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Abstract

Background: Perennial ryegrass is a highly heterozygous outbreeding grass species used for turf and forage production.
Heterozygosity can affect de-Bruijn graph assembly making de novo transcriptome assembly of species such as perennial
ryegrass challenging. Creating a reference transcriptome from a homozygous perennial ryegrass genotype can circumvent
the challenge of heterozygosity. The goals of this study were to perform RNA-sequencing on multiple tissues from a highly
inbred genotype to develop a reference transcriptome. This was complemented with RNA-sequencing of a highly
heterozygous genotype for SNP calling.

Result: De novo transcriptome assembly of the inbred genotype created 185,833 transcripts with an average length of 830
base pairs. Within the inbred reference transcriptome 78,560 predicted open reading frames were found of which 24,434
were predicted as complete. Functional annotation found 50,890 transcripts with a BLASTp hit from the Swiss-Prot non-
redundant database, 58,941 transcripts with a Pfam protein domain and 1,151 transcripts encoding putative secreted
peptides. To evaluate the reference transcriptome we targeted the high-affinity K™ transporter gene family and found
multiple orthologs. Using the longest unique open reading frames as the reference sequence, 64,242 single nucleotide
polymorphisms were found. One thousand sixty one open reading frames from the inbred genotype contained
heterozygous sites, confirming the high degree of homozygosity.

Conclusion: Our study has developed an annotated, comprehensive transcriptome reference for perennial ryegrass that can
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aid in determining genetic variation, expression analysis, genome annotation, and gene mapping.
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Introduction

High throughput sequencing technologies are now making it
possible to sequence the genomes and transcriptomes of non-
model plant species, many of which are of significant agricultural
importance. This is particularly prevalent for transcriptomes,
where improved algorithms have been developed to re-construct
the transcriptome of a species de novo, without the assistance of a
reference genome [1-3]. Reference transcriptomes can then be
used in studies characterizing genetic variation in transcribed
regions, and in global gene expression studies. Measuring
transcript abundance directly through sequencing (RNA-seq) is
now largely replacing hybridization based arrays [4]. The RNA-
seq strategy does not rely on hybridization to a catalogue of probes
on an array, and avoids problems associated with such hybridiza-
tion based approaches (e.g. cross hybridization, inefficient
hybridization due to polymorphism between array and sample).
Problems associated with hybridization based approaches can be
exacerbated by outbreeding species which contain a high degree of
heterozygosity. RNA-seq is also reported to have a much greater
dynamic range and sensitivity for detecting transcripts expressed at
either very high or low levels [4-6].
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Current approaches to assemble transcriptomes de novo from
short read data are predominantly based on initially identifying
contiguous sequence by creating a de-Bruijn graph of overlapping
k-mers [1-3,7,8]. Factors that affect de-Bruijn graph assembly
include; degree of heterozygosity, repeats in the underlying
sequence, and sequencing error rate [9,10]. Algorithms have been
developed with strategies in mind to deal with these challenges.
There are also challenges in re-constructing the complexity of the
transcriptome, and in identifying potential splice variants. The
Trinity pipeline attempts to address some of the challenges to re-
construct the complexity of the transcriptome. Trinity assembles
unique transcript sequence from the reads, which are then
clustered together based on overlapping sequences. Each cluster
is analyzed separately to reconstruct splice isoforms. During the
assembly process benchmarks are in place to disregard any
chimeric transcripts [1,11].

Implementing a de novo transcriptome assembly using a highly
heterozygous genotype complicates the assembly process and can
lead to fragmented assemblies. It is envisaged that using a highly
homozygous line would improve contiguity of the assembled
transcripts.
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Perennial ryegrass (L. perenne L.) is a member of the Poaceae
family, which is used for turf and forage purposes in temperate
agriculture [12]. It is a highly heterozygous outbreeding species
with a self-incompatibility complex [13]. Currently, there are
21,898 ESTs in the NCBI database (as of February 23, 2013).

In this study the transcriptomes from multiple tissues of two
perennial ryegrass genotypes were sequenced via RNA-seq. One
genotype is an inbred line named P226/135/16, and has been self-
pollinated for six generations. The transcriptome of the inbred
genotype was sequenced in order to develop a reference suitable
for expression studies, annotating genomic sequence, and anchor-
ing genetic variation. It was anticipated that the high degree of
homozygosity in this genotype would aid in de novo assembly. A
second heterozygous genotype named F1-30 was sequenced to
characterize genetic variation. F1-30 is one the parents in the
VrnA mapping population, and was generated from crossing a
genotype from the synthetic perennial ryegrass variety ‘Veyo’ with
one genotype from the perennial ryegrass ecotype ‘Falster’ [14].
The VrnA mapping population has been used in multiple
mapping studies [14—19]. The aim of this study was (1) to create
a de novo reference transcriptome from an inbred genotype, (2)
annotate the reference transcriptome, (3) evaluate the reference
transcriptome with a well characterized gene family, high-affinity
K* transporters, (4) evaluate the expression profile of transcripts
encoding potential signaling peptides and (5) identify SNP markers
within coding regions using RNA-seq data from a highly
heterozygosis genotype that is the parent of a mapping population.

Results

De novo assembly of the perennial ryegrass
transcriptome

The number of reads generated for the inbred genotype was
72,132,380 pairs from six different tissues. The number of reads
generated for F1-30 was 90,691,192 pairs from five different
tissues. The average fragment size sequenced was less than 200 bp.
Therefore, the sequence pairs have been merged into a single
longer read. This yielded 36,727,657 sequences for the inbred
genotype P226/135/16 with a maximum length of 232 bp and a
mean length of 131 bp (std. 17.37 bp). In the case of F1-30, the
heterozygous genotype, merging resulted in 31,263,328 sequences
with a maximum length of 232 bp and a mean length of 119 bp
(std. 14.66 bp).

This data was used to generate independent de novo
transcriptome assemblies for each genotype using the Trinity
analysis pipeline. Trinity assembled 217,162 transcripts for P226/
135/16 and 198,760 transcripts for F1-30. The maximum and
average lengths in both assemblies are similar. However, the
P226/135/16 assembly has higher N50 and component values
(Table 1). Abundance estimates of each transcript were obtained
by mapping reads back to the assemblies, and transcripts with low
read support were filtered out. In the case of Trinity assemblies,
components loosely correspond to genes, which can have multiple
transcripts that represent putative splice variants. The transcripts
with low read support are likely to be assembly artifacts. Filtering
removed 31,021 transcripts from P226/135/16, and 30,095
transcripts from F1-30. The filtering of the transcripts did have
a significant effect on assembly statistics (T'able 1). For example, in
P226/135/16 we filtered out only 14.3% of the transcripts but lost
60.8 Mbp of sequence, and our N50 dropped from 1,705 bp to
1,393 bp (Table 1).

