from 98 amino acids (Pavir.J31808) to 1649
amino acids (Pavir.Ba02898). Of the 1011 RGH proteins,
695 are considered to be complete protein sequences in the
switchgrass genome (v 1.1), meaning they are predicted to
contain a start methionine (ATG) and a stop codon. The
remaining 316 RGH proteins lacked one or both of these
features. All of the 1011 putative switchgrass RGHs were
manually annotated to validate the presence of the
NB-ARC domain (Additional file 4: File S1).

Since NB-LRR disease resistance genes tend to cluster
together in plant genomes [15], the availability of a draft
reference genome for switchgrass provided an opportunity
to analyze the chromosomal distribution of the 1011 RGHs.
The current version of the switchgrass genome (v 1.1) is
comprised of 18 main pseudomolecules that represent the
A and B subgenomes [31]. An additional several hundred
thousand sequences are located on unanchored contigs
[31]. Of the 1011 RGHs identified in this study, 511 were
assigned to one of the major pseudomolecules while the
remaining 500 were dispersed among unanchored contigs
(Fig. 2). Switchgrass chromosome 8 was found to contain
the most RGHs with 92 genes located on Chr08a and 93
genes located on Chr08b. In contrast, chromosomes 4 and
7 contained the least total number of RGHs with 20 and
21, respectively (Fig. 2).
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Structural analysis of the 1011 newly identified RGHs in
switchgrass

The two major classes of NB-LRR disease resistance genes
contain either a coiled-coil (CC) motif or a domain hom-
ologous to the intracellular signaling domain of Drosophila
Toll and mammalian Interleukin-1 Receptors (TIR) in their
N-terminals [14]. A total of 405 genes were discovered that
contain putative CC domains (Fig. 1, Additional file 2: Table
S2). In contrast to the CC domains, no TIR domains were
detected in any of the 1011 RGHs.

Using SignalP, 19 of the 1011 switchgrass RGHs were
identified to contain an N-terminal signal peptide
(Additional file 3: Table S3). None of these signal peptides
were predicted to span a cellular membrane. Based on the
amino acid sequence of the signal peptide, TargetP (v 1.1)
was used to predict the subcellular localization of these
proteins (Additional file 3: Table S3). Of the 19 proteins, 13
were predicted to enter the secretory pathway and 4 were
predicted to go to the mitochondria. The remaining pro-
teins, Pavir.Ea02039.1 and Pavir.Ba00602.1, were predicted
to go to other subcellular locations that were not the
mitochondria or the chloroplast. Several NB-LRR disease
resistance proteins, such as RRS1 [50], have been shown to
localize in the plant nucleus upon pathogen detection.
NLStradamus was employed to search the 1011 RGHs for
the presence of putative nuclear localization signals (NLSs).
A total of 104 of the 1011 RGHs were identified to contain
a putative NLS (Additional file 5: Table S4). Of these
proteins, the NLS was predicted to be in the N-terminal
region in 72 of the RGHs, while 32 of the proteins were
predicted to contain an NLS in their C-terminal region.

The majority of NB-containing resistance genes
contain highly variable leucine rich repeats (LRRs) in
their C-terminals. LRRs are believed to function in
protein-protein interactions, as well as in ligand binding
[14]. The 1011 switchgrass RGH proteins were manually
screened to identify a consensus sequence (LxxLxxLxx)
that was predominant among the RGH proteins. A Perl
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Fig. 1 Numerical and structural representation of the 1011 switchgrass RGHs identified in this study. Four different protein structures were found
for the 1011 switchgrass RGHs identified in this study. The coiled-coil (CC) domain is depicted in purple, the nucleotide binding (NB) domain in
green, and the leucine rich repeat (LRR) region in yellow. The placement of the domains below does not reflect accurate molecular distances
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script determined that a total of 682 of the 1011
switchgrass RGHs contained one or more ‘LxxLxxLxx’
signatures downstream of the end of the NB-ARC
domain (Fig. 1, Additional file 6: Table S5). The number
of ‘LxxLxxLxx’ signatures identified ranged from 1 to 19
per protein with the majority of these proteins contain-
ing between 5 and 9 (445 or 65.2 %). Therefore, the
majority of the switchgrass RGHs do in fact have the
typical NB-LRR gene structure.

Identification of unique domains in the 1011 switchgrass
RGHs

Previous reports have identified unique domains in the N-
and C-terminals of NB-LRR resistance genes and have
suggested that these domains may play a role in R gene
function [51]. As summarized in Table 1, 40 switchgrass
NB-LRR proteins were also predicted to contain other
known functional domains. These unique domains can be
classified into 7 different functional categories: protein
modification, DNA binding/transcription, protein traffick-
ing and vesicle movement, protein-protein interaction,
sugar binding, signal transduction, and transposable
element. The majority of switchgrass RGHs with unique
domains (24 out of 40, or 60 %) fell into the protein
modification category. Of these 24 proteins, two RGHs
contained a thioredoxin domain (Pavir.Fa01782 and
Pavir.Hb00484), one RGH contained a glutaredoxin domain
(Pavir.Bb01048), and one RGH contained a phosphatase
domain (Pavir.J24356). A putative C-terminal NLS was also
detected for Pavir.Fa01782. Interestingly, the remaining 20
RGHs were found to contain a protein kinase domain

(Table 1). Of these 20 proteins, ten are located on chromo-
some 8 (5 on Chr08a and the other 5 on Chr08b). Two of
these protein kinase-containing RGHs, Pavir.Ha00561 and
Pavir.Ha01108, were also found to contain a NLS in their
C-terminal and N-terminal, respectively.

The next largest category included RGHs with domains
that function in DNA binding and transcription. Two
switchgrass RGHs, Pavir.Ba02315 and Pavir.J20878, were
found to contain an N-terminal B3 DNA binding domain.
Interestingly, Pavir.J20878 is also predicted to contain a
C-terminal WRKY domain. Five other RGHs including
Pavir.Fa02339, Pavir.Ga00028, Pavir.Gb00931, Pavir.J19380,
and Pavir.J40131 were also found to have an N-terminal
zinc finger-BED DNA binding domain (Table 1).

