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Abstract

Seabuckthorn (Hippophae Sp.) is known for
its immense medicinal, nutritional, and agro-
nomical properties and has been utilized for
centuries as traditional medicine and food
supplements in various countries of Asia and
Europe. The revolutionary development in the
field of sequencing from first to the third
generation opens a whole new horizon to
explore the transcriptome of non-crop but
important plant species. Many next-generation
sequencing (NGS)-based transcriptome stud-
ies exploring different prospects such as
therapeutic uses, stress management, and sex
determination have been conducted for
seabuckthorn in the last decade. Currently, a
complete transcriptome profile from leaf and
root tissues along with other transcriptomes
profiled under different environmental condi-
tions is available in the public domain for
seabuckthorn. In the current chapter, we have
highlighted the recent developments and
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techniques used for NGS-based transcriptome
profiling for seabuckthorn. We have also
discussed the challenges and prospects of
NGS-based transcriptome studies in seabuck-
thorn. The transcriptome profiles generated for
seabuckthorn could further be exploited to
isolate molecular markers, microRNAs, other
small and long non-coding RNAs, and gene
families specific to this plant. Finally, a
strategy for the utilization of third (next to
next) generation sequencing to explore the
seabuckthorn transcriptome is also discussed.
The current chapter could serve as a good
reference for transcriptome studies in seabuck-
thorn and other related plant species.
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Seabuckthorn (Hippophae Sp.), a member of the

family FElaeagnaceae, is a multipurpose plant

with significant medicinal, nutritional, and eco-

logical importance. Seabuckthorn is a hardy,

deciduous shrub, widely distributed in various

regions of Europe, Asia, and North America
covering a vast area of India Himalayas, China,

and Russia (Bartish et al. 2002; Yang et al.
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2005). Since ancient times, the various parts of
seabuckthorn including berries, leaves, and
young stems have been utilized in traditional
Indian, Chinese, and Tibetan medicines, to treat
cough, cold, influenza, bowel irregularities, gas-
tric ulcer, skin infections, and wounds (Sharma
and Kalkal 2018). In addition to medicinal and
nutritional values, seabuckthorn holds up many
important ecological properties. The extensive
root system developed by seabuckthorn helps in
preventing soil erosion and maintaining soil fer-
tility and land reclamation. Moreover, the pres-
ence of root nodules in seabuckthorn helps in
fixing atmospheric nitrogen using symbiotic
association with an actinomycete, Frankia (Ste-
wart and Pearson 1967; Wei et al. 2007).
Seabuckthorn also can survive in adverse cli-
matic conditions such as drought, salinity stress,
and extreme temperature ranging from —40 °C to
40 °C (Chaudhary and Sharma 2015; Sharma and
Deswal 2020). Overall, the immense medicinal,
nutritional, and ecological importance attracts the
attention of many researchers worldwide toward
seabuckthorn and makes it suitable as a reference
plant for developing high-yield, nutritious, and
stress-tolerant crop varieties. However, to be a
reference, complete knowledge of the seabuck-
thorn genome is essential.

Over the last decade, whole-genome tran-
scriptome  profiling using next-generation
sequencing (NGS) techniques has become the
most favorable tool to understand the several
transcriptional dynamics in many plant species,
in different conditions and/or developmental
stages. The emergence of NGS techniques allows
the production of snapshots of the genome using
whole transcriptome sequencing of many non-
crop but important plant species. Advancement
in the sequencing technique from the era of first-
generation (Sanger Sequencing) to the current
third-generation sequencing (Illumina, Pacific
Biosciences, and Oxford Nanopore Technology)
makes the goal of seabuckthorn genome
sequencing achievable soon. In the recent past,
several transcriptome studies have been con-
ducted for seabuckthorn in tissue and condition-
dependent manner, to elucidate the major

pathways and genes behind making it a multi-
purpose wonder plant. In the current chapter, we
first give a brief explanation of the basic steps
involved in transcriptome sequencing and anal-
ysis using the NGS technique and later tried to
cover the transcriptome-based studies conducted
in seabuckthorn till now. We also discussed how
transcriptome data generated for seabuckthorn is
already utilized and could be beneficial in the
future as well, for the discovery of molecular
markers, potential microRNA (miRNA), and
their targeted genes, small and non-coding
RNAs.

11.2 Transcriptome Sequencing
and Bioinformatics Analysis

Whole-genome transcriptome profiling can be
utilized for several applications including differ-
ential gene expression (DGE), gene discovery,
pathway analysis, alternative splicing, and under-
standing many other transcriptional dynamics.
Among various transcriptome profiling, RNA-Seq
(Emrich et al. 2014; Mortazavi et al. 2008;
Nagalakshmi et al. 2008) technique and Illumina
platform are the most widely utilized worldwide.
Different NGS platforms use different kits for
sequencing library preparation. However, the
basic protocol for any transcriptome sequencing
and analysis remains the same and flexible to
modifications according to the experimental
requirements. Here, we briefly explain the gener-
alized protocol used in the RNA-Seq experiment
using [llumina sequencing platforms. The basic
protocols (Fig. 11.1a) include the following steps:

1. Extraction of total RNA and quality con-
trol: Several conventional methods including
TRIzol Reagent (Invitrogen) and commercial
kits such as Qiagen RNeasy Plant Mini Kit
are available for extraction of good quality
RNA from plant tissues. Once the total RNA
is extracted, it is further processed for quality
check with Agilent 2100 Bioanalyzer system.
The RNA integrity number (RIN) value
above 9 is the good quality RNA for NGS.
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Fig. 11.1 Transcriptome sequencing and bioinformatics
analysis using RNA-Seq technique and Illumina platform.
a Steps involved in preparation of next-generation
sequencing (NGS) library preparation and sequencing