As expected, the high degree of homozygosity in P226/135/16
enabled a more contiguous transcriptome assembly. There are
more transcripts of longer length in the inbred assembly, in
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comparison to the assembly using reads from the heterozygous
genotype (Figure 1, Table 1). A comparison of transcript lengths
from our study with previous de novo RNA-seq studies reveals that
both the inbreed P226/135/16 and the heterozygous F1-30 have a
longer average length than previous studies and the N50 value is
comparable with other transcriptome studies [20,21].

The longest transcript from both P226/135/16 (15,275 bp) and
F1-30 (15,263 bp) both matched (91% identity) to a predicted
Brachypodium (Brachypodium distachyon) BIG-like auxin trans-
port gene (13,391 bp). The BIG auxin transport gene has been
shown to be involved in auxin-mediated organ growth [22] and is
required for normal auxin transport [23]. This gene is one of the
largest genes found in eukaryotic transcriptomes and is commonly
used to evaluate the success of an assembly. The assembled
transcripts from the P226/135/16 genotype have been deposited
at DDBJ/EMBL/GenBank under accession GAYX00000000.
The version described in this paper is the first version,
GAYX01000000.

To evaluate the quality of our inbred P226/135/16 reference
transcriptome assembly, we took advantage of the available
peptide sequences from Brachypodium and Rice (Oryza sativa),
two species of the Poaceae family that have had their genomes
sequenced. A BLASTp search was performed using the predicted
peptide sequences as the query and Brachypodium or Rice
peptides as the target database. We found 55,321 predicted
peptide sequences with similarity to Brachypodium or Rice
peptide sequences. Using the 32,255 sequences from Brachypo-
dium, we discovered that the P226/135/16 had a 20% hit
coverage or higher with 15,025 Brachypodium peptide sequences.
In the comparison with the 66,338 Rice peptide sequences, P226/
135/16 had a 20% hit coverage or higher with 15,528 sequences.
Over seven thousand peptide sequences from both Brachypodium
and Rice had a hit coverage of 100% (Figure 2).

Functional annotation of the inbred perennial ryegrass
transcriptome

We predicted 78,560 peptide sequences of which 24,434 were
predicted to be complete. Approximately 51,000 of the transcripts
with a predicted peptide sequence also had a significant BLASTx
with the Swiss-Prot NR database (Table 2; Table SI). The
transcripts without a BLASTx match could be from an
untranslated region, non-coding RNA, correspond to genes
without any annotation information and/or lack a protein domain
[20,24]. Over 75% of the predicted peptide sequences were found
to contain a Pfam protein domain; 15% contained transmembrane
helices and 4.8% were found to contain a predicted signal peptide
(Table 2; Table S1). A majority of the predicted signal peptides
(61.8%) did not contain transmembrane helix, indicating that
these could be potential signal peptides for secreted proteins [25].
To determine if our reference transcriptome contained a wide
range of biological, cellular and molecular functions typical of a
plant transcriptome, we mapped gene ontology (GO) terms to a
plant GO slim file [26]. The distribution of transcripts within these
GO categories (Figure 3) resembles similar transcriptome assem-

blies [24,27-29].

Single nucleotide polymorphism discovery

We used the nucleotide sequence of the 52,315 longest
predicted open reading frames (ORFs) as the reference sequence
for single nucleotide polymorphism (SNP) discovery. Reads from
the inbred and heterozygous genotypes were mapped back to the
reference for SNP calling. Using our criteria, 64,242 SNPs were
found in 19,568 predicted ORFs. The majority of the SNPs
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discovered were polymorphic between genotypes (Table 3; Table
SI).

Within the inbred P226/135/16 genotype we discovered 2,667
SNPs, approximately one SNP per ten kb. These SNPs were found
in 1,061 predicted ORFs of which the majority are annotated. Of

Table 1. De novo assembly summary.

Before Abundance Estimation After Abundance Estimation
Metric P226/135/16 F1-30 P226/135/16 F1-30
Putative Transcripts 217,162 198,760 185,833 168,665
# of comp. 146,810 121,152 146,559 121,144
# of comp. with splice variants 17,196 20,797 15,515 18,613
# of comp. >1 kb in length 72,709 64,780 50,029 45,362
Maximum Length (bp) 15,275 15,263 15,275 15,263
Average Length (bp) 991 953 830 824
N50 1,705 1,583 1,393 1,350
Total Mbp 215.1 189.3 154.3 138.9
doi:10.1371/journal.pone.0103567.t001

the 2,667 SNPs found, over 64% were synonymous (Table 3;
Table S1). We discovered 26,789 SNPs in the heterozygous F1-30
genotype, approximately one SNP per one kb. Similar to P226/
135716, the majority (73%) of the SNPs found in F1-30 were
synonymous (Table 3; Table S1).
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Figure 1. Comparison of P226/135/16 and F1-30 transcript length. A vertical bar chart of the transcript length distribution of both P226/135/
16 and F1-30 transcriptomes. X axis is the ranges of transcript length in base pairs. Y axis is the number of transcripts and is a logarithmic scale.

doi:10.1371/journal.pone.0103567.g001
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Figure 2. P226/135/16 assembly evaluation. (A) Percentage coverage of 15,025 Brachypodium peptide sequences to predicted perennial
ryegrass peptide sequences. (B) Percentage coverage of 15,528 Rice peptide sequences to predicted perennial ryegrass peptide sequences.

doi:10.1371/journal.pone.0103567.g002

The majority (69%) of the SNPs were synonymous substitutions.
As shown in previous research [30,31], 98% of the synonymous
SNPs were found in the third base of the codon. The remaining
8,316 SNPs found were non-synonymous (NS) substitutions with
87% NS SNPs found in the first or second base of the codon.

Putative ryegrass High-affinity K* Transporter genes

To further evaluate our reference assembly we looked at a gene
family of importance in grasses in order to determine if we could
identify all orthologs in our assembly. Using the high-affinity K*
transporter (HK'T) gene family peptide sequences from the model
species Rice (OsHKT) and Brachypodium (BAHKT), we were
able to identify one or more predicted peptide sequence for each of
the HKT query sequences (Figure 4, Table S2). A total of fifteen
predicted peptide sequences show high similarity to OsHK'T and
BdHKT peptide sequences and all but two of the predicted
perennial ryegrass peptide sequences are predicted to be complete.
We used the GUIDANCE server [32] and PHYLIP [33] to cluster
the genes based on peptide similarity (Figure 4, Table S2). The
grouping of the OsHKT genes is similar to that shown in previous
studies [34,35]. The grouping of the BAHK'T genes in relation to
the OsHKT genes agrees with a previous study [36].

