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Up to date research in biology, biotechnology, and medicine
requires fast genome and transcriptome analysis technologies
for the investigation of cellular state, physiology, and activity.
Here, microarray technology and next generation sequencing
of transcripts (RNA-Seq) are state of the art. Since microarray
technology is limited towards the amount of RNA, the
quantification of transcript levels and the sequence
information, RNA-Seq provides nearly unlimited possibilities in
modern bioanalysis. This chapter presents a detailed
description of next-generation sequencing (NGS), describes
the impact of this technology on transcriptome analysis and
explains its possibilities to explore the modern RNA world.
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Introduction

Methodologically sound technologies for transcriptome
analysis are available and widely used since the devel-
opment of microarray technology and the complete
sequencing of the human genome. Formerly mRNA
expression was measured by microarray techniques or
real-time PCR techniques. The first method does not
have an exquisite sensitivity, the latter is quite expensive
and cannot be used for a genome-wide survey of gene
expression [1]. In contrast, the rapid and inexpensive
next-generation sequencing NGS methods offer high-
throughput gene expression profiling, genome annotation
or discovery of non-coding RNA. In general, DNA
sequencing is one of the most important platforms for
molecular biological studies. Sequence decoding is
usually performed using dideoxy chain termination tech-
nology [2]. With increasing importance of DNA sequen-
cing in research and diagnostics [3], new methods were
developed allowing a high-throughput sample treatment.
While the first determination of the human genome took

more than 15 years and millions of dollars, today it is
possible to sequence it in about eight days for approxi-
mately $100 000 [4]. The important technological devel-
opments, summarized under the term next-generation
sequencing, are based on the sequencing-by-synthesis
(SBS) technology called pyrosequencing. The transcrip-
tomics variant of pyrosequencing technology is called
short-read massively parallel sequencing or RNA-Seq
[5]. In recent years, RNA-Seq is rapidly emerging as
the major quantitative transcriptome profiling system
[6,7]. Different companies developed different sequen-
cing platforms all based on variations of pyrosequencing.

Next-generation sequencing

To achieve sequence information, various methods are
well established today. The classical dideoxy method,
invented by Friedrich Sanger in the 1970th uses an
enzymatic reaction. Starting with short random primers,
DNA polymerase elongates the complementary strands.
The addition of one of the four differently labeled
dideoxynucleotides results in a detectable chain termin-
ation and therefore enables the identification of the
unknown DNA. In contrast to the Sanger method, which
is similar to natural DNA replication [8], pyrosequencing
uses sequencing by synthesis technology. Here, the
incorporation of nucleotides during DNA sequencing is
monitored by luminescence. Therefore, a luziferase-
based multi-enzyme system generates a lightning after
nucleotide binding. The four different nucleotides are
added sequentially and only incorporated nucleotides
cause a signal. Pyrosequencing provides the analysis of
single nucleotide polymorphisms (SNPs) as well as
whole-genome sequencing [9]. Beyond this, NGS is
pushing transcriptomics further into the digital age
[10]. Pyrosequencing technology was invented in 1986
[11] from the idea to follow nucleotide incorporation
using delivered pyrophosphate (PP1) to determine a sig-
nal. This indicates whether a nucleotide is incorporated or
not. The release of an equimolar amount of PPi is a
natural process during the binding of a nucleotide to
the 3’ end of the primer used as starting point for sequen-
cing [12°°]. A multi-enzyme complex consisting of DNA
polymerase, ATP sulfurylase, luciferase and apyrase is
responsible for the amplification reaction. After nucleo-
tide incorporation, the release of PPi induces the sulfur-
ylase reaction resulting in a quantitative conversion of PPi
to ATP [13]. The luciferase uses the ATP in the con-
version of luciferin to oxyluciferin. As a result of this
reaction, visible light is emitted and can be detected by
a CCD camera [9] (Figure 1). A computer program
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Basic principles of NGS techniques. (a) pyrosequencing: the incorporation of a new nucleotide generates detectable light. (b) 454 sequencing:
nucleotide incorporation is associated with the release of pyrophosphate resulting in a light signal. (c) Solexa: DNA fragments build double-stranded
bridges and after the addition of the labeled terminators the sequencing cycle starts. (d) SOLID: if the adapters are bound, emulsion PCR is carried out

to generate so-called bead clones.

illustrates the recorded data as peaks in a diagram. Based
on the order of the signal peaks the DNA sequence can be
determined [14]. Free ATP and nucleotides are degraded
by the apyrase. This disables light emission and regen-
erates the solution. The complete enzyme process can be
performed in a single well, offering a fast reaction time of
approximately 20 min per 96-well plate [9].

