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Abstract Pennisetum purpureum belongs to the
Pennisetum Rich genus in the family Poaceae. It is
widely grown in subtropical and tropical regions as
one of the most economically important cereal crops.
Despite its importance, there is limited genomic data
available for P purpureum, which restricts genetic and
breeding studies in this species. In the present study, the
transcriptome of P. purpureum was assembled de novo
and used to characterize two important P. purpureum
cultivars: P. purpureum Schumab cv. Purple and
P. purpureum cv. Mott. After assembly, a total of
197,466 unigenes were obtained for ‘Purple’ and ‘Mott’
and 103,454 of these unigenes were successfully anno-
tated. From ‘Purple’ and ‘Mott,” 214,648 SNPs and
21,213 EST-SSRs were identified in 40,259 unigenes
and 18,587 unigenes respectively. Moreover, 50 EST-
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SSR primers and 6 SNP primers were designed to
validate the identified markers. The transcriptomic data
of present study from the two P. purpureum cultivars
provides an abundant amount of available genomic
information for Pennisetum. In addition, the identified
SNPs and EST-SSRs will facilitate genetic and molecu-
lar studies within the Pennisetum genus.

Keywords Markers development - Pennisetum
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Introduction

The Pennisetum Rich genus belongs to the family
Poaceae. There are approximately 140 species within
this genus that grow under various environmental con-
ditions all over the world (Brunken 1977). Few species
are economic crop as pearl millet (P glaucum), bio-
fertilizer as Kikuyu grass (P. clandestinum), and orna-
mental plants as crimson fountaingrass (P. setaceum)
and feathertop grass (P. villosum) (Fulkerson et al.
2008; Sujatha et al. 1989). In comparison to other trop-
ical cereal crops, members of the Pennisetum Rich
genus are highly tolerant to abiotic stresses like heat
and drought. Therefore, these species can grow in the
semi-arid and tropical regions of Asia and Africa, where
they are considered as important staple foods (Khairwal
etal. 2007; Rai et al. 2009). Few studies, however, have
been performed to understand the genetic mechanisms
underlying important phenotypic characteristics of
members of this genus.
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P. purpureum, also known as Napier grass or Ele-
phant grass, is a tetraploid (2n = 4x = 28) perennial for-
age crop that is indigenous to sub-Saharan Africa (Lowe
et al. 2003). It is one of the main livestock fodder crops
in East Africa and it accounts for the majority of feed for
the cut-and-carry zero-grazing dairy systems in that
region (Wanjala et al. 2013). P. purpureum is an ideal
fodder crop because it regenerates rapidly, produces
high biomass, and is extremely palatable (Lowe et al.
2003). It also has desirable traits such as high drought
and stress resistance, as well as high photosynthetic and
water-retaining properties (Anderson et al. 2008). Addi-
tionally, this grass is a promising material for the pro-
duction of biofuels such as charcoal, alcohol, and meth-
ane (Anderson et al. 2008; Jakob et al. 2009; Lee et al.
2010; Morais et al. 2009; Strezov et al. 2008). Despite
the importance of P. purpureum, this species has re-
ceived considerably less research attention in compari-
son to other cereal and energy crops.

Previous genetic studies on P. purpureum had fo-
cused on estimating genetic diversity by molecular
markers, constructing DNA fingerprints and determin-
ing genetic relationships (Bhandari et al. 2006; Harris
et al. 2010; Kawube et al. 2015). Sousa Azevedo et al.
(2012) used microsatellite markers derived from
P. glaucum to study the genetic diversity of
P purpureum and analyzed the applicability of these
markers in cross-species amplifications. Alternatively,
Kawube et al. (2015) studied the genetic diversity of
P. purpureum using SSR markers derived from maize,
pearl millet, rice, and sorghum. In that study, 23 of the
SSR markers generated 339 alleles, and the unique
alleles could be exploited for the genetic improvement
of the farmer preferred P. purpureum species. Since the
genome of P purpureum has not been sequenced,
species-specific EST-SSR markers have not yet been
developed. There remains a lack of transcriptomic and
genomic information for P. purpureum, which has sig-
nificantly limited genetic and breeding studies in this
species. For example, there are only 591 nucleotide
sequences available for P. purpureum on the National
Center for Biotechnology Information (NCBI) website.
Therefore, more detailed molecular and genomic re-
sources are needed in order to fully characterize the
genetic diversity of P. purpureum species.