There is one HKT gene in Arabidopsis (Arabidopsis thaliana)
and nine in Rice. In Rice one HKT gene (OsHKTS) 1s a
pseudogene and was not used in this evaluation [37]. In
Brachypodium there are six putative HK'T genes [36]. We found
putative orthologs for all eight OsHKT genes in the ryegrass
reference transcriptome (Figure 4, Table S2). Fifteen peptide
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sequences from eight different components were found to have
high similarity to the Rice and Brachypodium HKT peptide
sequences. None of the fifteen P226/135/16 ORFs with similarity
with OsHKT and BAHKT genes contained any SNPs.

Expression profile of predicted secreted peptides

By identifying transcripts containing a signal peptide, amino
acid length shorter than 250 and lacking a transmembrane
domain we were able to predict 1,151 transcripts encoding
predicted secreted peptides (Figure S1). We were able to determine
if any of the predicted secreted peptides had a tissue specific
expression profile (Figure 5). Out of the 1,151 transcripts encoding
predicted secreted peptides 712 (62%) were found to be
differentially expressed (False Discovery Rate (FDR) =0.001) in
different tissues. To determine which cellular, molecular or
biological functions the differentially expressed transcripts encod-
ing secreted peptides contained, we mapped GO terms to a plant
GO slim file [26]. The majority of the functions associated with
the differentially expressed transcripts encoding predicted secreted
peptides were categorized as biological process (53%) (Figure S2).
Of the 712 differentially expressed transcripts encoding predicted
secreted peptides (Figure 5) a large portion (314 transcripts) are
found in the root (Figure 5A). Past research has shown that
secreted peptides play an important role in root stem cells [38],
and root development [39]. We also observed 44 transcripts
encoding putative secreted peptides with differential expression in
the inflorescence (Figure 5, Figure 6B). Seven transcripts encoding
predicted secreted peptides were found to be highly expressed in
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Figure 3. Plant GO-Slim terms associated with inbred perennial ryegrass reference transcriptome. Horizontal bar chart of the
distribution of plant GO slim terms associated with the inbred genotype P226/135/16 transcripts represented in biological process, cellular

component and molecular function categories. X axis is a logarithmic scale.

doi:10.1371/journal.pone.0103567.g003

the meristem (Figure 6C). Twenty-four transcripts encoding
predicted secreted peptides showed high to moderate expression
in the inflorescence, mature leaf and stem (Figure 6D).

Discussion

Next generation sequencing (NGS) is now enabling genomics to
be applied to non-model species. Both the transcriptomes and
genomes of these organisms can now be studied in a manner that
was previously only possible for a limited number of model species.
Recently, there has been a plethora of studies reporting de novo
transcriptome assemblies from short read data in many non-model
organisms [21,40-47]. This has been made possible by advance-
ments in NGS technology and improvements in computational
algorithms for de novo assembly [1-3]. In this study we have
generated a reference transcriptome for the important forage and
turf grass, perennial ryegrass and the assembled transcripts have
been deposited in public databases.

Assembly and annotation of the inbred perennial
ryegrass reference transcriptome

We report a de novo transcriptome assembly of a highly inbred
perennial ryegrass genotype using Illumina RNA-seq reads. A
paper has been recently published introducing a procedure,
Orthology Guided Assembly (OGA), to develop a reference
transcriptome from highly heterozygous crop species [31]. In
developing the procedure the authors used short read data from 14
highly heterozygous perennial ryegrass genotypes and by imple-
menting the OGA method were able to generate a reference
transcriptome to uncover the genetic diversity between genotypes
[31]. They identified 19,345 non-redundant coding sequences and
the sequence data is available on request from the authors. This
approach captured gene families with high homology to
Brachypodium, and may not have captured the full complexity
of the perennial ryegrass transcriptome. However, this strategy
proved to be a very useful approach to capture genetic variation
within the species.

The highly heterozygous perennial ryegrass genotypes served as
an excellent resource to identify genetic variation within the
assembled transcripts [31]. We believe our reference assembly
complements the OGA study in a number of ways. Our reference
assembly is based on sequencing the transcriptome of a highly
inbred genotype. This greatly simplifies assembly and allows re-

Table 2. Overview of Functional annotation output of inbred
P226/135/16 reference transcriptome.

Database Number of transcripts
Swiss Prot (NR) 50,890

Pfam 58,941

Signal Peptide 3,811

Transmembrane helices 11,800

Eggnog 41,348

Gene Ontology 48,790

doi:10.1371/journal.pone.0103567.t002
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construction of transcripts that would otherwise be fragmented
due to high heterozygosity (Figure 1, Table 1). Furthermore, our
assembly is based on RNA sourced from six plant tissues, which
may allow recovery of a broader spectrum of transcripts. We were
able to assemble 186,141 transcripts with an N50 of 1,393 kb and
a mean length of 0.83 kb. These assembly statistics are in line with
previous assemblies [20,21,27,48]. Our inbred transcriptome
assembly has been deposited into the NCBI TSA.

Secreted peptide expression profile

Being a sessile organism, plants respond to their changing
environment by a unique signaling system. Signaling peptides,
transcription factors and auxin are used to communicate between
cells within the plant [49]. Peptides with an N-terminal signal
peptide, no transmembrane domain, and less than 250 amino
acids in length are putatively secreted signal peptides [25].
Secreted peptides are extracellular compounds, which act in an
autonomous manner between adjacent cells [49]. Using compu-
tational methods over 1000 putative secreted peptides where
found in the Arabidopsis genome. To date only ten of these
secreted peptides have been matched to a receptor or functionally
characterized [39,50]. Secreted peptides have been shown to play
an important role in plant development [51], pollen-pistil
interactions [52], cell-cell communication [50] and root stem cell
maintenance [38,39].

We were able to identify 1,151 putative secreted peptides in our
transcriptome database. After mapping the gene ontology terms
from the putative secreted peptides to the plant GO slim file we
found a wide range of categories as see in Figure 3 (Figure S1). As
we had sequenced RNA from multiple tissues we were able to get
an insight into the expression profiles of these putative secreted
proteins. This enabled us to identify a cluster of secreted peptides
highly expressed in root (Figure 5, Figure 6A, Figure S3). The
presence of highly expressed secreted peptides in the root is in
general agreement with previous work [38,39,53,54]. It was found
that the secreted peptides expressed in the root play an important
role in regulating root apical meristem cells, triggering pathogen
resistance and immune responses [38,39]. Using complex positive
promotion and negative feedback loops signal peptides play a key
role in signal cascades within plant cells.

The presence of highly expressed secreted peptides in other
tissues (inflorescence, meristem mature leaf and stem) could be
mvolved in cell-cell communication [39,50], plant development
[51], and immune or pathogen resistance [39,49]. Within a plant
species secreted peptides families are highly diverse and can evolve
rapidly. Secreted peptides form a complex intercellular signal
cascade which plays a key role in plant growth, defense, and
maintenance [39].