A lot of sequencing platforms are available today. All of
them use short fragments, so-called reads, to investigate
genome sequences [15], chromatin immunoprecipitation
(ChIP) or mapping of DNA methylation. The two most
common variants based on conventional pyrosequencing
principle are the 454 Sequencing, and the PyroMark ID
system. The second developmental stage of pyrosequen-
cing was the invention of surface-based systems. These
systems also follow the principle to detect every single
nucleotide incorporation step, but enzymatically induced
lightnings are not necessary anymore. This recent gener-
ation provides options for high-throughput functional
transcriptomics. Various capabilities like discovery of
transcription factor bindings or non-coding RNA expres-

sion profiling could have been established by now [6].
Here, the Genome analyzer and SOLiD are widely spread
variants. All these methods have various advantageous
and drawbacks and access or local facilities will influence
the choice of the according technology [16]. These four
systems are presented in detail next.

The first large-scale adaption of the pyrosequencing
technique, invented by 454 Life Sciences [17] and later
commercialized by Roche, is a high-throughput system
[18]. It can be described as pyrosequencing in high-
density picoliter reactors. Fragmentized DNA is attached
to streptavidin beads that are consequently captured into
aqueous droplets in an oil solution. This so-called emul-
sion PCR separates DNA molecules along with the pri-
mer-coated beads. Thus, the droplets form small
amplification reactors [19]. Every bead is transferred to
a picoliter plate and analyzed by normal pyrosequencing.
454 instruments are sequencing up to 500 million bases
within ten hours. The read length (250 nt) is shorter than
with Sanger technology (600 nt) because it is limited by
the used pyrosequencing chemistry. As a result of
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decrease in apyrase’s efficiency in degrading excess
nucleotides, non-synchronized extension is the main lim-
iting factor [20]. Nonetheless, 454 sequencing is the faster
technique because up to 400 000 reactions can be per-
formed in parallel [21]. With almost 1000 research pub-
lications, it is the most widely published next-generation
platform.

T'he medium-throughput PyroMark ID platform by Qiagen
is the method of choice for small research laboratories. It is
able to analyze 96 samples simultanecously. In comparison
to classical sequencing methods the read length is shorter
(40 nt) and limited by the number of flows in the instru-
ment. Therefore, this hardware is prevalently used for
SNP, mutation analyses or RNA sequencing.

"T'he Genome analyzer was developed by Solexa (now part of
[llumina) and can be used for conventional DNA sequen-
cing as well as for transcriptome analysis. This method is
based on a two-step mechanism and combines single
molecule amplification technology and novel reversible
terminator-based sequencing. First, DNA randomly frag-
mented by shear stress is ligated with adapters at both sides
of their chain. Then the DNA is attached to the internal
surface of a flow cell. This flow cell is derivatized with
oligonucleotides forming a dense layer of primers, which
are complementary to the adapters [22]. The DNA frag-
ments hybridized with the primers in a bridging way
initialise solid-phase bridge amplification immediately
and the fragments become double-stranded. With further
steps including denaturation, renaturation and synthesis, a
high-density of equal DNA fragments is generated in a
small area. Approximately one million double-stranded
DNA copies are produced per cluster, which is represent-
ing one single fragment. This guarantees the required
signal intensity for detection during sequencing [1]. The
second step is the real sequencing reaction. All four dNTPs
carrying a base-unique fluorescent dye are added and
incorporated by a DNA polymerase gradually. Following
each base incorporation step, an image is made by laser
excitation for each cluster. The identity of the first base is
recordable. Then the elimination of the chemically
blocked 3’-OH group and the dye follows. Within every
new cycle, the DNA chain is elongated and more images
are recorded. A base-calling algorithm assigns the
sequences and evaluates the analysis quality. With read
length of 25-35 bases the reading frame is tenfold smaller
than with common pyrosequencing. So/exa read length is
limited by interference between DNA polymerase and the
used fluorochromes, which results in a reduced enzyme
activity. Most strands get terminated early. Otherwise,
fluorochromes used by So/exa and also by SOL:D generate
stronger signals than the luciferase in pyrosequencing
allowing a much higher density of reactions.