High-throughput sequencing technologies, such as
Solexa and SOLiID, have become valuable tools for
studying different areas of the plant research (Metzker
2010). These sequencing platforms had revolutionized
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genomics, epigenomics, and transcriptomics studies by
allowing massively parallel sequencing efforts at a rel-
atively low cost. Additionally, high-throughput se-
quencing technologies had opened the door for explor-
ing the effects of environmental factors on gene expres-
sion in a wide range of organisms that currently lack a
reference genome (Ockendon et al. 2016). To date, high-
throughput sequencing has been increasingly and suc-
cessfully used in numerous plants including
Dendrobium officinale (Xu et al. 2017), sea cucumber
(Apostichopus japonicus) (Zhou et al. 2014), and maize
(Huang et al. 2016a). A large number of EST-SSR and
SNP markers have been developed based on high-
throughput sequencing of transcriptome-derived se-
quences and had been utilized in diverse species such
as blueberry (McCallum et al. 2016), sabaigrass (Zou
et al. 2013), and pear (Wu et al. 2014a). The data
generated from these experiments had allowed for pow-
erful inferences about natural biological processes such
as adaptation, colonization, gene flow, and divergence
(Bragg et al. 2015).

Although P. purpureum members are economically
and ecologically important forage crops, next-
generation sequencing has not been performed for this
species and a substantial lack of available genomic
information has limited researches of P. purpureum,
and few EST databases are currently available for them.
In the present study, the Illumina HiSeq™ 4000 plat-
form was used to perform transcriptome analyses of two
P, purpureum cultivars: P. purpureum Schumab cv. Pur-
ple and P. purpureum cv. Mott. The objectives of this
study were to (1) provide transcriptomic information for
these two P. purpureum genotypes and (2) assemble
unigenes and develop SNP and EST-SSR markers ac-
cording to the transcriptome sequencing.

Material and methods
Plant material and RNA isolation

P, purpureum Schumab cv. Purple and P. purpureum cv.
Mott plants were planted in the field at the Chongzhou
farm of Sichuan Agricultural University (30°37' N 103°
40'; Chongzhou City, Sichuan Province, China) on
June 8, 2015. To extend genetic background and obtain
more expressed genes, different genotype and different
stages were collected for study. Two young leaves
(Purple) and two mature leaves (Light purple) were
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collected from two plants of ‘Purple’ on June 25, 2016.
Simultaneously, two young leaves were collected from
two plants of ‘Mott.” Leaf samples were harvested and
immediately frozen in liquid nitrogen. The six samples
of two P purpureum genotypes were then sent to
Novogene Technologies Co., Ltd. (Beijing, China) for
transcriptome analysis.

Total RNA was isolated using the RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA) according to its spec-
ifications. The quality of the isolated RNA was assessed
with both 1% agarose gels and a NanoPhotometer®
spectrophotometer (IMPLEN, CA, USA) (Zhang et al.
2016b). In addition, the total RNA concentration was
measured using a Qubit® RNA Assay Kit on a Qubit®
2.0 Fluorometer (Life Technologies, CA, USA) (Pei
et al. 2016). Finally, the RNA integrity number (RIN)
of the samples was determined with an RNA Nano 6000
Assay Kit on an Agilent Bioanalyzer 2100 system
(Agilent Technologies, CA, USA)(Zhang et al. 2016b).

cDNA library construction and Illumina sequencing

In total, six ¢cDNA libraries were created using a
NEBNext® UltraTM RNA Library Prep Kit for
[lumina® (New England Biolabs, MA, USA) (Qiao
et al. 2016). The mRNAs of each sample were purified
and enriched using poly-T oligo-attached magnetic
beads. Next, the mRNAs were fragmented using diva-
lent cations under high temperature with the NEBNext
First Strand Synthesis Reaction Buffer (5X) (Zhang
et al. 2016a). First-strand cDNA synthesis was carried
out by the M-MuLV reverse transcriptase (RNase H)
enzyme and random hexamer primers. Second-strand
cDNA was subsequently synthesized in a buffer with
dNTPs, DNA polymerase I, and RNase H. Blunt ends
were produced by removing/filling the remaining over-
hangs with an exonuclease/polymerase treatment. After
adenylation of the 3’ ends of the DNA fragments,
NEBNext adaptors were ligated to the 5’ ends in prep-
aration for hybridization. Library fragments were puri-
fied with an AMPure XP system (Beckman Coulter,
MA, USA) and cDNA fragments of 150-200 bp in
length were preferentially selected (Jiang et al. 2016).
Next, 3 uL of USER Enzyme (New England Biolabs,
MA, USA) was mixed with the selected cDNA and the
mixture incubated at 37 °C for 15 min, followed by
5 min at 95 °C. After that, the PCR was disposed by
universal PCR primers, an Index (X) Primer, and the
Phusion High-Fidelity DNA polymerase (New England

Biolabs, MA, USA) (Yang et al. 2015; Yue et al. 2015).
The final products were purified using the AMPure XP
system and their quality was analyzed with the Agilent
Bioanalyzer 2100 system (Zhang et al. 2015a). For
[llumina sequencing, a cBot Cluster Generation System
was utilized to cluster the index-coded samples via the
TruSeq PE Cluster Kit v3-cBot-HS (Illumina, CA,
USA) (Liu et al. 2014). After cluster generation, the
[lumina Hiseq platform was used for the library prepa-
rations and paired-end reads were generated for each
sample (NCBI SRA: SRP100008).