Putative ryegrass High-affinity K* Transporter (HKT)
genes

Soil salinity is reducing current agricultural production and
hampering the expansion of agriculture. Soil salinization is
increasing worldwide due to accumulation of soluble salts from
irrigation and land clearing [55]. The High-affinity K* Trans-
porter (HKT) gene family is the primary mechanism within plants
for managing salt tolerance. HK'T transporters minimize salt
uptake and disperse the salt so it does not build up to toxic levels
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[56]. Improving the salt tolerance of grasses would be a significant
benefit to agriculture, and with this in mind, we aimed to identify
the complement of HKT genes in perennial ryegrass.

There is one HK'T gene in Arabidopsis, identified to have a role
in Na* uptake [57]. Other cereals including Barley, Rice and
wheat vary in copy number of individual HKT gene family
members [58]. There are nine HKT genes found in Rice but the
number of functional HKT genes varies between rice cultivars
[34,59,60]. Within Barley, eight orthologs to Rice HK'T genes
were identified, and the number of putative Wheat HK'T genes
differs between genomes [58]. The Brachypodium genome also
has five to six HKT-like genes with sequence similarity to OsHK'T
genes [36,61].

When looking for othologs of the HKT family in perennial
ryegrass we used Rice HK'T genes as a reference because it is a
model species for research in the HK'T gene family. We also used
Brachypodium since it 1s the most closely related grass species to
perennial ryegrass [62]. We discovered fifteen perennial ryegrass
predicted peptide sequences with high similarity to HK'T genes
(Figure 4, Table S2). Thirteen of the predicted peptide sequences
were predicted as complete. The HK'T gene family is divided into
two subfamily groups based on peptide sequence and functionality
[35], and we were able to clearly differentiate between the two
HKT subfamily members (Figure 4, Table S2). Grouping is based
on a glycine/serine substitution within the first pore loop of the
HKT protein. Furthermore, functional analysis indicates that the
amino acid substitution has a role in K" and Na® selectivity
[59,63,64]. Rice OsHKT4-8 genes are designated to subfamily 1
which have a serine residue and considered Na' specific
transporter genes [34,58]. However, there are exceptions to this
general rule of thought. OsHKT1 is grouped with subfamily 2 but
has a serine residue [34]. Suggesting that other elements besides
amino acid residue plays a role in ion selectivity. However, with
little structural knowledge and no resolved 3D structures it is
difficult to predict motifs responsible for ion selectivity [61]. These
putative orthologous peptide sequences in ryegrass originate from
eight different components, indicating the presence of eight HKT
orthologs in the reference transcriptome. Annotation of these
fifteen predicted peptide sequences supports putative HKT gene
function. All fifteen have a BLASTx hit with an OsHK'T gene and
the same cation transport protein Pfam domain.

The HKT genes from Rice and Brachypodium cluster into four
relatively distinct groups. This is in general agreement with
previous phylogenetic analysis of the HKT family in these two
species [34-36,61]. Encouragingly, we find perennial ryegrass
transcripts from our assembly in all four clusters. This demon-
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Table 3. Summary of SNP discovery data.

SNPs SNPs/1 kb # of ORFs
SNPs between genotypes 36,084 1.4 13,855
P226/135/16
Total SNPs 2,667 0.1 1,061
Synonymous SNPs 1,704 0.06 802
Non-synonymous SNPs 963 0.04 580
F1-30
Total SNPs 26,789 1 11,410
Synonymous SNPs 19,436 0.7 9,447
Non-synonymous SNPs 7,353 0.3 5,046
doi:10.1371/journal.pone.0103567.t003

strates the value of the transcriptome assembly for gene family
analysis. The High-affinity K* Transporter (HKT) gene family has
an important role in salt tolerance in crop species. Interest in HK'T
transporters is increasing in plant biology, agronomy and plant
breeding disciples [36,56,58,65]. With the advancements in
transcriptome and genome sequencing, there is now greater
potential to study beyond the model species.

Single nucleotide polymorphism discovery

Single nucleotide polymorphisms (SNPs) are the most common
type of genetic variation in plant genomes, and can be readily
discovered and characterized using sequence data [66]. Gene-
associated SNPs have been used to generate genetic maps [18] and
determine genetic diversity [31,67]. RNA-seq targets SNP
discovery on coding sequences and enables discovery of gene-
associated SNPs [68]. For species without a reference genome,
using RNA-seq to identify SNPs can be a very efficient approach
in identifying genetic markers [69]. However, without a very high
quality reference genome it can be difficult to call SNPs due
paralogous genes. When using genomic re-sequencing strategies
we can account for this to some extent by looking at the read
depth. We can flag regions with very high coverage that may be
indicative of duplicated regions. This is difficult with SNP calling
using RNA-seq data as the coverage level will be dependent on the
expression of that gene. Furthermore, we may bias our SNP
discovery process to genes with high expression levels. Despite this,
transcriptome re-sequencing does provide a means to reduce the
complexity of the genome for SNP discovery and focus discovery
on the transcribed portion of the genome.

In the reference transcriptome from the inbred genotype P226/
135716, 78,560 transcripts have a predicted protein (Table 1;). By
generating 52,315 reference sequences from the longest predicted
ORFs, we were able to generate a database of SNPs. Less than half
of the predicted ORFs contained a polymorphism, generating a
SNP frequency per predicted ORF of 3.3. The lack of allelic
variations within the inbred P226/135/16 genotype shows how
the six generations of self-pollination have greatly reduced the
heterozygosity within the P226/135/16 genotype.

The future usefulness of any SNPs in this database will be
dependent on whether the SNP segregates in the material under
study. The real power will be using the inbred transcriptome as a
reference for SNP calling to target expressed genes (as demon-
strated here). There are multiple high throughput approaches
developed to characterize variation without a reference sequence,
however SNP calling is simplified with a good reference sequence.
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Figure 4. Parsimony tree of HKT gene family. Peptide sequences from Rice (OsHKT), Arabidopsis (AtHKT), Brachypodium (BdHKT) and predicted
HKT peptide sequences from perianal ryegrass. Component names associate with predicted peptide sequences are after the bracket (}). OsHKT labels

in red are classified as subfamily 1, OsHKT labels in blue are classified as subfamily 2. Bootstrap values are shown at the nodes.

doi:10.1371/journal.pone.0103567.g004

Conclusions

Our study has developed an annotated comprehensive tran-
scriptome reference for perennial ryegrass. We have demonstrated
the usefulness of this reference by using it to identify perennial
ryegrass othologs of the HKT gene family in Rice and
Brachypodium. We successfully identified fifteen transcripts from
eight genes and there was a gene represented for each group
within the Rice HKT gene family. The usefulness of the
transcriptome reference was further demonstrated by the identi-
fication of putative secreted signal peptides, many of which have
high expression in root tissue. This assembly has greatly improved
the amount of sequence data available in public databases that can
aid in determining genetic variation, expression analysis, genome
annotation, and gene mapping.