2. Isolation of mRNA from total RNA: To
isolate the poly-A-containing mRNA, oligo
(dT) beads are used.

on Illumina HiSeq2500 platform. b Flowchart represent-
ing stepwise bioinformatics pipeline used to analysis the
sequences received from Illumina HiSeq2500 platform

3. Library construction and sequencing:
Depending upon the NGS platform used in
the study, each library from the isolated
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mRNA can be constructed according to the
commercial kit protocol. For example, for
Nlumina sequencing platforms, TruSeq RNA
Library Prep Kit v2, from Illumina San
Diego, CA, is available. The major steps in
the sequencing library preparations include
(i) mRNA fragmentation, (ii) first- and
second-strand cDNA synthesis, (iii) adaptor
ligation, (iv) polymerase chain reaction
(PCR) amplification, and (v) size selection
and quality control (Fig. 11.1a). Once the
sequencing library of the desired size is pre-
pared, it is ready for sequencing.

During sequencing, the NGS platforms gener-
ate signals which simultaneously converted to
nucleotides with quality control of each nucleotide
in fastaq (fastq) format using in-built base calling
programs. High-throughput sequencing platforms
such as Illumina generate millions of short reads
up to 150 bp in fastq format from each run which
requires a bioinformatics pipeline and various
computational tools to assign those reads a bio-
logical meaning. Like sequencing platforms, one
can choose a bioinformatics pipeline and tool from
many for their experiment needs. For the plant
species with no reference, genome availability
requires de novo assembly of short reads before
downstream analysis of identification of DEGs
and annotation. An example of such a case is
seabuckthorn which is discussed in detail later in
this chapter. Here, we present the generalized
bioinformatics pipeline for RNA-Seq data analysis
(Fig. 11.1b) that could be applied for plant species
whose reference genome is available and well-
annotated. The general steps in RNA-Seq bioin-
formatics analysis (Fig. 11.1b) include the fol-
lowing steps:

1. Quality control of sequencing reads: The raw
reads received after sequencing in fastq format
contain low-quality and adaptor read contam-
ination. To access the quality of the short reads
before and after quality control, FastQC
(https://www .bioinformatics.babraham.ac.uk/
projects/fastqc/) can be used. After the quality
check, Trimmomatic (Bolger et al. 2014) a
flexible read trimming tool is applied to

. Transcriptome

remove the low-quality, too short and too long,
and adaptor reads from the raw fastq sequen-
ces. The high-quality (HQ) fastq reads gener-
ated after trimming could also be accessed for
quality check with FastQC, again.

. Mapping of HQ short reads to reference

genome: The HQ reads are then mapped
using STAR aligner (Dobin et al. 2013) to the
index reference genome to generate tran-
scriptome and genome alignment files in
BAM format. An index genome reference
could be generated using the ‘-gen-
erateGenome’ parameter of STAR aligner,
and passing reference genome in FASTA
format, and the gene and transcript annotation
file in Gene Transfer Format (gtf). Once the
gene and transcript alignment to the reference
genome has been completed, the gene and
transcript aligned files in BAM format could
be utilized in downstream analysis.
reconstruction/assembly:
The gene alignment file in BAM format can
be used to reconstruct using Cufflinks (Trap-
nell 2012; Pertea et al. 2015). The assembled
transcripts are used for the discovery of novel
and known transcripts and reannotation.

. Gene and transcript quantification: Any tool

that identifies the DEGs or differentially
expressed transcripts requires either Transcript
Per Million (TPM) or Fragments Per Kilobase
of Transcript Per Million (FPKM) of aligned
reads. Therefore, the next step includes the
generation of quantification files to assign
TPM or FPKM value to every mapped read in
alignment files. This can be achieved using
RNA-Seq by Expectation-Maximization
(RSEM) quantification tool (Djebali et al.
2017). RSEM takes the transcript alignment
file in BAM format and used the gene annota-
tion file in gtf format as a reference to generate
gene and transcript quantification files in tab-
separated values (tsv) files.

. Identification of DEGs: Once FPKM value

is assigned to each gene and transcript, the tsv
files are required to pass through DESeq
(https://github.com/getopt/DESEQ) or edgeR
(https://github.com/StoreyLab/edge) pro-
grams to identify the DEGs.
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11.3 Complete Transcriptome
Profiling of Seabuckthorn:
Challenges and Breakthrough

Despite the medicinal, nutritional, and ecological
importance of seabuckthorn, its genomic and
transcriptomic data was scarce till the first decade
of the twenty-first century. By the period,
research was mainly focused on the biochemical
characterization and therapeutic uses of
seabuckthorn extracts. It was the second decade
of the twenty-first century when the revolution-
ary advancement in sequencing technology and
bioinformatics efficient tools developed and
transcriptome data on seabuckthorn starts accu-
mulating in the public domain. The advent of
NGS makes it possible to perform complete
transcriptome profiling in tissue and the
condition-dependent manner in seabuckthorn
(Fatima et al. 2012a; Ghangal et al. 2013; Bansal
et al. 2018; Ye et al. 2018). However, despite the
advancement in sequencing techniques and
bioinformatics efficient tools, there were chal-
lenges in generating and analyzing seabuckthorn
transcriptome data. For instance, high-quality
RNA is the major requirement of any NGS
platform to perform transcriptome sequencing,

whereas getting a high-quality RNA from
seabuckthorn tissues is a challenging task
because of the presence of high content of sec-
ondary metabolites and bioactive compounds
(Ghangal et al. 2009). Moreover, the unavail-
ability of the complete and annotated genome,
reference-based assembly, mapping, and quan-
tification of transcriptome were difficult to per-
form with high accuracy in seabuckthorn.
Nevertheless, in the last one decade tremendous
efforts were made in generating and analyzing
transcriptome data to explore the molecular
mechanisms responsible to make a seabuckthorn
multipurpose wonder plant. A list of NGS-based
transcriptome studies with potential purposes is
summarized in Table 11.1.