De novo transcriptome assembly and annotation

All raw sequencing reads from the two genotypes were
collected for transcriptome assembly. They were first
processed through in-house perl scripts (Novogene
Technologies Co., Ltd., Beijing, China) and clean reads
were obtained by removing those reads that contained
adapter and poly-N sequences (Zhao et al. 2014). Dur-
ing this step, low-quality reads were also removed and
the Q20, Q30, GC content, and sequence duplication
levels of the clean reads were calculated. All of the
downstream analyses were based on the resulting high-
quality clean reads (Li et al. 2015). Next, the clean reads
were assembled into unigene sequences using Trinity
software (http:/trinityrnaseq.sourceforge.net/) with the
min_K-mer cov set to 2 and all other parameters set as
default (Grabherr et al. 2011).

BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
searches (e-value < 1E-5) were used to annotate the
assembled unigenes (Altschul et al. 1997). The se-
quences were aligned against the following databases:
National Center for Biotechnology Information non-
redundant protein (Nr), Protein family (Pfam), Swiss-
Prot protein, Gene Ontology (GO), the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), and Eukaryotic
Orthologous Groups of proteins (KOG). Furthermore,
the NCBI non-redundant nucleotide sequence (Nt) da-
tabase was also searched. Functions were assigned to
the unigenes based off of alignment data from the seven
databases in the following order: Nr, GO, KEGG,
Swiss-Prot, Pfam, KOG, and Nt (Moriya et al. 2007,
Punta et al. 2011). The coding regions (CDSs) were
predicted by the best BLAST alignments, and the tran-
scripts were transformed into their protein sequences
based on the standard genetic codes. Afterwards, tran-
script open reading frames (ORFs) were extracted. Fi-
nally, the software ESTScan (Iseli et al. 1999) was used
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to predict the ORFs for the unigenes that did not align to
any of the above databases.

SNP loci detection and marker validation

Prior to calling single nucleotide polymorphisms
(SNPs) in ‘Purple’ and ‘Mott,” picard-tools v1.41
(http://broadinstittute.github.io/picard) and samtools
v0.1.18 (http://samtools.sourceforge.net) were
employed to sort the reads, remove duplicates, and
merge the bam alignment results of each sample
(Huang et al. 2015). GATK3 software (http:/www.
broadinstitute.org/gatk/) was then used to perform SNP
calling. For SNPs, variants were detected using the
GATK standard filter method with the following
parameters: cluster =3, Window Size =35, QD <2.0,
FS>60.0, MQ <40.0, SOR > 4.0, MQ Rank Sum <—
12.5, Read Pos Rank Sum <—8.0, and DP < 10 (Choi
et al. 2015). SNP marker validation was performed on
16 Pennisetum materials (Table S1) using six randomly
selected primers. Briefly, 100 mg of fresh leaf tissue was
harvested for each accession and DNA was extracted
using a genomic DNA extraction kit (Tiangen Biotech,
China). PCR amplifications were performed in 25 pl
total reaction volumes that contained 1 pL (10 pmol/uL)
each of the forward and reverse primers, 2.5 uL (20
ng/uL) of DNA template, 12.5 pL 2X Reaction Mix
(Tiangen Biotech, China), 0.5 pL Pfu polymerase
(Tiangen Biotech, China), and 7.5 pL ddH,0. The
PCRs were performed with a 5-min pre-denaturation at
94 °C, followed by 40 cycles of 30-s denaturation at 94
°C, 45-s annealing at 52—60 °C and 1-min extension at
72 °C, and a final 7-min extension at 72 °C. PCR
products were electrophoresed on 1.5% agarose gels at
100 V for 30 min to separate the DNA fragments. After
visualization of the bands under UV light, the sizeable
PCR products were extracted from the gel and sent to
the Beijing Genomics Institute for sequencing.

EST-SSR loci detection and marker validation

EST-SSR markers within the transcriptome were iden-
tified using MISA (http://pgrc.ipk-gatersleben.
de/misa/misa.html). The unigene sequences were
searched for perfect mono-, di-, tri-, tetra-, penta-, and
hexa-nucleotide motifs with a minimum of ten, six, five,
five, five, and five repeats, respectively (Singh et al.
2013). The EST-SSR primers were designed using
Primer 3 (http://primer3.sourceforge.net/releases.php)
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based on the results from the MISA software (Lv et al.
2014). The primer design parameters were set as fol-
lows: the primer length ranged between 18 and 27 nt
with 21 nt as optimum, the PCR products were 100—
300 bp in size, the PCR annealing temperature ranged
from 52 to 62 °C with the optimal temperature at 55 °C,
and the primer GC content ranged from 40 to 60% with
50% as optimum.