COLOR KEY

Value

Root

Meristem

Mature leaf

Stem

Inflorescence

Leaf sheath

Materials and Methods

RNA preparation and sequencing

Six different tissue types were collected from the perennial
ryegrass genotype P226/135/16; inflorescence, leaf sheath,
mature leaf, meristem, root and stem. Five tissue types were
collected from the perennial ryegrass genotype F1-30; inflores-
cence, leaf sheath, mature leaf, meristem, and stem. A second
meristem tissue sample was collected from F1-30 to generate six
libraries for each genotype.

Total RNA was extracted from each sample using the RNeasy
Plant Mini Kit following the manufactures instructions (Qiagen,
Valencia, CA) and the RNA integrity was measured with an RNA
6000 Nano Labchip on the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Using the mRNA-Seq Sample
Prep Kit (Illumina, protocol version 1004898 Rev. D, September
2009), the mRNA-Seq library was generated using 10 pg total

Figure 5. Heat map of predicted secreted signaling peptide expression in six tissues. Each row represents a predicted secreted signaling
peptide, while each column represents the six tissues used in this study. The color key represents the median centered log2 TMM-normalized FPKM
values. Red indicates a high level of expression, black indicates no change in expression, and green indicates low level of expression.

doi:10.1371/journal.pone.0103567.9005
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Figure 6. Expression profiles of differentially expressed predicted signaling peptides. The X-axis is the six tissues and the Y-axis is the
median centered log2 expression. (A) 314 transcripts show high expression in root tissue. (B) 7 transcripts show high expression in meristem tissue.
(C) 44 transcripts show high expression in both inflorescence tissue, (D) 24 transcripts show high expression in inflorescence, mature leaf, and stem

tissue.
doi:10.1371/journal.pone.0103567.g006

RNA from each of the twelve samples; it was purified using poly-T
oligonucleotide-attached magnetic beads and fragmented using
divalent cations under elevated temperature. Using reverse
transcriptase and random hexamer primers, first strand cDNA
copies of the mRNA fragments were generated. The second strand
cDNA was then synthesized using DNA Polymerase I and
RNaseH. Using the Multiplexing Sample Preparation Oliogonu-
cleotide Kit, the Illumina adaptors were added by ligation and a
fragment size of approximately 200 bp was isolated via gel
purification. The libraries generated were enriched by 18 PCR

PLOS ONE | www.plosone.org

10

cycles. Using the Invitrogen Qubit Fluorometer (Life Technolo-
gies, Carlsbad, CA), the concentrations of the libraries were
determined, and purity and size of the libraries were measured
using the DNA 1000 kit on the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). An equimolar amount of each
library was pooled and diluted with EB buffer (Qiagen, Valencia,
CA) to 10 nM for preparation for paired-end Illumina GAIIx
sequencing.
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Initial data processing

Initial analysis showed that the fragment size of the paired-end
libraries was shorter than twice the read length, meaning that on
average there was an overlap between paired-end sequence one
and paired-end sequence two. This was the case for both P226/
135/16 and F1-30 libraries, which had been generated side by
side. In genome assembly, these short fragment libraries are a
requirement for the use of the AllPaths-LG [70] as they enable a
larger k-mer size to be used in construction of the de-Bruijn graph.
We used the error-correction model and pair merging/filling
algorithm within AllPaths-LLG (ErrorCorrectReads.pl). This per-
formed error-correction and merging of pairs by recruiting
additional reads to support the merging of an overlapping or
near overlapping pair. The raw P226/135/16 sequencing reads
were submitted to the NCBI Short Read Archive (SRA)
(SRX464954).

De novo transcriptome assembly

The merged and error corrected reads from each genotype were
assembled independently using the Trinity pipeline (release 2013-
02-25) with the following settings; Inchworm: -K —L 25; Chrysalis:
-min_glue 2 -glue_factor 0.05 -min_iso_ratio 0.05 -kk 48 —strand -
report_welds -max_mem_reads 1000000. The de novo assembled
transcripts were then used as a reference to map back the
individual reads and estimating abundance using RSEM [71]. We
then filtered out any transcripts with less than 1% of the per-
component expression level (IsoPct) using a script bundled with
Trinity. These transcripts with low support are likely to be
transcript assembly artifacts. ORFs were extracted using the perl
script bundled with Trinity (transcripts_to_best_scoring_ ORFs.pl).
To estimate the number of full length transcripts that had been
assembled in our data sets we used the P226/135/16 assembly as
the query in a BLASTp search (evalue of —10) with the available
peptide sequences from two different model plant species,
Brachypodium (Brachypodium.org, Release V1, Bradi_1.0.pep.fa;
Last modified Dec 2010) and Rice (MSU Rice Genome Annotation
Project Release 7; Last modified Oct 2011), as the target. Using
pipeline perl scripts within Trinity, we determined the percent hit
coverage for the top matching target sequences [11].

Functional annotation of the perennial ryegrass
reference transcriptome

Functional annotation and analysis of the P226/135/16 de novo
transcriptome was conducted using the Trinotate pipeline [11].
BLASTp search was performed using P226/135/16 predicted
ORI’ as the query and the SwissProt non-redundant database
(accessed 29™ July 2013) as the target [72]. The HMMER and Pfam
databases [73,74] were used to predict protein domains, SignalP 4.1
[75] server was used to predict the presence of signal peptides, and
the TMHMM server v2.0 [76] was used to predict transmembrane
helices within the predicted ORFs from the P226/135/16
transcriptome. All the transcriptome annotation was loaded into a
SQLite database. CateGOrizer [26] (version 3.218) was used to
map GO terms to a parent plant GO Slim file in order to get a
broad overview of the functional classification of the transcripts.

Single nucleotide polymorphism discovery

The longest ORF from each unique Trinity component was
chosen as a reference for SNP discovery. Reads from the P226/
135/16 inbred genotype and the heterozygous genotype F1-30
were mapped onto the reference using BWA [77]. PicardTools
was used to generate a sorted bam file. Samtools was used to
generate a mpileup file with the following setting: -q 20 [78].

PLOS ONE | www.plosone.org
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VarScan [79] was used to document variant calls within and
between the inbreed and heterozygous genotype using the
mpileup2snp feature. SNP calls were made using the following
thresholds: minimum read coverage at a site of 5, and a minimum
number of reads supporting the variant of 2. To call a homozygote
within a genotype, a base needed to be supported by at least 80%
of the reads. Perl scripts were written to filter the VarScan output
and categorize variants according to polymorphism type.