11.3.1 Transcriptome Analysis
for Fatty Acid
Composition

in Seabuckthorn Mature

Seeds

The first transcriptomic study in seabuckthorn
using NGS technology was conducted to identify
the genes for the fatty acid biosynthesis in

Table 11.1 Next-generation sequencing-based transcriptome analysis in seabuckthorn

Seabuckthorn species Tissues NGS
platform
Hippophae rhamnoides Mature seed  454-GS-
(ssp. mongolica) FLX
Hippophae rhamnoides Leaf and Illumina
root HiSeq2000
Hippophae rhamnoides Leaf Illumina
HiSeq2000
Hippophae rhamnoides Flower buds [llumina
NextSeq500
Hippophae rhamnoides Leaf Ilumina
subsp. sinensis HiSeq2000
Hippophae rhamnoides Leaf, root, Ilumina
and stem HiSeq2000
Hippophae rhamnoides Berry pulp Illumina
HiSeq2500

Objective of the study References

Identification of genes for fatty acid Fatima et al.

biosynthesis (2012a)
De novo assembly and annotation of Ghangal
seabuckthorn transcriptome et al. (2013)
Identification of genes for cold and Chaudhary
freeze tolerance and Sharma
(2015)
Identification of underlying sex Bansal et al.
determination mechanism (2018)
Identification of genes for drought Ye et al.
tolerance (2018)
Molecular response under elevated Zhang et al.
CO, (2018)
Molecular mechanism behind high Ding et al.
level of palmitoleic acid in (2019)

seabuckthorn berry pulp oil
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seabuckthorn mature seeds (Fatima et al. 2012a).
This was the first genomic resource generated for
seabuckthorn using NGS technology
(Table 11.1). The transcriptome sequencing was
performed in the mature seeds of the Canadian
cultivar Hippophae rhamnoides (ssp. mon-
golica) using the 454-GS-FLX sequencing plat-
form. The authors also performed the gas
chromatography-mass spectrometry (GC-MS)
profiling of fatty acids in mature berry pulp and
seeds. Since seabuckthorn is known for its
nutraceutical values, high content of essential
fatty acids, linoleic and a-linolenic acids, and
monounsaturated palmitoleic acid was reported
in its seed and berry pulp oils, respectively (Yang
and Kallio 2001; Tiitinen et al. 2006). To identify
the genes for fatty acid biosynthesis in seabuck-
thorn, the total RNA was extracted from
seabuckthorn seeds to make a cDNA library for
454-GS-FLX sequencing. The benefit of using
454-GS-FLX was the longer reads than gener-
ated in Illumina sequencing, which further
enhances the transcriptome mapping efficiency.
In total, 500,392 reads were generated in the
study which assembled into 89,141 and 97,392
unigenes using Fiesta 2 and GenomeQuest
assembler, respectively. Among all, approxi-
mately 49% of unigene sequences were shown
homology with the Arabidopsis and other plant
databases. The sequence homology search
showed maximum sequence similarity between
seabuckthorn and Vitis vinifera. Interestingly,
10,011 seabuckthorn seed transcripts were found
to be involved in various metabolic pathways
under the category of ‘biosynthesis.” The amino
acid followed by a fatty acid, lipids, secondary
metabolites, and carbohydrate biosynthesis
pathways was dominating in the seabuckthorn
seed transcriptome. The GO functional enrich-
ment analysis suggested that seabuckthorn seed
transcriptomes are enriched in several cellular
and metabolic processes. Further in metabolic
processes, the sub-terms including lipid biosyn-
thesis and fatty acid biosynthesis were highly
represented. Many genes encoded for enzymes
involved in lipid biosynthesis were also reported
in the study.

The data generated in the study is available for
the research community at NCBI short-read
archive (SRA) under the accession number
SRS290823.1. Collectively, the transcriptome
analysis of mature seeds provides the first
genomic resource for seabuckthorn using NGS
technology and proved to be a valuable resource
to predict many genes behind the nutraceutical
values of seabuckthorn. The presence of high
contents of fatty acids and related genes helps in
providing the hardiness to the plant to make it
tolerable to extreme environmental conditions as
well. Moreover, the correlation between GC-MS
and transcriptome data made the study a refer-
ence platform for further metabolic and tran-
scriptomic studies in seabuckthorn and other
important plant species.

11.3.2 De Novo Assembly
of Seabuckthorn
Transcriptome

The first comprehensive transcriptome study in
seabuckthorn (Hippophae rhamnoides L.) was
carried out using NGS technology from leaf and
root tissues (Ghangal et al. 2013) (Table 11.1).
The overall experimental design, bioinformatics
pipeline, and workflow used for de novo short-
read assembly of seabuckthorn transcriptome are
presented in Fig. 11.2. In the study, the authors
generated approximately 94 million paired-end
(PE) sequencing reads from leaf and root tissues
of seabuckthorn using the Illumina HiSeq2000
platform. The raw Illumina short reads generated
in the study were made available for the research
community and can be fetched from NCBI-SRA
under the study accession number SRP011938.
Additionally, an efficient de novo assembly of
seabuckthorn transcriptome was also optimized
using six assembly tools including Velvet (Zer-
bino and Birney 2008), Oases (Schulz et al.
2012), ABySS (Simpson et al. 2009), SOAPde-
novo (Luo et al. 2012), CLC Genomics Work-
bench, and Trinity (Henschel et al. 2012).