The EST-SSR markers were validated on 17
Pennisetum materials (Table S2) using 50 randomly
selected primers (Table S3). The method of DNA ex-
traction was as above. For PCR amplification of the
EST-SSR loci, reactions were performed in a total vol-
ume of 15 uL and contained 0.6 puL (10 pmol/puL) of
each primer, 1.5 pL (20 ng/uL) genomic DNA, 7.5 uL
2X Reaction Mix (Tiangen, Biotech, China), 0.3 uL of
Golden DNA Polymerase (Tiangen Biotech, China),
and 4.5 pL distilled water. The PCRs were carried out
with the following protocol: 94 °C for 5 min, followed
by 35 cycles of 94 °C for 30 s, 54-56 °C for45 s, 72 °C
for 1 min, and a final extension at 72 °C for 7 min. The
amplification products were then separated on a 6%
polyacrylamide gel, stained with AgNO; solution, and
photographed for scoring (Huang et al. 2014). Based on
a molecular DNA marker (50 bp ladder, Tiangen, Chi-
na), strong clear allelic bands with the same mobility
were manually scored as either present (1) or absent (0)
(Guo et al. 2016). The total number of polymorphic
bands and percentage of polymorphic bands was calcu-
lated with Excel. Differences in the numbers within
these three categories revealed the amount of variation
among the accessions and species (Williams et al. 1990).
In addition, the polymorphism information content
(PIC) per EST-SSR locus was estimated using the for-
mula described by Nei (1973). Genetic analyses, includ-
ing observed number of alleles, effective number of
alleles, Nei’s gene diversity (H), and Shannon’s infor-
mation index (I), were performed for each population
using POPGENE v.1.3.2 (Yeh 1997) with a model for
dominant markers and individuals.

Results
Sequence analysis and assembly
In present study, the Illumina HiSeq™ 4000 platform

was used to sequence the transcriptome of
P. purpureum. High-throughput RNA sequencing
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generated more than 52,610,350 raw reads (ranging
from 150 to 200 bp) for each of the six P. purpureum
cDNA libraries. After data filtering and removing adapt-
er sequences for each sample, we obtained a total of
50,756,372 high-quality reads (~ 7.61 Gb of clean data).
The GC content, Q20, and Q30% of the clean data were
over 55.39, 97.62, and 93.75%, respectively, for each of
the six samples (Table S4). These results indicated that
the clean data reads were of high quality and they were
reliable for subsequent analyses.

Using Trinity, 284,875 de novo assembled transcripts
were obtained with an average length of 781 bp and an
NS50 value of 1354 bp (Table S5). The large tran-
scriptome size of P. purpureum might be due to the
tetraploid nature of the genome (21 =4x =28 chromo-
somes) (Campos et al. 2009). The estimated DNA size
of P. purpureum is 2836 Mb (Taylor and Vasil 1987),
and the assembly generated in this study covered 7.84%.
Additionally, these transcripts were clustered into
197,466 unigenes with a mean length of 586 bp and
an N50 value of 833 bp (Table S6). Among the 197,466
unigenes, the two most predominant sizes were those
that ranged in length from 200 to 500 bp (137,131
unigenes or 69.45%) and those that ranged in length
from 500 to 1000 bp (34,101 unigenes or 17.27%). This
was followed by 17,020 unigenes (8.62%) that ranged in
length from 1000 to 2000 bp and finally by 9214
unigenes (4.67%) that were more than 2000 bp in
length. The sizable proportion of short unigenes
(69.45%) could be attributed to the lack of an available
reference genome sequence for P purpureum. More-
over, the abundance of these short unigenes could be
the result of fragmented transcripts or insufficient se-
quencing depth. This phenomenon has also been previ-
ously observed in other non-model plants (Jiang et al.
2015; Wu et al. 2014b).

Sequence annotation

The current study performed functional annotation, as
well as classification, for the obtained unigenes in order
to predict their structures, potential functions, and bio-
logical processes. Of the 197,466 total unigenes,
103,454 (52.39%) were successfully annotated in at
least one database and 12,195 (6.17%) were annotated
in all databases. Among the annotated unigenes, 72,485
(36.7%) had hits in the Nr database, 74,148 (37.54%) in
Nt, 25,683 (13%) in KO, and 25,683 (13%) in KEGG.
Besides, a search for homology against the Swiss-Prot

database produced 54,026 hits (27.35%). This could be
attributed to the smaller number of proteins in this more
reliable protein bank. Similarly, a homology search
against the Pfam database returned 55,245 hits
(27.97%). A large number of unigenes were assigned
to KOG classifications (28,665, 14.51%) and GO cate-
gories (56,999, 28.86%), indicating that the tran-
scriptome data reflected the extensive biological func-
tions of P. purpureum transcripts. However, not all of
the unigenes matched known proteins in these data-
bases, suggesting that some genes may be unique to
P. purpureum. The remaining unigenes (47.61%) did
not align with any known genes (Table S7).