Finally, the remaining eight switchgrass RGHs fell
into the last 5 categories. Three switchgrass RGHs
(Pavir.Ib02384, Pavir.Ib02433, and Pavir.J18369) were
predicted to contain an N-terminal domain homologous to
major sperm protein (PF00635) (Table 1). These proteins
are classified in the protein trafficking and vesicle move-
ment category. Two switchgrass RGHs were predicted to
contain domains that may play a role in protein-protein in-
teractions (Table 1). These include Pavir.J03445, which has
a C-terminal WD40 domain, and Pavir.Fb01504, which
contained a C-terminal hAT family dimerization region that
is common to transposable elements. Pavir.J03445 was also
predicted to contain an N-terminal nuclear localization
signal. Another element that is found in some transposons,
a gag-polypeptide of LTR copia-type domain, was predicted
in the C-terminal of Pavir.Aa01444. The final two RGHs
with unique domains, Pavir.Hb01174, which contains a
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Table 1 Unique domains that were identified in 40 switchgrass NB or NB-LRR proteins
Category Unique domain Protein ID E-value Structure
Protein modification Glutaredoxin Pavir.Bb01048.1.p 9.80E-08 NB-LRR-Glutaredoxin
Thioredoxin Pavir.Fa01782.1.p 3.70E-22 NB-LRR-Thioredoxin
Pavir.Hb00484.1.p 8.50E-21 NB-LRR-Thioredoxin
Protein tyrosine kinase Pavir.Ba02898.1.p 1.50E-26 NB-LRR-PK
Serine/threonine phosphatases, PavirJ24356.1.p 290E-14 NB-LRR-PP2C
family 2C, catalytic domain
Serine/Threonine protein kinases, PavirAa03320.1.p 2.30E-13 PK-NB-LRR
catalytic domain PavirBb00833.1.p 3.20E-30 PK-NB
PavirHa00561.1.p 4.10E-26 PK-NB-LRR
Pavir.Ha00691.1.p 2.10E-97 NB-LRR-PK
PavirHa01101.1.p 240E-23 PK-NB-LRR
PavirHa01108.1.p 1.70E-25 PK-NB-LRR
PavirHa01246.1.p 4.00E-21 PK-NB-LRR
PavirHb00345.1.p 7.80E-16 PK-NB-LRR
PavirHb00951.1.p 6.20E-28 PK-NB
PavirHb01026.1.p 3.10E-22 PK-NB
PavirHb01049.1.p 840E-13 PK-NB
PavirHb01188.1.p 140E-28 PK-NB
PavirJ00375.1.p 240E-25 PK-NB-LRR
PavirJ01180.1.p 4.60E-27 PK-NB-LRR
PavirJ16540.1.p 1.60E-23 PK-NB-LRR
PavirJ23132.1p 7.30E-19 PK-NB
PavirJ36755.1.p 3.30E-12 PK-NB
PavirJ3759.1.p 1.30E-14 PK-NB
PavirJ39176.1.p 4.00E-14 PK-NB
DNA binding, transcription B3 DNA binding domain PavirBa02315.1.p 2.20E-10 B3-NB-LRR
B3 DNA binding domain PavirJ20878.1.p 3.10E-07 B3-NB-LRR-WRKY
WRKY DNA binding domain 1.00E-14
BED zinc finger PavirFa02339.1p 540E-09 ZF-NB-LRR
Pavir.Ga00028.1.p 5.40E-09 ZF-NB-LRR
PavirGb00931.1.p 1.70E-08 ZF-NB-LRR
PavirJ19380.1.p 2.50E-12 ZF-NB-LRR
PavirJ40131.1.p 7.80E-08 ZF-NB
WRKY DNA-binding domain PavirJ33941.1.p 1.80E-14 NB-LRR-WRKY
protein trafficking and MSP (Major sperm protein) domain Pavirlb02384.1.p 1.10E-09 MSP-NB-LRR
vesicle movement Pavir|b02433.1.p 1.50E-08 MSP-NB-LRR
Pavir.J18369.1.p 5.10E-13 MSP-NB
Protein-protein interaction WD domain, G-beta repeat Pavir.J03445.1.p 5.00E-06 NB-LRR-WD
hAT family C-terminal dimerisation PavirFb01504.1.p 3.50E-08 NB-LRR-hAT
region
Sugar binding Jacalin-like lectin domain PavirHb01174.1.p 5.60E-11 NB-LRR-Jacalin
Signal transduction Calmodulin binding protein-like PavirHb00190.1.p 5.10E-79 NB-LRR-Calmodulin
Transposon element gag-polypeptide of LTR copia-type Pavir.Aa01444.1.p 8.90E-07 NB-LRR-LTR
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C-terminal jacalin-like lectin binding domain, and
Pavir.Hb00190, which has calmodulin binding protein-like
domain in the C-terminal, are predicted to function in
sugar binding and signal transduction, respectively.

Phylogenetic analysis of switchgrass sequences
containing a full-length NB domain

Of the 1011 switchgrass RGHs, 600 were found to contain
a full-length NB domain in which four highly conserved
motifs could be found: the Walker-A/P-loop, the Kinase 2,
the Kinase 3/RNBS-B, and the GLPL. These 600 sequences
were then aligned to determine the consensus sequences
for these four motifs (Fig. 3). The consensus sequences for
the four motifs are as follows: 1) Walker-A/P-loop =
GxGGxGKT, 2) Kinase 2 = KR(Y/F)L(I/L)VLDD(V/L)W, 3)
Kinase 3/RNBS-B =SR(I/V) (I/L)VTTR, and 4) GLPL =
GLPLA. These results are consistent with similar sequences
identified in NB-LRR genes in other plant species, such as
rice [52] and Brachypodium [42].

After generating the consensus sequences for the four
highly conserved motifs, only 578 switchgrass RGHs were
found to closely match these sequences. The amino acid
sequences for these RGHs, along with those of 116 Brachy-
podium NB-LRR genes [42], were extracted and then
subjected to phylogenetic tree analysis. The un-rooted
phylogenetic tree can be divided into 35 different groups,
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with the majority of groups containing both switchgrass
and Brachypodium NB-LRR genes (Fig. 4, Additional file 7:
Figure S1). Switchgrass and Brachypodium diverged about
50 million years ago [53]. However, most NB-LRR genes
are still conserved in the two plant species, since no clear
separation of switchgrass or Brachypodium genes clusters
were observed (Fig. 4, Additional file 7: Figure S1). This is
also supported by strong bootstrap values (>50) of many
clades that included sequences from both species.
Switchgrass NB-LRR genes are enriched on chromo-
some 8 (Fig. 2). Therefore, we examined if chromosome 8
NB-LRR genes (highlighted in red) tended to cluster to-
gether in the phylogenetic tree (Fig. 4). As shown in Fig. 4,
four small clusters of chromosome 8 NB-LRR genes are
evident. These clusters were further analyzed to determine
if the ten chromosome 8 RGHs that were predicted to
contain a protein kinase domain were phylogenetically
similar. Seven of the 10 protein kinase-containing RGHs
(highlighted in green) were located in the same cluster, in-
dicating that these genes are highly homologous. These
genes could have rapidly evolved from the same ancestor
and duplicated on chromosome 8. Interestingly, no
Brachypodium genes were located in this cluster. The
remaining three protein kinase-containing RGHs were
dispersed across the phylogenetic tree with two of the
genes clustering together in the same group as the bigger

Walker-A/P-loop
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Fig. 3 Skylign output of the NB region for the 600 switchgrass sequences that contained a full-length NB domain. Four highly conserved motifs
were identified in these sequences: the Walker-A/P-loop motif, the Kinase 2 motif, the Kinase 3/RNBS-B motif, and the GLPL motif. The height of
each letter within a stack corresponds to the frequency and conservation of that letter at that position
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Fig. 4 Phylogenetic analysis of 578 switchgrass RGHs and 116 Brachypodium distachyon RGHs. The phylogenetic tree was built using MEGA 6
with default settings. Branches for the Brachypodium RGHs are highlighted in blue and branches for switchgrass RGHs located on chromosome 8
are highlighted in red. The green dots represent the phylogenetic location for the 10 protein kinase-containing NB-LRR genes that are found on
chromosome 8. Numbers on the tree indicate branches with bootstrap values greater than 50
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cluster. A similar trend of genes on the same chromosome
clustering together was also observed for the Brachypo-
dium genes (Fig. 4, Additional file 7: Figure S1).

Identification of variants between RGHs in ‘Alamo’, a rust-
resistant switchgrass cultivar, and ‘Dacotah’, a rust-
susceptible switchgrass cultivar

The RNA-seq mapping statistics obtained from the ana-
lysis of these datasets is shown in Table 2. Approximately

99,283,683 ‘Dacotah’ reads (82.03 %) and 180,996,166
‘Alamo’ reads (84.35 %) were mapped to the reference
genome (Table 2). The slightly higher number of ‘Alamo’
reads mapping to the reference genome could be
attributed to the fact that the switchgrass reference
genome is a plant from the cultivar ‘Alamo’ (AP13).