In the study, two parallel approaches were
used. In the first approach, short-read assemblers
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Fig. 11.2 Flowchart (created with BioRender.com)
showing a experimental design, b bioinformatics pipeline,
and ¢ annotation analysis used for de novo assembly of
seabuckthorn transcriptome. a Total RNA was extracted
from the leaf and root tissues (Ghangal et al. 2009)
followed by extraction of poly(A+) mRNA using oligo
(dT) beads. A complementary strand of poly(A+) mRNA
was synthesized (cDNA synthesis) using random hexamer
primers. End repair, sequencing adaptor ligation, and PCR
amplification were performed using the Illumina TrueSeq
sequencing kit. Finally, the sequencing libraries were
loaded on the Illumina HiSeq2000 platform. b The raw
short reads generated from Illumina sequencing were
quality controlled (QC) by NGS QC Toolkit (Patel and
Jain 2012) to remove sequencing adaptors and low-
quality reads. Redundancy from high-quality (HQ) reads
was removed using a cd-hit-45 suit (Fu et al. 2012). Both
non-redundant and redundant HQ reads were assembled
using two approaches (i) best k-mer length and

were optimized based on k-mer length, whereas
in the second approach, reads assembled based
on best k-mer length were further re-assembled
with additive k-mer strategy using long-read
assembler TGICL suit (Pertea et al. 2003).
Among all, ABySS with the additive k-mer
approach followed by TGICL assembly was
found to be the most efficient transcriptome
assembly. Around 88 million high-quality
(HQ) sequencing reads were assembled into
88,297 unique transcripts which represent 53 Mb
of seabuckthorn transcriptome. In the final
assembly, the average read length of the tran-
scripts was 610 bp and N50 read length 1198 bp,
observed. All the HQ short reads were further
remapped to the assembled transcriptome, and
approximately 91% of reads were uniquely
mapped. The sequence homology results sug-
gested a high similarity between Vitis vinifera

(b) Bicinformatics pipeline for de nove short
read assembly
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(ii) additive k-mer followed by TGICL suit (Pertea et al.
2003). Six assembly tools including Velvet (Zerbino and
Birney 2008), Oases (Schulz et al. 2012), ABySS
(Simpson et al. 2009), SOAPdenovo (Luo et al. 2012),
CLC genomics workbench, and Trinity (Henschel et al.
2012) were used for optimizing de novo short-read
assembly (Ghangal et al. 2013). ¢ Unigenes generated
from de novo assembly were processed for similarity
search using Blast-x parameter of BLAST tool included in
BLAST2GO (Conesa and Gotz 2008). The gene ontology
(G) term assigned to unigenes and their contribution in
biological processes (BP), molecular functions (MF), and
cellular components were also analyzed. MISA tool (Thiel
2003) and BLAST tool were used for simple sequence
repeat (SSR) marker and transcription factor (TF) discov-
eries in the seabuckthorn transcriptome, respectively.
Plant transcription factor database (Guo et al. 2008) was
used as a reference for the identification of TFs in
seabuckthorn transcriptome

(grapes) and the seabuckthorn transcriptome.
Further, gene annotation was performed by
assigning gene ontology (GO) terms to the
assembled transcripts using the BLAST2GO tool
(Conesa and Gotz 2008), in which 38,830
(43.9%) seabuckthorn assigned with one GO
term. Seabuckthorn is highly enriched in sec-
ondary metabolites and bioactive compounds,
and GO analysis also revealed the significant
enrichment of its transcripts in primary metabolic
process, cellular metabolic process, and biosyn-
thetic process. Further, GO analysis showed the
dominance of seabuckthorn transcripts in
response to biotic stimulus, response to endoge-
nous stimulus, response to abiotic stimulus, cel-
lular response to stimulus, and response to
external stimulus, which suggests that many
transcripts in seabuckthorn respond to various
environmental stresses. In the end, the
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Table 11.2 Statistics of short-read de novo assembly in seabuckthorn transcriptome (Ghangal et al. 2013)

Number of raw reads
Total number of bases in raw reads
Total number of high-quality (HQ) reads

Total number of bases in HQ reads

Total number of unigenes generated in accepted transcriptome assembly
Number of transcripts with significant hit with non-redundant proteins

Number of transcripts with at least one gene ontology (GO) term

Number of transcripts with short sequence repeats (SSRs)

Number of SSRs identified in the transcriptome

Number of transcription factors (TFs) identified in the transcriptome

Number of TF families identified

seabuckthorn transcriptome was screened for the
simple sequence repeat (SSR) markers (Jain et al.
2014) and transcription factors (TFs). The
authors identified 7421 TFs representing 8.4% of
seabuckthorn transcriptome distributed among 80
TF families. The most abundant TFs were
belonging to C3H, MADS, bHLH, NAC, and
FARI1 families. The complete statistics of the
seabuckthorn transcriptome are provided in
Table 11.2.

The de novo short-read assembly and anno-
tation of seabuckthorn transcriptome later open a
new horizon of knowledge for the research
community working on molecular aspects of
seabuckthorn and/or other related plant species.
This is further supported by several transcrip-
tome studies using the NGS technique in a tissue
and condition-dependent manner in seabuckthorn
(Table 11.1). The seabuckthorn transcriptome
data generated in the study is proven to be a
reference for many other transcriptomic and
genomic studies in seabuckthorn and other
unexplored but important plant species.