The present study predicted 176,887 CDSs in total,
and 80,112 of which aligned to the Nr and Swiss-Prot
databases. Approximately 45.29% of the unigenes were
able to uniquely match to known proteins in these
databases, suggesting that a portion of the remaining
genes may be unique to P. purpureum. Interestingly, the
majority of CDSs that aligned (35,189, 43.92%) were
less than 500 bp in length (Fig. S1). The remaining
96,775 CDSs were predicted using ESTScan. Not sur-
prisingly, the number of CDSs under 500 bp long also
accounted for the largest number in this group (67,796,
70.01%; Fig. S2).

Gene Ontology is a worldwide classification system
for gene function, and it comprehensively categorizes
the properties of genes into groups such as “biological
processes,” “cellular components,” and “molecular
function” (Tang et al. 2014). Based on sequence homol-
ogy, 56,999 unigenes (28.86%) were classified into
three main GO categories and 56 sub-categories. A large
number of unigenes that were annotated in the
“biological processes” category fell under the sub-
categories “Cellular process,” “Metabolic process,”
and “Single-organism process” (Fig. 1). In the “cellular
components” group, the “Cell” was the most represent-
ed sub-category followed by “Cell part,” “Organelle,”
and “Macromolecular complex.” Among ten different
molecular function categories, “Binding” and
“Catalytic activity” were the two most frequent classes
for the P. purpureum unigenes.

KOG analysis is centered on the clustering of
orthologous groups for eukaryotic complete genomes
(Wang et al. 2015). Based on the KOG database, 28,665
unigenes were classified into 26 functional categories,
and the “General function prediction only” cluster was
found to be the largest group (4995 unigenes, 17.43%).
The next largest group was “Post-translational
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Fig. 1 Histogram representation of Gene Ontology (GO) annotation for P. purpureum. The genes were assigned to three main categories:
biological process, molecular function, and cellular component

modification, protein turnover, chaperones” (3909 KEGG analysis is a way to analyze gene products
unigenes, 13.64%) followed by the “Translation, ribo- during metabolism and determine their putative func-
somal structure and biogenesis” group (2964 unigenes, tions in cellular processes. A total of 25,683 unigenes

10.34%). Alternatively, “Extracellular structures” (104 were found and assigned to 19 biological pathways that
unigenes, 0.36%), “Cell motility” (24 unigenes, 0.08%), fell under five larger groups (Cellular Processes, Genetic

and “Unnamed protein” (1 unigene, 0.003%) groups Information Processing, Environmental Information
contained significantly fewer unigenes than the above Processing, Metabolism and Organismal Systems). Of
three groups (Fig. 2). these 19 pathways, the six major ones included

KOG Function Classification

(A) RNA processing and modification

20 (B) Chromatin structure and dynamics

(C) Energy production and conversion

(D) Cell cycle control, cell division, chromosome partitioning
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(G) Carbohydrate transport and

15 - (H) Ce yme transport and

(I) Lipid transport and metabolism
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(L) Replication, recombination and repair
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(O) Posttranslational modification, protein turnover, chaperones

(P) Inorganic ion transport and metabolism
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(R) General function prediction only
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(T) Signal transduction mechanisms

(U) Intracellular trafficking, secretion, and vesicular transport
(V) Defense mechanisms

(W) Extracellular structures
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(Y) Nuclear structure
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Fig. 2 EuKaryotic Ortholog Groups (KOG) classification of P. purpureum unigenes
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“Translation” (3135, 12.21%), “Carbohydrate
metabolism” (2778, 10.82%), “Overview” (2210,
8.60%), “Folding, sorting and degradation” (2094,
8.15%), “Amino acid metabolism” (1670, 6.50%), and
“Energy metabolism” (1537, 5.98%) (Fig. 3).

SNP loci detection and marker validation

A total of 214,648 high-quality SNPs were detected in
40,259 unigenes of the two P. purpureum genotypes ‘Pur-
ple’ and ‘Mott.” As shown in Table 1, the putative SNPs of
these two genotypes included 71,242 (33.19%) transitions,
of which 15.23% were A/G and 17.96% were C/T. The
high percentage of transitions found in this research was

Environmental adaptation

Overview

Nucleotide metabolism

Metabolism of terpenoids and polyketides
Metabolism of other amino acids
Metabolism of cofactors and vitamins
Lipid metabolism

Glycan biosynthesis and metabolism
Energy metabolism

Carbohydrate metabolism

Biosynthesis of other secondary metabolites
Amino acid metabolism

Translation

Transcription

Replication and repair

Folding, sorting and degradation

Signal transduction

Membrane transport

consistent with other plant species (Wang et al. 2017; Wei
et al. 2014). Coulondre et al. (1978) suggested that the
high frequency of transitions within genomes might reflect
the high levels of C/T mutations after methylation. Inter-
estingly, the number of transitions was approximately 2.08
times higher than the number of transversions (34,232) for
the two P. purpureum genotypes. The exact proportions of
the four possible transversions were 3.74% A/C, 4.08%
A/T, 4.39% C/G, and 3.74% G/T.