After alignment to the switchgrass reference genome
(v 1.1), the RNA-seq reads for both ‘Alamo’ and
‘Dacotah’ were analyzed in order to identify variants,
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Table 2 RNA-seq analysis of ‘Alamo” and ‘Dacotah’ used for variant detection and gene expression analysis. One sample of ‘Alamo’
and one sample of ‘Dacotah’ were sequenced at a deep coverage (36X and 20X, respectively) and were used for variant detection.
Three biological replicates of ‘Alamo’ and ‘Dacotah’ were used for gene expression analysis and were sequenced between 3.7X and

5.2X coverage

Sample Sequencing Initial reads Trimmed reads Mapped reads % Reads mapped
Alamo 101 bp-PE 221,647,550 216,244,584 180,996,166 8435

Dacotah 101 bp-PE 125,257,298 121,958,884 99,283,683 8203

Alamo- 1 50 bp-PE 56,036,894 54,211,026 52,494,171 9%

Alamo- 2 50 bp-PE 45,931,626 44,044,084 42,657,586 96

Alamo- 3 50 bp-PE 58,312,466 55472,698 53,590,453 96

Dacotah- 1 50 bp-PE 59,434,186 56,774,376 54,489,840 9

Dacotah- 2 50 bp-PE 48,408,374 46,266,102 44,525,787 96

Dacotah- 3 50 bp-PE 63,304,978 61,060,688 58,815,617 96

including SNPs, MNPs, insertions/deletions (indels), and
replacements in the RGHs. A total of 23,156 variants
were found in 781 RGHs between ‘Alamo’ and ‘Dacotah’.
After filtering for high quality homozygous variants,
2634 variants were found in 344 RGHs. These variants
include 2347 SNPs, 136 MNPs, 145 indels, and 6
replacements (Additional file 8: Table S6).

Allele-specific PCR is a high throughput and cost-
effective way of distinguishing SNPs at a particular
locus without the need for DNA sequencing [49]. A
total of 8 primer pairs, 4 for ‘Alamo’ and 4 for ‘Dacotal’
(Additional file 9: Table S7), were designed to validate
16 SNPs identified by RNA-seq analysis. The results
showed that the primers designed to detect the
‘Dacotah’ alleles were more specific to ‘Dacotah’ DNA
than the primers designed to detect the ‘Alamo’ alleles
(Fig. 5). The presence of unwanted PCR products using
these allele-specific primers suggests that the primers

may be amplifying unwanted PCR products. Alterna-
tively, the other allele may actually be present in each
DNA sample but is either not expressed or expressed at
a level not captured by the sequencing depth of this
experiment and thus, was not detected in our RNA-
sequencing data.

Traditional PCR amplification and DNA sequencing
with conserved primers was also used to validate SNPs
identified from RNA-seq analysis. A total of 8 different
primer sets were designed to detect 12 SNPs within 8
putative RGHs (Additional file 10: Table S8). Using this
method, DNA sequencing confirmed the presence of 11
out of the 12 SNPs (Additional file 11: Figure S2). For
the one SNP in Pavir.Ib01513 that could not be vali-
dated, the PCR products for the ‘Alamo’ and ‘Dacotal’
sequences differed greatly from the expected DNA
sequence, indicating that this primer set may have
amplified unwanted targets.

-
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Fig. 5 Validation of SNPs identified by RNA-sequencing using allele-specific primers. Pictured are the PCR products using ‘Dacotah’-specific
primers where a='Alamo’ DNA and d ='Dacotah’ DNA. 1) 1 kb ladder, 2) Pavir.Ba03659, 3) Pavir.Ba02315, 4) PavirHb01688, 5) PavirHb00487,
6) 1 kb ladder, 7) ELF1a
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Analysis of gene expression of the 1011 switchgrass RGHs
between ‘Alamo’ and ‘Dacotah’

It has been suggested that NB-LRR disease resistance genes
are basally expressed in plant tissues [54]. Upon pathogen
detection, the expression of these genes is up-regulated in
order to initiate defense responses [55]. RNA-sequencing
reads from three biological replicates of ‘Alamo’ and
‘Dacotah’ (Table 2) were used to determine if any of the
1011 switchgrass RGHs were basally expressed in un-inoc-
ulated leaf tissue. Of the 1011 RGHs, 338 were expressed in
both cultivars (Additional file 12: Table S9). For the individ-
ual cultivars, 117 RGHs were found to be expressed only in
‘Alamo’ and 134 RGHs were found to be expressed only in
‘Dacotah’ (Additional file 13: Table S10).

Differential expression of NB-LRR resistance genes has
been shown to play a role in plant disease response. The
results of gene expression analysis were filtered such
that the 338 genes expressed in both cultivars were
considered significantly differentially expressed if their
RPKM values had a fold change greater than 2 and an
FDR p-value less than 0.05. Using these criteria, 21
genes were found to be significantly differentially
expressed between the two cultivars (Table 3). Overall,
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the results of this analysis suggest that these two
different cultivars basally express RGHs.

Expression of specific switchgrass NB-LRR genes are regu-
lated by leaf developmental stages

Recent studies have suggested that NB-LRR resistance
genes are also differentially regulated during various
developmental stages [56, 57]. In order to determine if this
occurs in switchgrass, RNA-seq data from the flag leaves of
field grown cultivar ‘Summer’ switchgrass plants, collected
over five time points from July to September of 2012 [44],
were obtained and analyzed for NB-LRR gene expression.
A total of 755 of the 1011 RGHs were found to be
expressed in all 3 biological replicates from at least 1 time
point. These 755 RGHs were selected for Weighted Gene
Correlation Network Analysis (WGCNA) which classified
these genes into eight co-expression modules (Fig. 6).
Modules 1, 2, and 7 (Fig. 6a, b, and g) had clear harvest/de-
velopmental stage specific expression at anthesis (7/27),
seed set (8/16), and at both anthesis and seed set,
respectively. Modules 4 and 6 were comprised of RGHs
that were expressed at high levels at heading (7/03; Fig. 6d
and f, respectively); however, module 4 showed additional

Table 3 Significant Differentially Expressed RGHs between ‘Alamo’ and ‘Dacotah’

Gene ID Chromosome Gene start Gene end Alamo RPKM? Dacotah RPKM? Fold change® FDR corrected
location location means means p-value®
PavirHa01577 Chr08a 45819137 45820543 0.074 11.565 54.837 6.03E-08
PavirHb00191 Chrosb 3683280 3690800 22.965 4.363 —5.724 1.02E-07
Pavir.J41099 contig99714 31 3755 10721 0.387 —23.222 6.52E-07
Pavir.Ha00254 Chr08a 5275668 5283177 8387 0.088 —43.065 2.74E-06
Pavir.Ea02999 Chr05a 52240105 52245554 7.763 0.145 -31.66 9.51E-06
Pavir.J18698 contig20439 2509 7946 0.019 10273 63.028 1.57E-05
PavirJ36183 contig58243 960 5090 7474 0.014 -57.923 1.77E-05
PavirHa00258 Chr08a 5331659 5334691 12.753 0617 —1844 3.17E-05
Pavir.Ba03626 Chr02a 73291071 73293182 0.139 8.63 30.634 5.28E-05
PavirJ38310 contig74920 865 4419 0377 8.784 16.208 5.28E-05
Pavir.J13560 contig156657 131 2675 0.565 8.893 11.899 1.71E-04
PavirJ35611 contig54273 2061 5449 0.195 596 17.525 4.86E-03
PavirJ01215 contig01325 2932 5562 7.052 1.095 —6.492 5.22E-03
PavirJ03054 contig03762 12948 18535 4.087 0.096 -20.509 7.55E-03
Pavir.Aa01110 Chr01a 14217597 14230708 3.764 0.03 —-26.75 0.013
Pavir.Ha01146 Chr08a 31223571 31227884 0.703 5.777 6478 0.019
Pavir.Cb00441 Chr03b 7318929 7322714 11.648 26.964 2.068 0.034
Pavir.Bb00035 Chro2b 557471 559270 0.054 3333 18.041 0.041
Pavir.Ha00828 Chr08a 23240515 23246499 3.354 0.02 —25.367 0.041
PavirJ29227 contig33532 301 4214 3316 0.035 —22.844 0.041
Pavir.J02637 contig03134 4596 14505 4.903 0.772 —-6.169 0.048

“RPKM reads per kilobase per million of reads mapped

PFold Change = expression level difference between the two samples when using ‘Dacotah’ as the reference sample
3FDR corrected p-value = p-value that the Fold Change is significant based on the corrected False Discovery Rate
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Fig. 6 WGCNA analysis of developmental gene expression for 755 RGHs in the switchgrass cv. Summer. Shown are eight modules (a-h) that
correspond to the expression patterns of 755 RGHs identified in this study over five sampling time points. The line represents the overall
expression pattern of each co-expression module. The number of genes included in each module is represented by n
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expression at seed maturation (8/31) whereas module 6
showed additional expression at seed set (8/16). Co-
expressed RGHs found in module 3 showed primary ex-
pression at seed maturation (8/31; Fig. 6¢) and additional
minor expression at heading (7/03). Finally, RGHs in
modules 5 and 8 were expressed mainly at the onset of sen-
escence (9/19; Fig. 6e and h, respectively). In general, the
RGHs belonging to module 8 were expressed at a higher
level than those belonging to module 5, although some
variation was observed among the biological replicates.