11.4 Seabuckthorn Transcriptome
Analysis for Different
Prospects

The initial seabuckthorn transcriptome studies
using NGS technology and optimization of effi-
cient de novo assembly open a new horizon of

94,013,936
8,461,254,240
86,253,874
7,762,848,660
88,297

41,340

38,830

10,980

13,299

7421

80

genomic resources to the research community to
explore the plant for several prospects. Conse-
quently, afterward, several studies were reported
in a tissue and condition-dependent manner
(Table 11.1) to explore the expression and
identification of key genes responsible for
medicinal, nutraceutical, and agronomical prop-
erties of seabuckthorn.

11.4.1 DeepSAGE-Based
Transcriptome Analysis
in Seabuckthorn Under

Cold and Freeze Stress

In addition to medicinal and nutraceutical values,
seabuckthorn can survive in varying and extreme
environmental conditions including temperature
ranging from —40 °C to 40 °C (Chaudhary and
Sharma 2015; Sharma and Deswal 2020).
Therefore, the seabuckthorn genome is antici-
pated to harbor several genes for abiotic stress
tolerance. In 2015, Chaudhary and Sharma gen-
erated transcriptomic data in seabuckthorn using
the deep Serial Analysis of Gene Expression
(deepSAGE) technique. DeepSAGE is a modi-
fied version of classical SAGE (Velculescu et al.
1995) with longer tags that can be sequenced
using NGS technology. The advancement in
sequencing technologies provides NGS-based
gene expression profiling techniques a boost to
present the global picture of thousands of



11 Transcriptome Sequencing and Analysis of Seabuckthorn ...

239

Seabuckthomn plants ’

grown in hydropanics
a28'c Freeze stress at -10°C for 6 hr
Leaf tissues harvesting

Total RNA extraction l

TTTTITITTT
Extraction of ply(A+)
mMRMNA using oligo(dT) beads

.

Synthesis of double strand cDNA
using random hexamer primer

enzyme

Digestion with Nialll

DeepSAGE library

dapte 3 Mg 4
== Fr
g Mo &
— .
Extenslon of arms using PCR
and adaptor specific primers|
s A
& Tac
Adaptor 2 ligation
R 1
& Tac
Digestion with Mmel
enzyme
€are
g 8
sTac
Adaptor 1 ligation

(a) Experimental design

(b) DeepSAGE library preparation

Fig. 11.3 Flowchart representing experimental design
and deep Serial Analysis of Gene Expression (deep-
SAGE) library preparation used for identification of genes
for cold and freeze tolerance in seabuckthorn (Chaudhary
and Sharma 2015). a The experimental design showing
seabuckthorn plants growing in hydroponics at laboratory
conditions. At the six- to eight-leaf stage, the plant leaves
were harvested from normal temperature (28 °C) as
control, and plants were treated with cold stress (4 °C)
for 6 h. For freeze stress, plant leaves were harvested after
shifting plants from cold to freezing temperature (—10 °C)
for 6 h. Harvested leaf tissues from all three conditions
were processed for total RNA isolation using the modified
CTAB method (Ghangal et al. 2009), followed by

differentially expressed genes (DEGs) in a tissue
and condition-dependent manner. In the study
(Chaudhary and Sharma 2015), the authors
employed the deepSAGE technique to identify
genes for cold and freeze tolerance in seabuck-
thorn. The flowchart representing the experi-
mental design and deepSAGE library preparation
used in the study is provided in Fig. 11.3. The
deepSAGE technique proved to be efficient for
seabuckthorn as a large number of tags generated
in the study further fetched many DEGs under
cold and freeze stress (Table 11.3).

In total, approximately 36 million raw tags
were generated from the three deepSAGE libraries

extraction of poly(A+) mRNA using oligo(dT) beads.
The cDNA synthesis was performed by using poly(A+)
mRNA as template strands and random hexamer primers.
b Showing preparation of deepSAGE library. The double-
stranded cDNA was further digested with restriction
enzyme Nlalll having CATG recognition site leaving
sticky end where Illumina adaptor 1 was ligated. In the
second enzymatic digestion Mmel, an endonuclease cut at
17 bp downstream of the CATG site, where second
[llumina adaptor 2 ligated. The adaptor-containing tags
were further amplified using Illumina adaptor-specific
primers with polymerase chain reaction (PCR). Finally,
the amplified tags (deepSAGE library) were loaded on the
Illumina HiSeq2000 platform for sequencing

including control (28 °C), cold (4 °C), and freeze
(—1 °C) stress in the study. After filtering low-
quality tags and adaptor trimming, 43 bp long
35.5 million clean tags were left. The cleans tags
were further mapped to the reference genome
using bowtie (Langmead et al. 2009), whereas
the BLAST tool of BLAST2GO (Conesa and
Gotz 2008) was used to align tags with the
seabuckthorn transcriptome (Ghangal et al.
2013). The differential gene expression analysis
was performed based on the variations among the
number of tags using the algorithm developed by
Audic and Claverie (Audic and Claverie 1997).
In total, 11,922 DEGs were identified in the
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Table 11.3 Statistics of
deepSAGE-based
transcriptome analysis in
seabuckthorn under cold
and freeze stress
(Chaudhary and Sharma
2015)

Description

Total number of raw tags in freeze stress library (—10 °C)
Total number of clean tags in freeze stress library (=10 °C)
Tags mapped to genes in control library (28 °C)