Further analysis of the putative SNPs revealed that
38,411 (17.89%) of them were distributed in CDS se-
quences. These SNPs might be associated with impor-
tant economic and agronomic traits and thus could be
used for genetic diversity analysis, association mapping

KEGG Classification

939

Transport and catabolism

| 1431

o —

10 15
Percent of Genes (%)

[6)]

Fig. 3 Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of P. purpureum unigenes. A, cellular process; B, environmental
information processing; C, genetic information processing; D, metabolism; E, organismal systems
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analysis, genetic map construction, and marker-assisted
selection. Moreover, they could potentially explain the
phenotypic differences between P. purpureum species.
Among the 38,411 SNPs in the CDS regions, 39.50% of
them were non-synonymous mutations, which could
result in amino acid changes. These special SNPs are
important for future association analyses, and they are
promising candidates for studying phenotypic differ-
ences of Pennisetum germplasms.

Six primer pairs were chosen to validate 21 of the
putative SNP loci in the present study. Sixteen different
Pennisetum clonal materials were used to determine the
feasibility and efficiency of these molecular markers for
P. purpureum and other Pennisetum species. Three of
the primer pairs were successfully able to discriminate
the alleles, while two pairs produced no PCR products
and one pair produced a single amplicon. In total, 16
SNP loci were amplified, five of which were putative
SNP loci that had been discovered by SNP detection.
These SNP loci were found to be polymorphic and one
to two SNP loci were covered per primer pair with each
pair spanning an average of 1.67 SNP loci (Table S8).

EST-SSR loci detection and marker validation

With recent progress in sequencing technologies, high-
throughput sequencing platforms have enabled

Table 1 Summary of putative SNPs identified from P. purpureum
Schumab cv. Purple and P. purpureum cv. Mott

SNP information Counts
Transversion

A/C 8031
A/T 8758

C/G 9425

G/T 8018
Transition

A/G 32,686
C/T 38,556
Total SNPs 214,648
Number of unigenes containing SNPs 40,259
Number of annotated unigenes containing SNPs 11,005
Number of SNPs in CDS 122,370
Number of SNPs in non-CDS 92,278
Number of non-synonymous SNPs 46,468
Number of synonymous SNPs 75,902

researchers to efficiently generate large number of
EST-SSR markers (Soren et al. 2015; Sureshkumar
etal. 2014). A total of 21,213 EST-SSRs were identified
in 18,587 (9.41%) unigenes and these repeats ranged in
lengths from 1 to 6 bp. Mono- and tri-nucleotide repeats
were the most predominant and accounted for 50.04 and
33.26% of the overall EST-SSRs, respectively. Of the
21,213 EST-SSRs, the percentages of di-, tetra-, penta-,
and hexa-nucleotide repeats were 15.36, 1.15, 0.14, and
0.05%, respectively (Table 2). Interestingly, 770 of the
EST-SSRs contained two or more different repeats,
resulting in a type of compound repeat.

The repeating unit of each type of EST-SSR varied
from five to > 10. Five tandem repeats (24.01%) was the
most predominant for each of the EST-SSRs examined
followed by ten tandem repeats (23.33%) and six tan-
dem repeats (15.10%) (Table S9). In addition, the repe-
tition types and amount of di- and tri-nucleotides were
analyzed. Of the tri-nucleotide repeats, CCG/GGC
(3210, 45.50%), AGC/TCG (1011, 14.33%), and
AGG/TCC (874, 12.39%) were the most prevalent
(Table S10). This finding was in accordance with other
reports in Lily (Du et al. 2015) and wheat (Kantety et al.
2002). With respect to di-nucleotide repeat motifs, the
AC/TG motif had the largest frequency of 49.39%
(740). This number is similar to results obtained for
Neottopteris nidus (Jia et al. 2016).

To validate the EST-SSRs identified in the present
study, more than one primer pair was designed for

Table 2 Summary of simple sequence repeats (EST-SSRs) iden-
tified from P. purpureum Schumab cv. Purple and P. purpureum
cv. Mott