Discussion

The identification and validation of plant disease resist-
ance genes is a major focus in the molecular investiga-
tions of plant-pathogen interactions. While other studies
have aimed to understand the molecular mechanisms
controlling switchgrass resistance to switchgrass rust
[13, 30], none of these studies have mined the currently
available draft switchgrass genome (v 1.1) for potential
NB-LRR resistance gene homologs. In this research, a
homology-based computational approach was used to
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identify 1011 unique RGHs in the switchgrass genome.
Approximately 266 % more RGHs were identified than
in a similar study that detected switchgrass RGHs from
EST sequences and PCR-based cloning [30]. However,
the total number of RGHs in switchgrass may change
with further refinement of the switchgrass genome;
although, the percentage of RGHs identified in this study
is similar to rice [58].

Structural analysis of the 1011 switchgrass RGHs
provided useful insights into their putative molecular
functions. We identified several of the major features
expected in plant NB-LRRs [20, 54] in switchgrass.
Additionally, the large number of putative RGHs indicates
that there is a substantial repertoire of disease resistance
genes in the switchgrass genome and that a robust
immunity potential is present in the event of pathogen in-
vasion. However, further studies are needed to validate the
sub-cellular localization and functions of these proteins.

The NB domain of plant R protein has been shown to
act like a molecular switch and function in signal
transduction pathways. In analyzing the 1011 switchgrass
RGHs, 600 were found to contain a full-length NB domain
while the remaining sequences were missing one or more
highly conserved motifs (P-loop/WalkerA, Kinase 2,
RNBS, and GLPL; [15]. This could be explained by the
assembly of the switchgrass genome (v 1.1), which consists
of 18 pseudomolecules and several thousand additional
contigs ranging in size from 1000 to 88,021 bp [31].
Incomplete NB-LRR gene sequences in switchgrass could
be a result of incomplete duplications or transversions,
incomplete assembly or annotations, or may actually be
pseudogenes. Some NB-LRR pseudogenes have been
shown to code for non-functional or truncated protein
products [59]. Interestingly, the evolution of a pseudogene
at the Pid3 gene locus has been found to promote disease
in susceptible rice cultivars [60].

Sequence duplication and divergence is also prominent
in NB-LRR genes. Phylogenetic analysis of the switchgrass
and Brachypodium NB-LRRs found that the majority of the
Brachypodium NB-LRRs have been conserved in switch-
grass. Several switchgrass RGHs, including ten that were
identified to contain a protein kinase domain, however,
appear to have emerged after the two species diverged.

Unique domains other than the NB-LRRs identified in
the switchgrass RGHs have also been identified in other
species, and could play roles similar to ones reported
recently in Arabidopsis. In Arabidopsis the RRSI-R gene
encodes NB-LRR protein that contains a WRKY domain
that acts as a decoy to intercept effector molecules
secreted by Pseudomonas syringae pv. pisi and Ralstonia
solanacearum [61].

Two switchgrass RGHs, Pavir.Fa01782 and Pavir.Hb00484,
were found to have a C-terminal domain homologous
to thioredoxin proteins. One switchgrass RGH,
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Pavir.Bb01048, was predicted to have a C-terminal glu-
taredoxin domain. Thioredoxin and glutaredoxin pro-
teins participate in oxidation/reduction reactions and
have been associated with increased disease resistance
in tobacco [62, 63] and increased disease susceptibility
in Arabidopsis [64]. Therefore, the NB-LRR containing
a thioredoxin domain may function in disease resist-
ance by reducing pathogen-induced oxidative stresses.
Since glutaredoxin has been shown to promote disease
resistance [64], the presence of a glutaredoxin domain
in a NB-LRR disease resistance gene may function as a
decoy similar to the data described by Sarris et al. [61].

A total of 5 switchgrass RGHs were predicted to contain
unique domains that are involved in DNA binding. One
switchgrass gene, Pavir.J03445, was found to contain a
WD40 domain in the C-terminal. Plant genes that contain
WD40 domains have been shown to be differentially regu-
lated during pathogen infection, suggesting that these genes
may be important regulators of defense-related responses
[65, 66]. Another switchgrass gene, Pavir.J20878, which
contains an N-terminal B3 DNA-binding domain, was also
found to contain a C-terminal WRKY DNA-binding
domain. This further supports a role for Pavir.J20878 in
DNA binding and transcription regulation.

Aside from DNA-binding, several other smaller
categories were identified. One switchgrass RGH,
Pavir.Hb01174, is predicted to function in sugar binding.
This particular RGH contains a C-terminal jacalin-like
lectin binding domain. Jacalin-like lectin domains bind
carbohydrates, mainly mannose and galactose, and have
been shown to play an important role in disease resist-
ance [67]. For example, the RTMI gene of Arabidopsis
encodes a protein that contains a jacalin-like lectin
domain and this protein is critical for inhibiting
long-distance movement of the tobacco etch virus [68].
Additionally, three switchgrass RGHs, Pavir.Ib02384,
Pavir.Ib02433, and Pavir.J18369, are predicted to function
in protein trafficking and vesicle movement, a function
that has not yet been demonstrated by plant disease resist-
ance genes. These proteins contain a domain in their N-
terminals that shows strong homology to a major sperm
protein of nematodes. A previous report has identified a
similar domain in the N-terminal region of the VAP27
protein of tomato, which has been shown to interact with
the Cf9 resistance protein; however, no direct role for
VAP27 in disease response has been established [69]. To
our knowledge, this is the first report of a major sperm
protein domain attached to the N-terminal of a NB-
containing resistance gene.

Several other domains found in the switchgrass RGHs,
have been linked to disease response in other plants.
These include calmodulin (Pavir.Hb00190) [70, 71], WD
domain (Pavir.J03445) [72, 73], and transposable
elements (Pavir.Fb0150) [74, 75]. This highlights the
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diversity and potential for gene diversification of RGHs
encoded by the switchgrass genome.

The switchgrass cultivars ‘Alamo’ and ‘Dacotah’ exhibit
significantly different disease responses after exposure to
switchgrass rust (Puccinia emaculata). ‘Alamo’ is rela-
tively resistant to the rust pathogen whereas ‘Dacotah’ is
highly susceptible [9]. Polymorphisms within RGHs may
contribute to the disease resistance phenotype that is ob-
served between ‘Alamo’ and ‘Dacotah’. In our study, we
identified 2634 variants between ‘Alamo’ and ‘Dacotah;
including SNPs, MNPs, indels, and replacements.
Approximately 89 % of the variants detected were SNPs.
The predominance of SNPs could be attributed to the
fact that single nucleotide changes in the coding regions
of genes are less likely to disrupt the reading frame,
which often times results in nonsense mutations. SNPs
could also explain the disease response phenotypes of
‘Alamo’ and ‘Dacotah; as they could alter the amino acid
sequence of resistance genes and potentially disrupt gene
function. Since these SNPs are associated with defense-
related genes, they could be further developed into mo-
lecular markers for use in breeding of disease resistance.