Tags mapped to genes in control library (4 °C)

Tags mapped to genes in control library (=10 °C)

Number of DEGs in control versus cold stress

Number of DEGs in control versus freeze stress

Number of DEGs in cold versus freeze stress

study in response to cold and freezing stress.
Among all DEGs, 6,529 were upregulated,
whereas 5383 were downregulated in different
experimental conditions (control, cold, and
freeze; Table 11.3). Later, the GO terms were
assigned to the DEGs to identify their dominance
in all three categories, viz. molecular functions,
cellular components, and biological functions.
The GO terms suggested that DEGs under cold
and freeze stress are highly enriched in several
metabolic processes including cellular, primary,
and macromolecule metabolic processes in
seabuckthorn. Also, approximately 28 and 15%
DEGs were enriched in the category of response
to external stimulus and stress. Kyoto encyclo-
pedia of genes and genome based (KEGG)
pathway (Du et al. 2014) analysis suggested that
the DEGs involved in photosynthetic, plant
hormone signal transduction, carotenoid biosyn-
thesis, and vitamin B6 metabolism pathways
were found to be significantly enriched in
response to cold and freezing stress. The author
concluded the study with the validation of 22
randomly selected DEGs with quantitative real-
time polymerase chain reaction (QRT-PCR).

In conclusion, deepSAGE-based identification
of cold and freeze stress-responsive genes is
proved to be an efficient and powerful approach
for seabuckthorn. The large amount of raw data
generated in the study is available in the public
domain and can be accessed with NCBI-SRA

Total number of raw tags in control library (28 °C)
Total number of clean tags in control library (28 °C)
Total number of raw tags in cold stress library (4 °C)
Total number of clean tags in cold stress library (4 °C)

Number
11,803,601
11,566,379
12,265,029
12,010,122
12,113,951
11,908,614
43,179
44,719
47,384
3872

4052

3998

accession number SRP049042, whereas the
processed data is available at NCBI-Gene
Expression Omnibus (GEO) with accession
number GSE62489. Many DEGs identified in the
study provide useful resource and reference for
seabuckthorn and other related plant species. The
cold and freeze-responsive genes unique to
seabuckthorn could further be characterized and
helpful in developing stress tolerance crop vari-
eties using different genetic engineering tools in
the future.

11.4.2 De Novo Transcriptome
Analysis of Male
and Female
Seabuckthorn

Considering the medicinal, nutraceutical, and
agronomical values (Sharma and Kalkal 2018),
seabuckthorn attracts the attention for cultivated
farming worldwide. Since seabuckthorn is dioe-
cious, both male and female cultivars are
required in various breeding programs for yield
and biomass improvement. However, as only
female plants bear fruit berries, which are the
most commercially consumable part of
seabuckthorn, they are preferred over male cul-
tivars in breeding programs (Kalia et al. 2011).
Recognizing males and females efficiently at an
early stage is therefore essential for successful
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breeding programs in seabuckthorn. Toward this
goal, an NGS-based comparative transcriptome
study between male and female flower buds was
conducted in seabuckthorn (Table 11.1) (Bansal
et al. 2018). In the study, author employed high-
throughput RNA-Seq technique to understand
the underlying molecular mechanism and gene
involved in seabuckthorn sex determination. The
basic strategy for de novo transcriptome analysis
for sex determination in seabuckthorn includes
the collection of male and female flower buds for
total RNA extraction followed by NGS library
preparation. The NGS library prepared from
male and female flower buds was sequenced
from both the ends (PE) on the Illumina Next-
Seq500 platform. The raw reads generated in the
study were quality checked by Trimmomatic
(Bolger et al. 2014) to fetch 51,301,600 and
42,922,794 HQ reads in female and male floral
buds, respectively. The HQ reads were assem-
bled into 69,457 transcripts in female buds and
69,390 transcripts in male buds, using Velvet
(Zerbino and Birney 2008) assembler. The tran-
scripts were further used for coding DNA
sequence (CDS) prediction using TransDecoder
(https://github.com/TransDecoder/TransDecoder/
wiki) which resulted in the identification of
63,904 and 62,272 CDS in female and male
flower buds, respectively. Differential gene
expression analysis performed by DESeq pipe-
line (Anders and Huber 2010) further suggests
that among 16,831 common CDS sequences
between female and male flower buds, 625 were
upregulated and 491 were downregulated. The
DEGs were also analyzed for functional annota-
tion using BlastX, GO terms (Conesa and Gotz
2008), KEGG pathway (Du et al. 2014), and co-
expression network analysis. The comparative
analysis between DEGs and Flowering Interac-
tive Database (FLOR-ID) (Bouch¢ et al. 2016)
showed significant expression changes in eight
genes including (i) phytochrome-associated
serine/threonine—protein phosphatase (FYPP),
(il) CHD3-type chromatin-remodeling factor
PICKLE (PKL), (iii) protein TOPLESS (TPL),
(iv) lysine-specific histone demethylase 1
homolog 1 (LDLI1), (v) sensitive to freezing 6
(SFR6), (vi) sucrose synthase 4 (SUS4), (vii) pre-

mRNA-processing-splicing factor 8A (PRP8A),
and (viii) ubiquitin carboxyl-terminal hydrolase
12 (UBP12) between female and male flower
buds.

The transcriptomic data generated from the
female and male flower buds in the study by
Bansal et al. (2018) is publicly available at http://
www.bioinfoindia.org/sbt. The DEGs identified
in the study provide new insight into the
molecular mechanism involved in flowering and
sex determination stages in seabuckthorn.
Moreover, in the future, the transcriptomic data
could also be utilized in mining molecular
markers including SSRs for sex determination in
seabuckthorn and cross-amplification in other
related pant species.