EST-SSR information Number
Total number of sequences examined 197,466
Total size of examined sequences (bp) 115,813,152
Total number of identified EST-SSRs 21,213
Number of sequences containing EST-SSRs 18,587
Number of sequences containing more than 2211
one EST-SSR
Number of EST-SSRs present in compound 770
formation
Mono-nucleotide repeats 10,616
Di-nucleotide repeats 3258
Tri-nucleotide repeats 7055
Tetra-nucleotide repeats 243
Penta-nucleotide repeats 30
Hexa-nucleotide repeats 11
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12,646 (61.86%) of the 21,213 EST-SSRs. A total of 50
of these EST-SSR primer pairs were randomly selected
for validation. Seventeen different Pennisetum materials
(seven P. purpureum species and ten other species) with
different genetic backgrounds were tested to see the
compatibility of these primers across P. purpureum spe-
cies and other Pennisetum species (Table S11). Ofthe 50
EST-SSR primers tested, 20 (40.00%) of them correctly
amplified PCR products with rich polymorphisms that
contained di-, tri-, and tetra-nucleotide motifs. The fail-
ure of the other 30 primer pairs to amplify could be
attributed to assembly errors in the cDNA contigs or the
existence of null alleles. Alternatively, large unforeseen
introns and primer pairs designed across splice sites
would have also impeded PCR (Dutta et al. 2011). As
seen in Table S11, the 20 successful primer pairs obtain-
ed 128 alleles, of which 121 (95.53%) were polymor-
phic, and the numbers of PCR products ranged from
four to ten with an average of 6.4. The relatively small
number of alleles detected with only these 20 primer
pairs indicates the high efficiency of the EST-SSR
markers identified in this study, as compared to other
molecular markers such as microsatellites and SSRs
(Kawube et al. 2015; Sousa Azevedo et al. 2012). The
average polymorphism information content, Nei’s gene
diversity and Shannon’s information index of diversity
of the EST-SSRs were 0.3347, 0.3689, and 0.5405,
respectively. These results revealed that the EST-
SSR markers identified for P. purpureum in this
study have a high level of polymorphism, and that
they are valuable for genetic studies of Pennisetum
species. Interestingly, the ten Pennisetum species
that did not belong to P. purpureum also exhibited
a relatively high level of amplification and polymor-
phism. The EST-SSR results were used to estimate
the genetic distances of P. purpureum, as well as the
Pennisetum materials, and taxonomically cluster the
accessions accordingly. From these results, three
major groups were identified (Fig. S3). All of the
P. purpureum species, one P. americanum accession
and one P. americanum X P. purpureum genotype,
were grouped together in group 1, indicating that
these species are genetically similar. Group 2, how-
ever, was comprised of three P americanum %
Ppurpureum species that have presumably geneti-
cally differentiated from the one accession in group
1. Finally, one P. polystachyon accession, one
P. americanum accession, and one P. americanum
x P purpureum genotype clustered into group 3.

Discussion

High-throughput sequencing is a promising and effec-
tive tool to obtain genomic and transcriptomic data for
non-model organisms and non-sequenced genomes.
Currently, RNA-Seq has been applied to several mem-
bers of the Pennisetum genus including P. glaucum,
P. polystachion, and P. alopecuroides (Choudhary and
Padaria 2015; Sahu et al. 2012; Sarah et al. 2017);
however, this study is the first report of RNA sequenc-
ing and de novo transcriptome analysis for
P purpureum which will provide numerous genetic
information for future research and allow a very clear
and extensive description of this species.