In addition to polymorphisms within the RGHs, differ-
ential expression of NB-LRR disease resistance genes
may contribute to the different phenotypes observed
between the two cultivars. It is believed that R genes are
expressed at relatively low levels in unchallenged plant
cells in anticipation of pathogen attack [14]. Indeed, we
found that 338 RGHs displayed expression evidence in
both cultivars in an unchallenged state, supporting the
idea that R genes are basally expressed in healthy plant
cells [14]. There could be several reasons for the genes
that we could not find expression evidence for. First,
these genes could be expressed at extremely low levels
in healthy plant cells and thus, they escaped detection at
the sequencing coverage used in this study. Second, the
expression of these genes could be induced upon
pathogen detection and they are not basally expressed in
healthy plant cells. Finally, some of these genes may be
pseudogenes and may not be expressed under any condi-
tions. Further studies are needed to evaluate the expres-
sion patterns of the switchgrass RGHs and to determine
the exact role, if any, that these genes play in switchgrass
disease response.

Developmental regulation of specific RGHs could also
contribute to disease resistance phenotypes at different
stages of plant growth. RNA-sequencing from the flag
leaves of field grown cultivar ‘Summer’ provided a
unique opportunity to examine switchgrass RGH expres-
sion over the course of a growing season [44]. The first
group of developmentally regulated RGHs (module 1,
Fig. 6a) is of particular interest since these genes are
up-regulated at the end of July. The end of July and the
beginning of August are optimal times for switchgrass
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rust infection and thus, these genes may play an import-
ant role in immediate defense responses against foliar
pathogens like switchgrass rust. Correspondingly, the
transcripts for these RGHs decreased over the remaining
harvests, supporting the idea that these genes are in-
volved in the earlier stages of disease response. Field-
grown switchgrass plants appear to be more susceptible
to switchgrass rust as they begin to flower and set seed
(data not published). As displayed in modules 5 and 8,
119 of the 755 RGHs (16 % of the genes) exhibited peak
gene expression in at least one biological replicate
during the last sampling point (9/19). The remaining
84 % of the genes displayed peak gene expression over
the first four sampled time points. Since fewer RGHs
showed preferential expression during the later stages of
the growing season, these results support the likelihood
that switchgrass plants may utilize resources towards
other processes, such as flowering and nutrient remobili-
zation, rather than disease resistance in the later stages
of development.

Conclusion

The results of this study provide useful insight into the
molecular structure, distribution, and expression pat-
terns of members of the NB-LRR gene family in switch-
grass, an important biofuel crop. Switchgrass molecular
breeding is relatively recent and has been hindered by a
lack of informative genomic resources. The 2347 SNPs
that we identified by RNA-sequencing can potentially be
developed into molecular markers, which may assist
switchgrass breeders in creating new cultivars with im-
proved disease resistance. In addition, we also identified
40 RGHs that are predicted to contain unique domains
including major sperm protein domain, jacalin-like bind-
ing domain, calmodulin-like binding, and thioredoxin.
NB-LRR proteins that contain unique domains may have
arisen in switchgrass as a method of molecular adapta-
tion to plant pathogens. Thus, this research can be used
for homology-based methods that could identify NB-
LRR disease resistance genes with these unique domains
in other plant species Taken together, the results of this
study provide novel findings that will aid in the identifi-
cation of NB-LRR disease resistance genes and breeding
for durable disease resistance in the biomass crops.
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Additional file 1: Table S1. List of 1011 unique switchgrass proteins
that are predicted to contain an NB-ARC domain (1E <-10). Table ST lists
the protein gene IDs for the 1011 putative switchgrass RGHs, the length
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sequences. (XLSX 433 kb)
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predicted by Signal P to contain an N-terminal signal peptide and the
TargetP prediction of their subcellular localization. Table S3 lists the 19
switchgrass RGHs that were predicted by Signal P to contain an N-terminal
signal peptide. This list also contains the predicted subcellular location of
these proteins as determined by TargetP, the amino acid start and stop
location of the signal peptide, and the amino acid sequences of these
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Additional file 4: File S1. Manual annotation of the 1011 switchgrass
RGHs. File ST details the manual annotation of the 1011 switchgrass
RGHs. The 1011 switchgrass RGHs were manually searched through for
the presence of 4 conserved motifs and then separated into different
categories based on if these motifs were present. The tabs at the bottom
of the file correspond to the different categories and the Index tab
details how these RGHs were characterized. (XLSX 439 kb)

Additional file 5: Table S4. List of 104 switchgrass RGHs that were
predicted to contain a NLS using NLStradamus. Table S4 contains a list of
104 switchgrass RGH protein IDs that were predicted to contain a NLS
using NLStradamus. This list also details the algorithm of NLStradamus
used to predict the NLS and the score, the length of the switchgrass RGH
amino acid sequence, the amino acid start and stop position of the NLS,
and the putative NLS sequence. (XLSX 17 kb)

Additional file 6: Table S5. List of LRRs identified in the 1011 RGHs.
Table S5 lists the 1011 switchgrass RGHs and the number of LRRs that were
identified in the C-terminal of each of the protein sequences using the sig-
nature ‘LxxLxxLxx. The C-terminal was defined as the region following the
end of the NB domain. Also included in this list is the protein length of each
of the RGHs, the numerical amino acid end of the NB domain, and the
amino acid start position for the LRRs that were identified. (XLSX 63 kb)

Additional file 7: Figure S1. Labeled phylogenetic tree of 578 switchgrass
RGHs and 116 Brachypodium distachyon RGHs. Figure S1 is a replica of the
phylogenetic tree included in the paper but it contains the IDs of the 578
switchgrass RGHs and 116 Brachypodium distachyon RGHs. (PDF 820 kb)

Additional file 8: Table S6. High quality variants detected between
‘Alamo’ and ‘Dacotah’. Table S6 details the high quality variants that were
detected between ‘Alamo’ and ‘Dacotah’. This table includes the
chromosome and subgenome information, the region on the
chromosome where the variant is located, the type and length of variant,
the information for ‘Alamo’ and ‘Dacotah’ at this location, and the
average base quality as determined by RNA-seq. (XLSX 166 kb)

Additional file 9: Table S7. Allele-specific PCR primers for validation of
SNPs at 4 loci for ‘Alamo’ and ‘Dacotah’. Table S7 lists the allele-specific
primer sequences that were used for validation of SNPs identified by
RNA-seq for ‘Alamo’ and ‘Dacotah’. This table also includes the genomic
location and name of gene that contains the SNP, the base position of
the SNP, the expected PCR product size, and the annealing temperature
used during PCR for each primer set. (XLSX 11 kb)

Additional file 10: Table S8. Conserved Primers used to validate SNPs
detected between ‘Alamo’ and ‘Dacotah’. Table S8 details 12 conserved
primer pairs that were used to validate SNPs detected between ‘Alamo’
and 'Dacotah’. Also included in the table are the location of the SNP, the
strand of DNA containing the SNP (+/-), and the SNP base pair for
‘Alamo’ and ‘Dacotah’. Other information that is included is the
chromosome/contig start and end base pair for the primers and the
expected length of the PCR product. (XLSX 11 kb)

Additional file 11: Figure S2. PCR validation of SNPs identified between
‘Alamo’ and ‘Dacotah’ using conserved primers. Figure S2 contains
sequencing and alignment data from PCR validation of SNPs identified
between ‘Alamo’ and ‘Dacotah’ using conserved primers. The SNP locations
predicted by RNA-seq have been highlighted in yellow. (DOCX 25 kb)
Additional file 12: Table S9. List of 338 genes that were identified to
be expressed in both ‘Alamo’ and ‘Dacotah’. Table S9 lists the gene IDs
for the 338 genes that were identified to be expressed in both ‘Alamo’
and ‘Dacotah’. Also listed in this table is the mean reads for each cultivar,
which is the average number of reads of three biological replicates

mapping to the gene. A gene was considered expressed if 5 or more
reads mapped to it. (XLSX 19 kb)