High-affinity K™ Transporter (HKT) gene family
High-affinity K* Transporter (HKT) protein sequences of Rice
and Brachypodium were used in a BLASTp search (evalue —10)
against the P226/135/16 predicted proteins database. Perennial
ryegrass sequences with similarity to HK'T genes were chosen for
phylogenetic analysis. The protein sequence alignments and
confidence scores were obtained using the GUIDANCE server
[32], choosing MAFFT (Multiple Alignment using Fast Fourier
Transform) as sequence alignment method. Columns with confi-
dence scores below 0.93 were removed from the alignment. The
phylogenetic trees were constructed using PHYLIP software,
version 3.69 [33]. As a first step, Seqboot module of the software
was run with 1000 bootstrap repeats, followed by parsimony
calculations using the Protpars module of the software, searching for
the best tree within 1000 data sets. The Arabidopsis HK'T sequence
was set as outgroup. The final bootstrapped tree was created using
Consense. Drawgram was used to visualize the final tree.

Expression analysis of putative secreted peptides

We identified transcripts with predicted signal peptides, that were
shorter than 250 amino acids in length and lacking a predicted
transmembrane helix [25]. Using these transcripts as the reference
we estimated abundance of each transcript in the different tissues by
mapping reads from each tissue independently. We used RSEM
[71] and edgeR [80] together with Trinity utilities to get an insight
into differential expression (determined with an FDR of 0.001) of
these putative secreted signal peptides in different plant tissues. The
GO terms associated with each putative secreted protein were
mapped to a plant GO slim file using CateGOrizer to determine
broader functional classification [26] (version 3.218).

Supporting Information

Figure S1 Plant GO slim terms associated with predict-
ed secreted signal peptides. Horizontal bar chart of the
distribution of plant GO slim terms associated with the 1,151
predicted secreted signal peptides represented in biological
process, cellular component and molecular function categories.
X axis is a logarithmic scale.

(TIFF)

Figure S2 Plant GO slim terms associated with the
differentially expressed secreted signal peptides. Hori-
zontal bar chart of the distribution of plant GO slim terms
associated with the 712 differentially expressed transcripts
represented in cellular component, molecular function and
biological process categories. X axis is a logarithmic scale.

(TIFF)

Figure S3 Plant GO slim terms associated with the
differentially expressed secreted signal peptides in root
tissue. Horizontal bar chart of the distribution of plant GO slim
terms associated with the 314 differentially expressed transcripts
represented in cellular component, molecular function and
biological process categories. X axis is a logarithmic scale.

(TIFF)

August 2014 | Volume 9 | Issue 8 | 103567



Table S1 A tab delimited file containing the functional
annotation information for the transcripts with predict-
ed ORFs. The information includes top BLAST hit, predicted
protein domain, predicted signal peptide, gene ontology, protein
sequence and SNP discovery information.

(77)

Table S2 Perennial ryegrass inbred transcriptome
components and predicted peptide sequence with se-
quence similarity to OsHKT and BdHKT.

(DOCX)

References
1. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al. (2011) Full-

length transcriptome assembly from RNA-Seq data without a reference genome.
Nature Biotechnology 29: 644-U130.

2. Simpson JT, Wong K, Jackman SD, Schein JE, Jones SJM, et al. (2009) ABySS:
A parallel assembler for short read sequence data. Genome Research 19: 1117
1123.

3. Schulz MH, Zerbino DR, Vingron M, Birney E (2012) Oases: robust de novo
RNA-seq assembly across the dynamic range of expression levels. Bioinformatics
28: 1086-1092.

4. Van Verk MC, Hickman R, Pieterse CM]J, Van Wees SCM (2013) RNA-Seq:
revelation of the messengers. Trends in Plant Science 18: 175-179.

5. Bao H, Guo H, Wang J, Zhou R, Lu X, et al. (2009) MapView: visualization of
short reads alignment on a desktop computer. Bioinformatics 25: 1554-1555.

6. Zhao S, Fung-Leung W-P, Bittner A, Ngo K, Liu X (2014) Comparison of
RNA-Seq and Microarray in Transcriptome Profiling of Activated T Cells.
PLOS ONE 9: 1-13.

7. Zerbino DR, Birney E (2008) Velvet: Algorithms for de novo short read
assembly using de Bruijn graphs. Genome Research 18: 821-829.

8. Zerbino DR, McEwen GK, Margulies EH, Birney E (2009) Pebble and Rock
Band: Heuristic Resolution of Repeats and Scaffolding in the Velvet Short-Read
de Novo Assembler. PLOS ONE 4: 1-9.

9. Miller JR, Koren S, Sutton G (2010) Assembly algorithms for next-generation
sequencing data. Genomics 95: 315-327.

10. Treangen TJ, Salzberg SL (2012) Repetitive DNA and next-generation
sequencing: computational challenges and solutions (vol 13, pg 36, 2012).
Nature Reviews Genetics 13: 36-46.

11. Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, et al. (2013) De
novo transcript sequence reconstruction from RNA-seq using the Trinity
platform for reference generation and analysis. Nature Protocols 8: 1494-1512.

12. Wilkins PW (1991) Breeding perennial ryegrass for agriculture. Euphytica 52:
201-214.

13. Cornish MA, Hayward MD, Lawrence MJ (1979) Self-incompatibility in
ryegrass. I. Genetic control in diploid Lolium perenne L. Heredity 43: 95-106.

14. Jensen LB, Andersen JR, Frei U, Xing YZ, Taylor C, et al. (2005) QTL
mapping of vernalization response in perennial ryegrass (Lolium perenne L.)
reveals co-location with an orthologue of wheat VRN1. Theoretical and Applied
Genetics 110: 527-536.

15. Studer B, Jensen LB, Hentrup S, Brazauskas G, Koelliker R, et al. (2008)
Genetic characterisation of seed yield and fertility traits in perennial ryegrass
(Lolium perenne L.). Theoretical and Applied Genetics 117: 781-791.

16. Studer B, Jensen LB, Fiil A, Asp T (2009) “Blind” mapping of genic DNA
sequence polymorphisms in Lolium perenne L. by high resolution melting curve
analysis. Molecular Breeding 24: 191-199.

17. Studer B, Kolliker R, Muylle H, Asp T, Frei U, et al. (2010) EST-derived SSR
markers used as anchor loci for the construction of a consensus linkage map in
ryegrass (Lolium spp.). BMC Plant Biology 10: 533-548.

18. Studer B, Byrne S, Nielsen RO, Panitz F, Bendixen C, et al. (2012) A
transcriptome map of perennial ryegrass (Lolium perenne L.). BMC Genomics
13: 1-13.

19. Schejbel B, Jensen LB, Asp T, Xing Y, Lubberstedt T (2008) Mapping of QTL
for resistance to powdery mildew and resistance gene analogues in perennial
ryegrass. Plant Breeding 127: 368-375.