11.4.3 Seabuckthorn Transcriptome
Analysis Under Drought
Stress

In addition to cold, drought is another abiotic
stress which affects agriculture productivity
drastically worldwide. Fortunately, seabuckthorn
is one of those plants which can stand in extreme
environmental conditions including drought and
could serve as a model plant for drought stress
tolerance. Therefore, recently RNA-Seq-based
transcriptome profiling was performed for
seabuckthorn (Hippophae rhamnoides subsp. si-
nensis) under drought conditions (Table 11.1)
(Ye et al. 2018). The basic strategy used in the
study is like other Illumina-based sequencing
methodologies. Briefly, five-month-old seabuck-
thorn plants were divided into two groups: one
with normal water supply (control) and the other
with two weeks of drought stress (DS). The leaf
tissues were harvested for extraction of total
RNA in two biological replicates. The total RNA
was processed for Illumina library preparation
followed by sequencing on the Illumina HiSeq
platform.

Approximately 33 million HQ reads gener-
ated were assembled using Trinity software
(Henschel et al. 2012) into 122,803 unigenes. In
addition to many DEGs among control and DS,
the author identified a gene which involved in
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wax biosynthesis and was upregulated in DS as
compared to control. The author suggests that
wax prevents water loss through nonstomatal
transpiration and plays a crucial role in DS tol-
erance in seabuckthorn. Another important dis-
covery of the study includes differential
expression in 18 genes involved in ABA
biosynthesis. In plants under abiotic stress
including drought stress, the ABA biosynthesis
increases (Vishwakarma et al. 2017). Similarly,
in seabuckthorn author suggests that during DS
the ABA biosynthesis potentially occurs in roots
and is translocated to other parts of the plant to
trigger the closing of stomata and prevent water
loss. Overall, involvement in the variation in
expression of many ABA biosynthesis-related
genes confers the drought-tolerant ability of
seabuckthorn. Additionally, out of 4438 TFs
identified in the study, only 98 showed differ-
ential expression, suggesting most TFs required
by one or other gene families (Samad et al. 2017)
and are continuously expressed in most of the
conditions in seabuckthorn. Collectively, the
authors identified many genes which show dif-
ferential expression in response to DS in
seabuckthorn. These include genes coding for
small-molecule protein such as late embryogen-
esis abundant (LEA), reactive oxygen species
(ROS)-related genes, and gene code for aqua-
porins (AQP). In concluding remarks, author
suggests that the DEGs identified in seabuck-
thorn under DS could serve as a valuable
resource for engineering the drought tolerance in
other plant species. The data generated in the
study is accessible at NCBI-SRA under the bio-
project number PRINA449450 (SUB3883118).

11.4.4 Transcriptome Analysis
in Response to Carbon
Dioxide (CO,) Elevation
in Seabuckthorn

Atmospheric carbon dioxide (CO,) is the major
carbon (C) source for land plants; however, its
ever-increasing concentration has become a
major concern worldwide. Many studies suggest
that an increasing level of CO, affects

agricultural productivity and plant fitness.
Therefore, understanding plant response to ele-
vated CO, at the genomic level is crucial. In
2018, a comparative transcriptome analysis was
performed for two seabuckthorn cultivars of
Hippophae rhamnoides species under elevated
CO, (Table 11.1) (Zhang et al. 2018). The two
cultivars of seabuckthorn ‘zhongguo’ and ‘xi-
angyang’ were grown in laboratory conditions
and provided different levels of CO, for three
months. The Illumina library was prepared from
the pooled RNA extracted from leaf, root, and
stem tissues of both the cultivars at all three
concentrations of CO,. Each library was
sequenced on Illumina HiSeq2000 platform. The
clean reads generated in the study were assem-
bled into 198,785 transcripts and 95,204 uni-
genes. The authors identified a total of 4740
DEGs in both seabuckthorn cultivars, in response
to elevated CO, levels. The GO results suggest
the different responses of both cultivars under
elevated CO, levels. For instance, in ‘xiangyang’
seabuckthorn the photosynthesis, photosystem I,
and chloroplast were dominant as compared to
‘zhongguo’ seabuckthorn where only photosyn-
thesis is a highly enriched term under elevated
CO; levels. Differential expressions in TFs such
as WRKY, MYB, and NAC were also observed
with the changing CO, concentrations, suggest-
ing their role in elevated CO,. Overall, this is the
first comprehensive transcriptome study under
elevated CO, conditions in seabuckthorn, which
would be useful in understanding the molecular
aspects of increasing CO, levels on plant fitness.
The data generated in the study is available for
the research community at NCBI-SRA under the
accession number SRP067785.