Additional file 13: Table $10. Cultivar specific expression of NB-LRR
RGHs in switchgrass. Table S10 contains 117 genes that were found to be
expressed only in ‘Alamo’ and 134 genes that were found to be expressed
only in ‘Dacotah’. Means are the average number of reads mapping to the
gene from three biological replicates of each cultivar. A gene was considered
expressed if 5 or more reads mapped to it. (XLSX 18 kb)

Abbreviations

bp: Base pair; CC: Coiled-coil domain; EDGE test: Empirical analysis of
differential gene expression test; FDR: False discovery rate; indels: Insertions
and deletions; LRR: Leucine rich repeat; ME: Module Eigengene;

MNPs: Multiple nucleotide polymorphisms; NB: Nucleotide binding site; NB-
ARC: Proteins containing a nucleotide binding site and domains
homologous to human APAF-1, plant disease resistance proteins, and C.
elegans CED-4 protein; NB-LRR: Nucleotide binding site- Leucine rich repeat
genes/proteins; NLS: Nuclear localization signal; Q-score: Quality score; R
genes: Plant disease resistance genes; RGH: Resistance gene homolog; RNA-
seq: RNA-sequencing; RPKM: Reads per kilobase of transcript per million
mapped reads; SMART: Simple modular architecture research tool;

SNP: Single nucleotide polymorphism; TIR: Domain homologous to
Drosophila Toll and mammalian Interleukin 1 Receptors; WGCNA: Weighted
gene co-expression network analysis

Acknowledgements
Not Applicable.

Funding

The project was supported by USDA-NIFA Grant Number 2011-67009-30133.
The project was also partially supported by a Virginia Tech CALS integrative
grant and the Virginia Agricultural Experiment Station (VA135872). Work
performed by the ARS was supported in part by the Office of Science (BER),
U. S. Department of Energy Grant Number DE-AI02-09ER64829, USDA-NIFA
Grant Number 2011-67009-30096, and by the USDA-ARS CRIS project 3042-
21000-030-00D. The U.S. Department of Agriculture, Agricultural Research
Service, is an equal opportunity/affirmative action employer and all agency
services are available without discrimination. Mention of commercial products
and organizations in this manuscript is solely to provide specific information.
It does not constitute endorsement by USDA-ARS over other products and
organizations not mentioned. The work conducted by the US Department of
Energy Joint Genome Institute is supported by the Office of Science of the US
Department of Energy under contract number DE-AC02-05CH11231.

Availability of data and materials

Switchgrass (Panicum virgatum L) flag leaf transcriptomes reveal molecular
signatures of leaf development, senescence, and mineral dynamics.
Functional & Integrative Genomics 15: 1-16. The ‘Alamo’ and ‘Dacotah’
switchgrass RNA-seq datasets can be accessed from NCBI GenBank under
the accession numbers: SRR3473343, SRR3473344, SRR3467193, SRR3467194,
SRR3467195, SRR3467196, SRR3467197 and SRR3467198. All switchgrass flag
leaf data are available at NCBI Biosample accession number: SRX481052. The
phylogenetic tree generated in this study has been uploaded to TreeBASE,
submission number 19789.

Authors’ contributions

BZhang, GS, and BZhao designed the research projects. TPF, FX, and AB
performed the computational identification and characterization of the RGHs.
TPF isolated ‘Alamo’ and ‘Dacotah’ DNA and did RNA-seq analysis and SNP
validation. TDR isolated RNA from the 'Summer’ flag leaf samples. NAP, CT,
and TDR executed the research and data analysis of the ‘Summer’ flag leaf
samples. NAP performed WGCNA analysis of the ‘Summer’ flag leaf RNA-seq
data. KC performed the RNA-seq of the three biological replicates of ‘Alamo’
and ‘Dacotah’. SS, JJ, and JS carried out sequencing, assembly, and annota-
tion of the switchgrass genome. TPF, NAP, GS, and BZhao wrote the manu-
script. All authors reviewed and edited the manuscript before submission. All
authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.


dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5
dx.doi.org/10.1186/s12864-016-3201-5

Frazier et al. BMC Genomics (2016) 17:892

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details

1Department of Horticulture, Virginia Tech, Blacksburg, VA 24061, USA. °Grain,
Forage and Bioenergy Research Unit, USDA-ARS, Lincoln, NE 68583-0937,
USA. *Department of Biology, East Carolina University, Greenville, NC 27858,
USA. 4Crop Improvement and Genetics Research, USDA-ARS, Albany, CA
94710, USA. *Department of Biology, West Chester University of
Pennsylvania, Wester Chester, PA 19382, USA. ®Department of Plant Biology,
Michigan State University, East Lansing, MI 48824, USA. ’Department of
Energy Joint Genome Institute, Walnut Creek, CA 94595, USA. 8HudsonA\pha
Institute for Biotechnology, Huntsville, AL 35806, USA. 407 Latham Hall, 220
Ag Quad Lane, Blacksburg, VA 24061, USA.

Received: 16 March 2016 Accepted: 25 October 2016
Published online: 08 November 2016

References

1.

Gunter LE, Tuskan GA, Wullschleger SD. Diversity among populations of
switchgrass based on RAPD markers. Crop Sci. 1996;36:1017-22.
Narasimhamoorthy B, Saha MC, Swaller T, Bouton JH. Genetic diversity in
switchgrass collections assessed by EST-SSR markers. BioEnergy Res.
2008;1:136-46.

Porter Jr CL. An analysis of variation between upland and lowland switchgrass,
Panicum Virgatum L., in central Oklahoma. Ecology. 1966;47:980-92.

Stroup JA, Sanderson MA, Muir JP, McFarland MJ, Reed RL. Comparison of
growth and performance in upland and lowland switchgrass types to water
and nitrogen stress. Bioresour Technol. 2003,86:65-72.

Bouton JH. Molecular breeding of switchgrass for use as a biofuel crop. Curr
Opin Genet Dev. 2007;17:553-8.

Sykes V, Allen F, Mielenz J, Stewart CN, Jr, Windham M, Hamilton C,
Rodriguez M, Jr, Yee K. Reduction of ethanol yield from switchgrass
infected with rust caused by Puccinia emaculata. BioEnergy Res. 2015:1-9
Zale J, Freshour L, Agarwal S, Sorochan J, Ownley BH, Gwinn KD, Castlebury
LA. First report of rust on switchgrass (Panicum virgatum) caused by
Puccinia emaculata in Tennessee. Plant Dis. 2008;92:1710.

Hirsch RL, TeBeest DO, Bluhm BH, West CP. First report of rust caused by
Puccinia emaculata on switchgrass in Arkansas. Plant Dis. 2010;94:381.
Frazier T, Shen Z, Zhao B, Bush E. First report of Puccinia emaculata infection
on switchgrass in Virginia. Plant Dis. 2012,97:424.

Gilley M, Tomaso-Peterson M, Orquera G, Marek S. First report of rust caused
by Puccinia emaculata on cultivated switchgrass in Mississippi. J Miss Acad
Sci. 2013;58:197.

Uppalapati S, Serba D, Ishiga Y, Szabo L, Mittal S, Bhandari H, Bouton J,
Mysore K, Saha M. Characterization of the rust fungus, Puccinia emaculata,
and evaluation of genetic variability for rust resistance in switchgrass
populations. BioEnergy Res. 2013;6:458-68.

Gustafson DM, Boe A, Jin Y. Genetic variation for Puccinia emaculata
infection in switchgrass. Crop Sci. 2003;43:755-9.