20. Fu N, Wang Q, Shen H-L (2013) De Novo Assembly, Gene Annotation and
Marker Development Using Illumina Paired-End Transcriptome Sequences in
Celery (Apium graveolens L.). PLOS ONE 8: 1-12.

21. Wei W, Qi X, Wang L, Zhang Y, Hua W, ct al. (2011) Characterization of the
sesame (Sesamum indicum L.) global transcriptome using Illumina paired-end
sequencing and development of EST-SSR markers. BMC Genomics 12: 1-13.

22. Guo X, Lin W, Ma Y, Qin Q, Hou S (2013) The BIG gene is required for auxin-
mediate organ growth in Arabidopsis. Planta 237: 1135-1147.

23. Gil P, Dewey E, Friml J, Zhao Y, Snowden KC, et al. (2001) BIG: a calossin-like
protein required for polar auxin transport in Arabidopsis. Genes & Development
15: 1985-1997.

24. Van Belleghem SM, Roelofs D, Van Houdt J, Hendrickx F (2012) De novo
transcriptome assembly and SNP discovery in the wing polymorphic salt marsh
beetle Pogonus chalceus (Coleoptera, Carabidae). PLOS ONE 7: 1-13.

PLOS ONE | www.plosone.org

Perennial Ryegrass Transcriptome

Acknowledgments

We would like to acknowledge the developers of Trinity and Trinotate suite
tools, and in particular Brian Haas for offering guidance and technical
solutions while using the tools. We would like to thank Mr. Chris Campbell
for excellent computation support.

Author Contributions

Conceived and designed the experiments: TA SB. Performed the
experiments: JDF SB CP. Analyzed the data: JDF SB CP. Wrote the
paper: JDF SB CP TA.

25. Lease KA, Walker JC (2006) The Arabidopsis unannotated secreted peptide
database, a resource for plant peptidomics. Plant Physiology 142: 831-838.

26. Zhi-Liang Hu BJ, Reecy JM (2008) CateGOrizer: A Web-Based Program to
Batch Analyze Gene Ontology Classification Categories. Online Journal of
Bioinformatics 9: 108-112.

27. Gordo SMC, Pinheiro DG, Moreira ECO, Rodrigues SM, Poltronieri MC, et
al. (2012) High-throughput sequencing of black pepper root transcriptome.
BMC Plant Biology 12: 1-9.

28. Huang L, Yang X, Sun P, Tong W, Hu S (2012) The First Illumina-Based De
Novo Transcriptome Sequencing and Analysis of Safflower Flowers. PLOS
ONE 7: 1-11.

29. Rismani-Yazdi H, Haznedaroglu BZ, Bibby K, Peccia J (2011) Transcriptome
sequencing and annotation of the microalgae Dunaliella tertiolecta: Pathway
description and gene discovery for production of next-generation biofuels. BMC
Genomics 12.

30. McNally KL, Childs KL, Bohnert R, Davidson RM, Zhao K, et al. (2009)
Genomewide SNP variation reveals relationships among landraces and modern
varieties of rice. Proceedings of the National Academy of Sciences of the United
States of America 106: 12273-12278.

31. Ruttink T, Sterck L, Rohde A, Bendixen C, Rouze P, et al. (2013) Orthology
Guided Assembly in highly heterozygous crops: creating a reference transcrip-
tome to uncover genetic diversity in Lolium perenne. Plant Biotechnology
Journal 11: 605-617.

32. Penn O, Privman E, Ashkenazy H, Landan G, Graur D, et al. (2010)
GUIDANCE: a web server for assessing alignment confidence scores. Nucleic
Acids Research 38: W23-W28.

33. Felsenstein J (2004) PHYLIP In: Felsenstein J, editor. PHYLIP (Phylogeny
Inference Package) 3.6 ed. Department of Genome Sciences, University of
Washington, Seattle.

34. Platten JD, Cotsaftis O, Berthomieu P, Bohnert H, Davenport RJ, et al. (2006)
Nomenclature for HKT transporters, key determinants of plant salinity
tolerance. Trends in Plant Science 11: 372-374.

35. Bafeel SO (2013) Phylogeny of the plant salinity tolerance related HK'T genes.
International Journal of Biology 5: 64-68.

36. Haro R, Banuelos MA, Rodriguez-Navarro A (2010) High-affinity sodium
uptake in land plants. Plant and Cell Physiology 51: 68-79.

37. Amrutha RN, Sekhar PN, Varshney RK, Kishor PBK (2007) Genome-wide
analysis and identification of genes related to potassium transporter families in
rice (Oryza sativa L.). Plant Science 172: 708-721.

38. Matsuzaki Y, Ogawa-Ohnishi M, Mori A, Matsubayashi Y (2010) Secreted
Peptide Signals Required for Maintenance of Root Stem Cell Niche in
Arabidopsis. Science 329: 1065-1067.

39. Meng L (2012) Roles of secreted peptides in intercellular communication and
root development. Plant Science 183: 106-114.

40. Annadurai RS, Neethiraj R, Jayakumar V, Damodaran AC, Rao SN, et al.
(2013) De Novo Transcriptome Assembly (NGS) of Curcuma longa L. Rhizome
Reveals Novel Transcripts Related to Anticancer and Antimalarial Terpenoids.
PLOS ONE 8: 1-11.

41. Crawford JE, Guelbeogo WM, Sanou A, Traore A, Vernick KD, et al. (2010) De
Novo Transcriptome Sequencing in Anopheles funestus Using Illumina RNA-
Seq Technology. PLOS ONE 5: 1-12.

42. Duan J, Xia C, Zhao G, Jia J, Kong X (2012) Optimizing de novo common
wheat transcriptome assembly using short-read RNA-Seq data. BMC Genomics
13: 1-12.

43. Li D, Deng Z, Qin B, Liu X, Men Z (2012) De novo assembly and
characterization of bark transcriptome using Illumina sequencing and
development of EST-SSR markers in rubber tree (Hevea brasiliensis Muell.
Arg.). BMC Genomics 13: 1-14.

44. Lv H, Qu G, Qi X, Lu L, Tian C, et al. (2013) Transcriptome analysis of
Chlamydomonas reinhardtii during the process of lipid accumulation. Genomics
101: 229-237.

45. Mizrachi E, Hefer CA, Ranik M, Joubert F, Myburg AA (2010) De novo
assembled expressed gene catalog of a fast-growing Eucalyptus tree produced by
Tllumina mRNA-Seq. BMC Genomics 11: 1-12.

46. Zhu S, Dai Y-M, Zhang X-Y, Ye J-R, Wang M-X, et al. (2013) Untangling the

transcriptome from fungus-infected plant tissues. Gene 519: 238-244.