Despite the low number of unigenes annotated for
P. purpureum in this study (52.39%), the percentage is
consistent with previous studies on Pueraria lobata
(Wang et al. 2015), Hemarthria (Huang et al. 2016c¢),
and Dactylis glomerata L. (Huang et al. 2015). The
seemingly low number of annotated unigenes might be
attributed to the large amount (69.45%) of short-length
(<500 nt) unigenes, or the limited amount of publicly
available EST sequences and genomic information for
P. purpureum. Functional annotation of the
P, purpureum unigenes and subsequent analyses provid-
ed some insight into the molecular mechanisms
governing physiological processes in this species. GO
analysis of the annotated unigenes found that “Binding”
and “Catalytic activity” were the two most frequent
classes. This phenomenon has been found in de novo
transcriptome analyses of Camellia sinensis (Wu et al.
2014b). Of particular interest, 609 unigenes were anno-
tated as related to reproductive processes, which may
provide valuable information for further studies of re-
production in P. purpureum. Additionally, response to
stimulus (6671 unigenes) was another abundant biolog-
ical process term, and cellular response to stimulus
(4382 unigenes) was the most highly represented child
GO term. KEGG analysis predicted 8077 unigenes to be
involved in a variety of metabolic precesses such as
carbohydrate metabolism, amino acid metabolism, and
energy metabolism. These unigenes were enriched for
proteins that maintain the essential functions of
P. purpureum, which was consistent with the tran-
scriptome analyses of Kappaphycus alvarezii (Zhang
et al. 2015b) and Gentiana macrophylla (Hua et al.
2014). These findings may provide useful information
for research about gene expression and improving bio-
logical and physiological pathways.
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As SNPs are the most abundant DNA variations in
plant genomes, they can be readily utilized in crop
breeding because of their high efficiency (Rafalski
2002; Riahi et al. 2013). Compared with other molecular
markers, SNPs are highly convenient for comparing
genomic and transcriptomic sequences (Hayashi et al.
2004; Salem et al. 2012). Presently, SNPs have been
used in many species to assess genetic diversity, create
genetic maps, and aid in association mapping and
marker-assisted selection (MAS) breeding (Eckert
et al. 2009; Li et al. 2009a; Li et al. 2009b; Xu et al.
2011). With recent improvements in next-generation
sequencing platforms, the production of large-scale ge-
nomic and transcriptomic data makes it easy to identify
large numbers of high-quality SNPs. For the SNPs
detection, the number of transition SNPs was found to
be higher than the number of transversion SNPs, which
was consistent with previous reports in radish (Wang
et al. 2017) and chickpea (Gaur et al. 2012). These
numbers could indicate a low level of genetic diver-
gence in P. purpureum genomes (Barchi et al. 2011)
and might reflect high levels of C/T mutations after
methylation (Coulondre et al. 1978). Alternatively, the
ratio of synonymous to non-synonymous mutation was
1.63, compared with sesame (Wei et al. 2014), spruce
(Pavy et al. 2006), and Arabidopsis (Schmid et al.
2003). Aside from five putative SNPs, 11 dubious SNPs
were found by three primer pairs. These might have
been detected due to an abundance of experimental
materials. In addition, SNPs with minor allele frequen-
cies (MAFs) lower than 0.1 may not be true SNPs, such
as 1348 of c100029 g1, 1412 of c100029 g1 and 430
of c100188 gl1. False SNPs were observed earlier in
several SNP discovery studies based on EST sequences
of some crop plants (Jhanwar et al. 2012; Varshney et al.
2008), indicating that there is room for future improve-
ment of the methodology. The validation of Pennisetum
SNPs in present study suggests that high-throughput
sequencing and SNP discovery is a reliable method for
identifying molecular markers for Pennisetum species.
Therefore, the current sequence data and list of SNPs
will greatly enrich the amount of the useful genetic
marker resources available for Pennisetum and these
resources can be used for future studies in crop
development.

Prior to the present research, most molecular marker
studies of Pennisetum were done by SRAP, RAPD, and
AFLP analyses (Babu et al. 2009; Harris et al. 2010; Xie
et al. 2009), which limited the number of available
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markers and slowed genetic research progress. Recently,
an alternative molecular marker has been utilized on
Pennisetum for assessing genetic diversity and creating
genetic maps (Kawube et al. 2015; Moumouni et al.
2015; Rajaram et al. 2013). EST-SSRs are ubiquitous
in transcriptomes and as such, they have ideal molecular
marker features including being co-dominant, typically
locus-specific, highly polymorphic, and often times
having a high level of cross-species transferability
(Kaur et al. 2012). Additionally, EST-SSRs are widely
used as powerful molecular markers for gene mapping,
genotyping, and gene diagnosis due to their different
putative functions and high polymorphism (Li et al.
2004). The unigenes of P. purpureum obtained in this
study provided a large number of EST-SSRs that can
ultimately be applied to genetic research and molecular
breeding. Since mono-nucleotide repeats may result
from sequencing and genotyping errors (Gilles et al.
2011), they were excluded from subsequent analyses.
The abundance of tri-nucleotide repeats was consistent
with the similar studies of other species (Jhanwar et al.
2012; Toledo-Silva et al. 2013; Yates et al. 2014). The
EST-SSR markers developed in this study were used to
examine the taxonomic relationship between 17 differ-
ent Pennisetum accessions. P. purpureum,
P americanum, and P. americanum x P. purpureum
were not found to be distinctly separate, which corrob-
orates the findings of Yao et al. (2013) and Xie and Lu
(2005). In addition, these results demonstrate the close
relationship of P. purpureum, P. americanum, and their
hybrids. The EST-SSR and SNP markers identified in
this work will aid future GWAS studies (Wang et al.
2012; Zeng et al. 2017), trait association analyses
(Lakew et al. 2013; Ukoskit et al. 2018), and marker-
assisted selection practices (Gupta et al. 2012; Ha et al.
2007) in both P. purpureum and the Pennisetum genus.

Conclusion

Previous studies have supported the applications of
RNA-seq technologies in providing genomic data for
non-model organisms (Egan et al. 2012; Ekblom and
Galindo 2011; Huang et al. 2016b; Takayama et al.
2011). In this study, we assembled the first tran-
scriptome of P. purpureum. The excavation of unigenes,
along with their annotation, provides useful information
about P. purpureum genes and their putative functions.
In addition, this work identified a large number of SNP
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and EST-SSR molecular markers that will be helpful in
future molecular biology, molecular breeding, physiol-
ogy, and biochemistry studies of Pennisetum species,
and they will aid in the understanding of molecular
inheritance and genetics in P, purpureum.
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