Serba DD, Uppalapati SR, Mukherjee S, Krom N, Tang Y, Mysore KS, Saha
MC. Transcriptome profiling of rust resistance in switchgrass using RNA-Seq
analysis. Plant Genome 2015;8:2.

Hammond-Kosack KE, Jones JDG. Plant disease resistance genes. Annu Rev
Plant Physiol Plant Mol Biol. 1997;48:575-607.

Meyers BC, Kozik A, Griego A, Kuang H, Michelmore RW. Genome-Wide
Analysis of NBS-LRR-Encoding Genes in Arabidopsis. Plant Cell. 2003;15:809-34.
Jones DA, Jones J. The role of leucine-rich repeat proteins in plant defences.
Adv Bot Res. 1997,24:89-167.

Bryan GT, Wu KS, Farrall L, Jia Y, Hershey HP, McAdams SA, Faulk KN,
Donaldson GK, Tarchini R, Valent B. tA single amino acid difference
distinguishes resistant and susceptible alleles of the rice blast resistance
gene Pi-ta. Plant Cell. 2000;12:2033-46.

Bai J, Pennill LA, Ning J, Lee SW, Ramalingam J, Webb CA, Zhao B, Sun Q,
Nelson JC, Leach JE, et al. Diversity in nucleotide binding site-leucine-rich
repeat genes in cereals. Genome Res. 2002;12:1871-84.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

Page 16 of 17

Yu YG, Buss GR, Maroof MA. Isolation of a superfamily of candidate disease-
resistance genes in soybean based on a conserved nucleotide-binding site.
Proc Natl Acad Sci U S A. 1996,93:11751-6.

Meyers BC, Dickerman AW, Michelmore RW, Sivaramakrishnan S, Sobral BW,
Young ND. Plant disease resistance genes encode members of an ancient
and diverse protein family within the nucleotide-binding superfamily. Plant
J.1999,20:317-32.

He L, Du C, Covaleda L, Xu Z, Robinson AF, Yu JZ, Kohel RJ, Zhang HB.
Cloning, characterization, and evolution of the NBS-LRR-encoding resistance
gene analogue family in polyploid cotton (Gossypium hirsutum L.). Mol
Plant-Microbe Interact. 2004;17:1234-41.

Monosi B, Wisser RJ, Pennill L, Hulbert SH. Full-genome analysis of resistance
gene homologues in rice. Theor Appl Genet. 2004;109:1434-47.

Lozano R, Ponce O, Ramirez M, Mostajo N, Orjeda G. Genome-wide
identification and mapping of NBS-encoding resistance genes in Solanum
tuberosum group phureja. PLoS ONE. 2012;7:¢34775.

Nepal MP, Benson BV. CNL Disease Resistance Genes in Soybean and Their
Evolutionary Divergence. Evol Bioinformatics Online. 2015;11:49-63.

Li J, Ding J, Zhang W, Zhang Y, Tang P, Chen JQ, Tian D, Yang S. Unique
evolutionary pattern of numbers of gramineous NBS-LRR genes. Mol Genet
Genomics. 2010;283:427-38.

Jupe F, Witek K, Verweij W, Sliwka J, Pritchard L, Etherington GJ, Maclean D,
Cock PJ, Leggett RM, Bryan GJ, et al. Resistance gene enrichment
sequencing (RenSeq) enables reannotation of the NB-LRR gene family from
sequenced plant genomes and rapid mapping of resistance loci in
segregating populations. Plant J. 2013;76:530-44.

Mun J-H, Yu H-J, Park S, Park B-S. Genome-wide identification of NBS-encoding
resistance genes in Brassica rapa. Mol Genet Genomics. 2009,282:617-31.

Wan H, Yuan W, Bo K, Shen J, Pang X, Chen J. Genome-wide analysis of NBS-
encoding disease resistance genes in Cucumis sativusand phylogenetic study
of NBS-encoding genes in Cucurbitaceae crops. BMC Genomics. 2013;14:1-15.
Porter BW, Paidi M, Ming R, Alam M, Nishijima WT, Zhu YJ. Genome-wide
analysis of Carica papaya reveals a small NBS resistance gene family. Mol
Genet Genomics. 2009;281:609-26.

Zhu Q, Bennetzen JL, Smith SM. Isolation and diversity analysis of resistance
gene homologues from switchgrass. G3 (Bethesda). 2013;3:1031-42.
Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, Mitros T,
Dirks W, Hellsten U, Putnam N, et al. Phytozome: a comparative platform for
green plant genomics. Nucleic Acids Res. 2012;40:D1178-86.

Finn RD, Clements J, Eddy SR. HMMER web server: interactive sequence
similarity searching. Nucleic Acids Res. 2011,39:W29-37.

Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, Boursnell C, Pang N,
Forslund K, Ceric G, Clements J, et al. The Pfam protein families database.
Nucleic Acids Res. 2012;40:D0290-301.

Lupas A, Van Dyke M, Stock J. Predicting coiled coils from protein
sequences. Science. 1991,252:1162-4.

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, McWilliam H,
Maslen J, Mitchell A, Nuka G, et al. InterProScan 5: genome-scale protein
function classification. Bioinformatics. 2014;30:1236-40.

Letunic |, Doerks T, Bork P. SMART 7: recent updates to the protein domain
annotation resource. Nucleic Acids Res. 2012;,40:D302-5.

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat. Methods. 2011;8:785-6.
Emanuelsson O, Brunak S, von Heijne G, Nielsen H. Locating proteins in the
cell using TargetP, SignalP and related tools. Nat Protoc. 2007;2:953-71.
Nguyen Ba AN, Pogoutse A, Provart N, Moses AM. NLStradamus: a simple
Hidden Markov Model for nuclear localization signal prediction. BMC
Bioinformatics. 2009;10:202.

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H,
Remmert M, Soding J, et al. Fast, scalable generation of high-quality protein
multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011,7:539.
Wheeler TJ, Clements J, Finn RD. Skylign: a tool for creating informative,
interactive logos representing sequence alignments and profile hidden
Markov models. BMC Bioinformatics. 2014;15:7.

Tan S, Wu S. Genome wide analysis of nucleotide-binding site disease
resistance genes in Brachypodium distachyon. Comp Funct Genomics.
2012;2012:12.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30:2725-9.
Palmer NA, Donze-Reiner T, Horvath D, Heng-Moss T, Waters B, Tobias C,
Sarath G. Switchgrass (Panicum virgatum L) flag leaf transcriptomes reveal



Frazier et al. BMC Genomics (2016) 17:892

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

molecular signatures of leaf development, senescence, and mineral
dynamics. Funct Integr Genomics. 2015;15:1-16.

Zhang B, Horvath S. A general framework for weighted gene co-expression
network analysis. Stat Appl Genet Mol Biol. 2005;4:Article17.

Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9:559.

RCT. R: a language and environment for statistical computing. In. Vienna,
Austria: R Foundation for Statistical Computing; 2015: Open access available
at: http//cran.r-project.org. Accessed Dec 2014.

Porebski S, Bailey LG, Baum B. Modification of a CTAB DNA extraction
protocol for plants containing high polysaccharide and polyphenol
components. Plant Mol Biol Report. 1997;15:8-15.

Hirotsu N, Murakami N, Kashiwagi T, Ujiie K, Ishimaru K. Protocol: a simple
gel-free method for SNP genotyping using allele-specific primers in rice and
other plant species. Plant Methods. 2010,6:12.

Deslandes L, Olivier J, Peeters N, Feng DX, Khounlotham M, Boucher C,
Somssich I, Genin S, Marco Y. Physical interaction between RRS1-R, a protein
conferring resistance to bacterial wilt, and PopP2, a type Ill effector targeted
to the plant nucleus. Proc Natl Acad Sci U S A. 2003;100:8024-9.