August 2014 | Volume 9 | Issue 8 | 103567



47.

48.

49.

50.

51.

52.

53.

54.

59.

60.

61.

62.

63.

Yazawa T, Kawahigashi H, Matsumoto T, Mizuno H (2013) Simultaneous
Transcriptome Analysis of Sorghum and Bipolaris sorghicola by Using RNA-seq
in Combination with De Novo Transcriptome Assembly. Plos One 8.

de Carvalho JF, Poulain J, Da Silva C, Wincker P, Michon-Coudouel S, et al.
(2013) Transcriptome de novo assembly from next-generation sequencing and
comparative analyses in the hexaploid salt marsh species Spartina maritima and
Spartina alterniflora (Poaceae). Heredity 110: 181-193.

Sparks I, Wachsman G, Benfey PN (2013) Spatiotemporal signalling in plant
development. Nature Reviews Genetics 14: 631-644.

Murphy E, Smith S, De Smet I (2012) Small Signaling Peptides in Arabidopsis
Development: How Cells Communicate Over a Short Distance. Plant Cell 24:
3198-3217.

Katsir L, Davies KA, Bergmann DC, Laux T (2011) Peptide Signaling in Plant
Development. Current Biology 21: R356-R364.

Higashiyama T (2010) Peptide Signaling in PollenPistil Interactions. Plant and
Cell Physiology 51: 177-189.

Yamada M, Sawa S (2013) The roles of peptide hormones during plant root
development. Current Opinion in Plant Biology 16: 56-61.

Fernandez A, Drozdzecki A, Hoogewijs K, Anh N, Beeckman T, et al. (2013)
Transcriptional and Functional Classification of the GOLVEN/ROOT
GROWTH FACTOR/CLE-Like Signaling Peptides Reveals Their Role in
Lateral Root and Hair Formation. Plant Physiology 161: 954-970.

. Rengasamy P (2006) World salinization with emphasis on Australia. Journal of

Experimental Botany 57: 1017-1023.

. Munns R (2005) Genes and salt tolerance: bringing them together. New

Phytologist 167: 645-663.

. Uozumi N, Kim EJ, Rubio F, Yamaguchi T, Muto S, et al. (2000) The

Arabidopsis HKT1 gene homolog mediates inward Na+ currents in Xenopus
laevis oocytes and Na+ uptake in Saccharomyces cerevisiae. Plant Physiology

122: 1249-1259.

. Huang S, Spielmeyer W, Lagudah ES, Munns R (2008) Comparative mapping

of HKT genes in wheat, barley, and rice, key determinants of Na+ transport,
and salt tolerance. Journal of Experimental Botany 59: 927-937.

Garciadeblas B, Senn ME, Banuelos MA, Rodriguez-Navarro A (2003) Sodium
transport and HKT transporters: the rice model. Plant Journal 34: 788-801.
Corratge-Faillie C, Jabnoune M, Zimmermann S, Very AA, Fizames C, et al.
(2010) Potassium and sodium transport in non-animal cells: the Trk/Ku/HKT
transporter family. Cellular and Molecular Life Sciences 67: 2511-2532.
Waters S, Gilliham M, Hrmova M (2013) Plant High-Affinity Potassium (HKT)
Transporters Involved in Salinity Tolerance: Structural Insights to Probe
Differences in Ion Selectivity. Journal of Molecular Science (International
Edition) 14: 7660-7680.

Wu Z-Q, Ge S (2012) The phylogeny of the BEP clade in grasses revisited:
Evidence from the whole-genome sequences of chloroplasts. Molecular
Phylogenetics and Evolution 62: 573-578.

Horie T, Yoshida K, Nakayama H, Yamada K, Oiki S, et al. (2001) Two types
of HKT transporters with different properties of Na+ and K+ transport in Oryza
sativa. Plant Journal 27: 129-138.

PLOS ONE | www.plosone.org

13

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

Perennial Ryegrass Transcriptome

Maser P, Hosoo Y, Goshima S, Horie T, Eckelman B, et al. (2002) Glycine
residues in potassium channel-like selectivity filters determine potassium
selectivity in four-loop-per-subunit HKT transporters from plants. Proceedings
of the National Academy of Sciences of the United States of America 99: 6428~
6433.

. Ashraf M, Foolad MR (2013) Crop breeding for salt tolerance in the era of

molecular markers and marker-assisted selection. Plant Breeding 132: 10-20.
Rafalski A (2002) Applications of Single nucleotide polymorphisms in crop
genetics. Current Opinion in Plant Biology 5: 94-100.

Hansey CN, Vaillancourt B, Sekhon RS, de Leon N, Kaeppler SM, et al. (2012)
Maize (Zea mays L.) Genome Diversity as Revealed by RNA-Sequencing.
PLOS ONE 7: 1-10.

Henry RJ, Edwards M, Waters DLE, Krishnan GS, Bundock P, et al. (2012)
Application of large-scale sequencing to marker discovery in plants. Journal of
Biosciences 37: 829-841.

Seeb JE, Carvalho G, Hauser L, Haish K, Roberts S, et al. (2011) Single-
nucleotide polymorphism (SNP) discovery and applications of SNP genotyping
in nonmodel organisms. Molecular Ecology Resources 11:1-8

Gnerre S, MacCallum I, Przybylski D, Ribeiro EJ, Burton JN; et al. (2011) High-
quality draft assemblies of mammalian genomes from massively parallel
sequence data. Proceedings of the National Academy of Sciences of the United
States of America 108: 1513-1518.

Li B, Dewey CN (2011) RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics 12: 1-16.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic Local
Alignment Search Tool. Journal of Molecular Biology 215: 403-410.

Finn RD, Clements J, Eddy SR (2011) HMMER web server: interactive
sequence similarity searching. Nucleic Acids Research 39: W29-W37.

Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, et al. (2012) The Pfam
protein families database. Nucleic Acids Research 40: D290-D301.

. Petersen TN, Brunak S, von Heijne G, Nielsen H (2011) SignalP 4.0:

discriminating signal peptides from transmembrane regions. Nature Methods
8: 785-786.

Krogh A, Larsson B, von Heijne G, Sonnhammer ELL (2001) Predicting
transmembrane protein topology with a hidden Markov model: Application to
complete genomes. Journal of Molecular Biology 305: 567-580.

Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25: 1754-1760.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, et al. (2009) The Sequence
Alignment/Map format and SAMtools. Bioinformatics 25: 2078-2079.
Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, et al. (2012)
VarScan 2: Somatic mutation and copy number alteration discovery in cancer
by exome sequencing. Genome Research 22: 568-576.

McCarthy DJ, Chen Y, Smyth GK (2012) Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation. Nucleic
Acids Research 40: 4288-4297.

August 2014 | Volume 9 | Issue 8 | 103567