SOL:D is a system by Applied Bioscience. DNA frag-
ments are ligase-modified with adapters, coupled to

microparticles and applied to an emulsion PCR system
(same principle like 454 sequencing) [23]. The adapters
are cleaved and DNA rings are formed by ligation of the
adapter ends. The rings get split at defined positions at
the left and right domain of the adapter again. Otherwise
new adapters are ligated to the new ends. Consequently,
further fragments can hybridize to the beads and thus be
amplified [24]. After the DNA accumulation steps, differ-
ent fluorescence-labeled 8mer oligonucleotides are
ligated to the sequencing primers binding to the adapter
sequence. The dye color is defined by the first two of the
eight bases. If the first bases fit to the DNA sequence,
their fluorescence signal can be measured. After the
elimination of the last three bases and the dye, the fifth,
tenth and 15th base will be identified in further cycles [1].
Other steps with shorter primers lead to the detection of
the positions four, nine, 14, and so on. The process is
repeated until reaching read length between 35 and 100
nucleotides. Hence, SOL:D is not running as fast as the
other systems and the degradation of the template strand
over time is the limiting factor [25].

Data analysis

NGS analyzes millions of short DNA fragments during
one sequencing run. The read lengths of those fragments
depend on the type of NGS platform and can be in the
range of 25-450 base pairs. While the reads are much
shorter than those created by Sanger sequencing, NGS
has a higher throughput and creates data sets with up to 50
gigabases per run [26]. This demands improved algor-
ithms that are capable to process those huge amounts of
raw data material.

The analysis pipeline of RNA-Seq (Figure 2) consists of
four fundamental analysis steps, providing that an already
sequenced reference genome or transcriptome is avail-
able for the reviewed organism. First of all, raw image
data have to be converted into short read sequences,
which are subsequently aligned to the reference genome
or transcriptome. The amount of mapped reads is counted
and the gene expression level is calculated by peak calling
algorithms. Finally using statistical tests, differential gene
expression is determined. During the past years several
algorithms have been developed for each analysis step
and afterwards adapted to specific applications. Today
researchers can combine a variety of bioinformatic tools to
obtain an appropriate analysis system optimized to their
requirements [27]. Their principles of operation as well as
advantages and limitations have been reviewed several
times [27-29,30°].

The raw data generated by NGS consists of fluorescence
signals, which have to be converted into base sequences
by platform specific base calling-algorithms provided by
the manufacturer. Additionally, a quality score for each
base is calculated, which indicates the reliability of each
base call. While the output of all NGS platforms is stored
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Figure 2
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Computational pipeline for next-generation sequencing data.

in the standard FASTQ format, the calculation of quality
score differs from manufacturer to manufacturer. This has
to be considered when choosing an appropriate read map-
ping algorithm as the scores have to be interpreted in
different manner. Besides the sequencing data, read map-
ping algorithms require reference sequences to which they
can align the short reads. These reference genomes or
transcriptomes, which arise from whole-genome sequen-
cing projects, are available at Genome Online Database
(GOLD) [27]. Currently, GOLD provides completely
sequenced genomes of 3173 species and the number of
registered sequencing projects raises continuously. Read

mapping algorithms in contrast to conventional alignment
algorithms use indexing strategies, which enable them to
align millions of short reads in an appropriate period of
time. As mapping tools have to balance between sensitivity
and speed, no aligner can be best suited for all applications
[31]. Currently, most algorithms either use hash look up
tables, or Burrow Wheeler transformations for indexing.
While hash table based tools show a high sensitivity,
Burrow Wheeler methods are much faster [27]. Most
mapping tools allow few mismatches during the sequence
alignment considering sequencing errors, single nucleotide
polymorphisms or mutations but they do not allow any
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large gaps. The exact number of allowed mismatches has to
be chosen depending on the read length [31,32]. As this
length is determined by the used sequencing platform, a
certain read mapping tool is never suitable for all sequen-
cing technologies. Moreover, every biological application
demands for special mapping algorithms: For RNA-Seq
analysis of eukaryotes, cDNA reads are preferably aligned
to a reference transcriptome. Since these data are unfortu-
nately rarely available so far, researchers have to use the
genomic sequences instead. This requires spliced read
mapping software, which considers the genomic intron—
exon structure by splitting unmapped reads and aligning
the read fragments independently [27]. To estimate the
gene expression level using RNA-Seq, reads, which are
mapped to a particular gene, have to be quantified. There-
fore, bioinformatic tools count the number of reads in a
window of defined size. By moving the window along the
whole sequence, an expression profile is generated. Sub-
sequently these expression scores have to be normalized
because of inherent bias in read quantification: On the one
hand the gene length influences the number of reads
mapped to it, on the other hand this number also depends
on the sequencing depth (total number of sequenced
reads) [31]. Normalization of read counts enables the
comparison of expression level between different genes
as well as different experiments.