Cesari S, Bernoux M, Moncuquet P, Kroj T, Dodds PN. A novel conserved
mechanism for plant NLR protein pairs: the “integrated decoy” hypothesis.
Front Plant Sci. 2014;5:606.

Zhou T, Wang Y, Chen JQ, Araki H, Jing Z, Jiang K, Shen J, Tian D. Genome-
wide identification of NBS genes in japonica rice reveals significant expansion
of divergent non-TIR NBS-LRR genes. Mol Genet Genomics. 2004;271:402-15.
Opanowicz M, Vain P, Draper J, Parker D, Doonan JH. Brachypodium
distachyon: making hay with a wild grass. Trends Plant Sci. 2008;13:172-7.
McHale L, Tan X, Koehl P, Michelmore RW. Plant NBS-LRR proteins:
adaptable guards. Genome Biol. 2006;7:212.

Zipfel C, Robatzek S, Navarro L, Oakeley EJ, Jones JDG, Felix G, Boller T.
Bacterial disease resistance in Arabidopsis through flagellin perception.
Nature. 2004;428:764-7.

Century KS, Lagman RA, Adkisson M, Morlan J, Tobias R, Schwartz K, Smith
A, Love J, Ronald PC, Whalen MC. Developmental control of Xa27-mediated
disease resistance in rice. Plant J. 1999:20:231-6.

Cao Y, Ding X, Cai M, Zhao J, Lin Y, Li X, Xu C, Wang S. The expression
pattern of a rice disease resistance gene Xa3/Xa26 is differentially regulated
by the genetic backgrounds and developmental stages that influence its
function. Genetics. 2007;177:523-33.

Singh S, Chand S, Singh NK, Sharma TR. Genome-wide distribution,
organisation and functional characterization of disease resistance and
defence response genes across rice species. PLoS ONE. 2015;10:e0125964.
Marone D, Russo M, Laido G, De Leonardis A, Mastrangelo A. Plant
nucleotide binding site-leucine-rich repeat (NBS-LRR) genes: active
guardians in host defense responses. Int J Mol Sci. 2013;14:7302-26.

Shang J, Tao Y, Chen X, Zou Y, Lei C, Wang J, Li X, Zhao X, Zhang M, Lu Z,
et al. Identification of a new rice blast resistance gene, Pid3, by
genomewide comparison of paired nucleotide-binding site-leucine-rich
repeat genes and their pseudogene alleles between the two sequenced
rice genomes. Genetics. 2009;182:1303-11.

Sarris Panagiotis F, Duxbury Z, Huh Sung U, Ma Y, Segonzac C, Sklenar J,
Derbyshire P, Cevik V, Rallapalli G, Saucet Simon B, et al. A plant immune
receptor detects pathogen effectors that target WRKY transcription factors.
Cell. 2015;161:1089-100.

Sun L, Ren H, Liu R, Li B, Wu T, Sun F, Liu H, Wang X, Dong H. An h-
type thioredoxin functions in tobacco defense responses to two species
of viruses and an abiotic oxidative stress. Mol Plant-Microbe Interact.
2010;23:1470-85.

Tada Y, Spoel SH, Pajerowska-Mukhtar K, Mou Z, Song J, Wang C, Zuo J,
Dong X. Plant immunity requires conformational charges of NPR1 via S-
nitrosylation and thioredoxins. Science. 2008;321:952-6.

La Camera S, L'Haridon F, Astier J, Zander M, Abou-Mansour E, Page G,
Thurow C, Wendehenne D, Gatz C, Metraux JP, et al. The glutaredoxin
ATGRXS13 is required to facilitate Botrytis cinerea infection of Arabidopsis
thaliana plants. Plant J. 2011,68:507-19.

Wang H, Wijeratne A, Wijeratne S, Lee S, Taylor C, St Martin S, McHale L,
Dorrance A. Dissection of two soybean QTL conferring partial resistance to
Phytophthora sojae through sequence and gene expression analysis. BMC
Genomics. 2012;13:428.

Narusaka Y, Narusaka M, Park P, Kubo Y, Hirayama T, Seki M, Shiraishi T,
Ishida J, Nakashima M, Enju A, et al. RCHI, a locus in Arabidopsis that confers

67.

68.

69.

70.

71

72.

73.

74.

75.

Page 17 of 17

resistance to the hemibiotrophic fungal pathogen Colletotrichum
higginsianum. Mol Plant-Microbe Interact. 2004;17:749-62.

Xiang Y, Song M, Wei Z, Tong J, Zhang L, Xiao L, Ma Z, Wang Y. A jacalin-
related lectin-like gene in wheat is a component of the plant defence
system. J Exp Bot. 2011;62:5471-83.

Chisholm ST, Mahajan SK, Whitham SA, Yamamoto ML, Carrington JC. Cloning
of the Arabidopsis RTM1 gene, which controls restriction of long-distance
movement of tobacco etch virus. Proc Natl Acad Sci U S A. 2000,97:489-94.
Laurent F, Labesse G, de Wit P. Molecular cloning and partial
characterization of a plant VAP33 homologue with a major sperm protein
domain. Biochem Biophys Res Commun. 2000;270:286-92.

Chiasson D, Ekengren S, Martin G, Dobney S, Snedden W. Calmodulin-like
proteins from Arabidopsis and tomato are involved in host defense against
Pseudomonas syringae pv. tomato. Plant Mol Biol. 2005;58:887-97.
Takabatake R, Karita E, Seo S, Mitsuhara |, Kuchitsu K, Ohashi Y. Pathogen-
induced calmodulin isoforms in basal resistance against bacterial and fungal
pathogens in tobacco. Plant Cell Physiol. 2007;48:414-23.

Xu C, Min J. Structure and function of WD40 domain proteins. Protein Cell.
2011;2:202-14.

Biruma M, Martin T, Fridborg |, Okori P, Dixelius C. Two loci in sorghum with
NB-LRR encoding genes confer resistance to Colletotrichum sublineolum.
Theor Appl Genet. 2012;124:1005-15.

Essers L, Adolphs RH, Kunze R. A highly conserved domain of the maize
Activator transposase is involved in dimerization. Plant Cell. 2000;12:211-24.
Kang YJ, Kim KH, Shim S, Yoon MY, Sun S, Kim MY, Van K, Lee S-H. Genome-
wide mapping of NBS-LRR genes and their association with disease
resistance in soybean. BMC Plant Biol. 2012;12:139.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central



http://cran.r-project.org

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Switchgrass genome resources and identification of putative NB-LRR resistance genes
	Structural analysis of the newly identified RGHs
	Phylogenetic analysis of switchgrass RGHs containing full-length NB domains
	Plant materials
	Plant growth conditions and tissue collection
	RNA isolation and sequencing
	RNA-seq analysis and variant detection between ‘Alamo’ and ‘Dacotah’
	Gene expression analysis of switchgrass RGHs in ‘Alamo’, ‘Dacotah’, and ‘Summer’
	Isolation of DNA from ‘Alamo’ and ‘Dacotah’
	Validation of SNPs using allele-specific PCR primers and DNA sequencing
	Availability of data and materials

	Results
	Identification of 1011 putative NB-containing RGHs in switchgrass
	Structural analysis of the 1011 newly identified RGHs in switchgrass
	Identification of unique domains in the 1011 switchgrass RGHs
	Phylogenetic analysis of switchgrass sequences containing a full-length NB domain
	Identification of variants between RGHs in ‘Alamo’, a rust-resistant switchgrass cultivar, and ‘Dacotah’, a rust-susceptible switchgrass cultivar
	Analysis of gene expression of the 1011 switchgrass RGHs between ‘Alamo’ and ‘Dacotah’
	Expression of specific switchgrass NB-LRR genes are regulated by leaf developmental stages

	Discussion
	Conclusion
	Additional files
	show [a]
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