11.4.5 RNA-Seqg-Based Fatty Acids
Analysis
in Seabuckthorn Berry
Pulp

Seabuckthorn berry pulp contains many bioac-
tive compounds and bioactive oils including a
high level of uncommon fatty acid (FA) palmi-
toleic acid (Dulf 2012; Fatima et al. 2012a, b).
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To understand the molecular mechanism behind
the high level of palmitoleic acid in growing
seabuckthorn berry pulp, transcriptomic data was
generated from the berry pulp of two seabuck-
thorn lines ‘Za56’ and ‘TF2-36’ (Table 11.1)
(Ding et al. 2019). The authors identified many
unigenes including 1737 involved in lipid
biosynthesis similar to previously reported in the
mature seeds of Canadian seabuckthorn cultivar
(Fatima et al. 2012a). Further differential gene
expression analysis suggests 139 DEGs between
the two lines. Among 139 DEGs, 15 genes
involved in fatty acid and triacylglycerol
(TAG) biosynthesis were validated by qRT-PCR.
The transcripts related to these biosynthesis
pathways showed higher expression ‘Za56’ than
‘TF2-36’ seabuckthorn lines. Overall, DEG
analysis from the berry pulp of two lines of
seabuckthorn suggested that expression of the
gene code for delta9-ACP-desaturase (ACP-A
9D) correlates with the high accumulation of
palmitoleic acid in ‘Za56’ line of seabuckthorn.
The study provided a basic understanding at the
molecular level of the high accumulation of
palmitoleic acid and essential oils in seabuck-
thorn berry pulp.

11.5 Perspectives of Second-
and Third-Generation
Sequencing Technology
and Seabuckthorn

The progress in sequencing technologies and their
role in plant science research in the last decade has
been astonishing. The genomic/transcriptomic
studies of many non-model but important plant
species have been driven by the advent of NGS
technology where high-throughput sequencing
data can be generated in a robust, less labor, and
cost-effective manner. In addition to genome
sequencing, NGS facilitates genome resequenc-
ing, transcriptome, epigenome, and epi-
transcriptome sequencing to elucidate the molec-
ular complexities in many plant species. More-
over, the third-generation sequencing platforms
developed by Pacific Biosciences (PacBio IsoSeq)
and Oxford Nanopore Technologies (ONT),

because of their long-read length, facilitate plant
science research and potentially uncover the var-
ious complexity of plant genome and transcrip-
tome. However, the use of third-generation
sequencing technology is still limited in many
non-models but important plant species such as
seabuckthorn. As previously discussed in this
chapter, the second-generation sequencing
(NGS) techniques particularly Illumina sequenc-
ing have been utilized the most in the exploration
of seabuckthorn transcriptome. In this section, we
introduce the readers to the third-generation (next-
to-next generation) sequencing platforms and how
these long-read sequencing platforms could facil-
itate the seabuckthorn genomic/transcriptomic
research. The basic technology difference
between Illumina, PacBio, and ONT platforms
and their potentials is presented in Fig. 11.4.

The most common platform for second-
generation sequencing used is Illumina HiSeq
which has the potential to generate hundreds of
millions of short reads per run. Illumina
sequencing is widely used for several transcrip-
tomes and genome-wide studies in different
organisms. In seabuckthorn, most of the NGS-
based transcriptome studies are conducted on the
Ilumina HiSeq platform (Ghangal et al. 2013;
Chaudhary and Sharma 2015; Bansal et al. 2018;
Ye et al. 2018; Zhang et al. 2018; Ding et al.
2019). The Illumina HiSeq has many advantages
over other sequencing platforms including the
ability to generate a large number of short reads
which helps in the accurate quantification of
genome-wide steady-state RNAs. Its potential to
sequence poly(A+) mRNA significantly facili-
tates the understanding of the transcriptional
dynamic such as alternative splicing, polyadeny-
lation site analysis, and discovery of small and
long non-coding RNAs (Chaudhary et al. 2019;
Reddy et al. 2020; Zhu et al. 2020). However,
reconstruction of full-length alternative tran-
scripts and RNA modification predictions are the
major limitations of Illumina sequencing (Reddy
et al. 2020). Third-generation sequencing plat-
forms such as PacBio Sequel and ONT GridION
5X have the capability to sequence at single-base
resolution with unexceptionally long reads. The
utilization of third-generation sequencing
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Fig. 11.4 Representation of strategy used in second- and
third-generation sequencing platforms with potential
applications and limitations. The second-generation (Illu-
mina HiSeq) platform and third-generation Pacific Bio-
sciences (PacBio Sequel) required cDNA libraries for

techniques is being increased rapidly in many
models and crop plants such as Arabidopsis, rice,
sorghum, and maize (Reddy et al. 2020). On one
hand, where PacBio allows full-length transcript
variants from cDNA libraries, ONT has the same
capability by sequencing direct poly(A+) mRNA
as well as cDNA library (Reddy et al. 2020). The
third-generation sequencing platforms can
uncover many aspects which are difficult in
second-generation  sequencing technologies.
However, with the high cost and a large amount
of starting material required as in the case of
ONT, these high-performance sequence tech-
niques are still away from their application in
non-model plant species such as seabuckthorn.

11.6 Conclusion

Seabuckthorn is known for its nutraceutical,
medicinal, and ecological potentials from ancient
history. In the last decade, the advancement in NGS
technology makes it feasible to understand the
molecular aspects of this multipurpose plant by
transcriptome sequencing. In the current chapter,
we discussed the recent developments in seabuck-
thorn transcriptome studies and emphasize NGS-
based transcriptome studies conducted so far in

sequencing, whereas Nanopore GridION of Oxford
Nanopore Technology (ONT) can sequence direct RNA
(DRS sequencing) as well cDNA library. This figure is
created with BioRender.com

seabuckthorn. The data generated in various
seabuckthorn transcriptome studies using NGS
could serve as a valuable resource for microsatellite
markers, microRNA, small and non-coding RNA,
and gene discoveries. The data generated in the
transcriptome studies conducted under various
stress such as cold, drought, and CO, elevation
could also prove to be a valuable resource for
engineering stress-tolerant crop plants. We also
emphasize the ability of second- and third-
generation sequencing technologies and their
potential in exploring seabuckthorn genome/
transcriptome for various purposes.
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