Genes, which are differentially expressed under different
conditions, are detected by computational tools using
normalized gene expression scores and statistical tests.
These tools are classified as parametric or non-parametric
algorithms. Parametric algorithms use common prob-
ability distributions such as Binomial or Poisson. Non-
parametric ones model the noise distribution based on
actual data [33]. It was demonstrated that non-parametric
algorithms show a lower dependency on sequencing
depth and consequently achieve more robust results [34].

Applications

One of the most obvious applications of NGS technology
platforms is genome sequencing. The NGS revolution
has tremendously reduced time and cost requirements for
large genome sequencing. Therefore, NGS technologies
became very interesting for de novo sequencing of eukar-
yotic genomes [35°]. The initial generation of genomic
sequences enables a detailed genetic analysis of a particu-
lar organism and the analysis of genomic diversity among
different individuals. During the past decade, even com-
plete diploid human genomes have been sequenced with
NGS technologies [36-39].

NGS is also used for whole-genome or targeted resequen-
cing, which is currently one of the broadest applications of
high-throughput sequencing [26]. Mapped to a reference
genome resequenced sequences can be used to identify
SNPs, small insertions or deletions (indels), copy number
variations (CNVs), and other structural variations [26,40].

Thereby, next-generation resequencing enhances the
understanding of how genetic differences affect pheno-
typic characteristics and disecases [32,41].

Recently, NGS platforms have developed a major sig-
nificance in diagnostics for the detection of molecular
mutations. The application of NGS enables the obser-
vation of genome-wide mutation patterns to identify
aberrant DNA sequence changes and new disease genes
[42,43]. This supports the prenatal and postnatal diag-
nosis of genetic diseases like Down syndrome [44] and
Parkinson’s disease [45,46]. The ability to sequence on a
genome-wide scale allows many cancer-initiating
mutations to be studied. These tumorgenesis-promoting
mutations are able to effect gene inactivation (e.g. pro-
moter silencing, gene deletion, nonsense mutations),
gene overexpression/misexpression (e.g. copy number
amplification, methylation), and dominant protein acti-
vation [42]. Up to now many individual cancer genomes
have been successfully sequenced and a lot of new
cancer-initiating mutations have been identified using
NGS technologies [40].

NGS technologies have also been established to examine
epigenetic modifications on a genome-wide scale [32].
Modifications, like DNA methylation, chromatin struc-
ture variations, and posttranslational modifications of
histones, play an essential role in cellular processes in-
cluding genome regulation [18,26,32], disease appear-
ance, and oncogenetic development [47]. Therefore, it
is reasonable to catalog epigenetic modifications on a
genome wide scale using high-throughput sequencing
technologies.

Furthermore, additional gene regulation events including
DNA-protein interactions [35°48], transcription factor
bindings [32,49], and nucleosome positioning [18,48]
have been analyzed with NGS.

Metagenomic studies are also a key application of next-
generation sequencing technologies in ecological and
environmental research. The microbial diversity can be
monitored by analyzing environmental and clinical
samples [3], including water, soil, sediments, and gut
contents [50]. These NGS studies help to understand
evolutionary development and ecological biodiversity of
microbes to carry out species classifications [51].

NGS technologies have also been successfully applied to
gene expression profiling by sequencing different mRNA
species [3,52]. These high-throughput NGS analyses play
an important role in molecular biology to measure the
activity of thousands of genes in parallel. Moreover, NGS
enables the absolute quantification of transcripts. This
helps to detect changes of gene expression levels under
different biological conditions or between different cell
types or tissues [32,35°]. Gene expression profiling allows
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Table 1

Applications of next-generation sequencing technologies

Classification Applications Sequencing NGS Basis for Reference
principle® technology sequencing

Genome de novo genome sequencing Pyrosequencing 454 DNA [19]
Whole-genome or targeted Pyrosequencing 454 DNA [36]
resequencing, detection of
SNPs, indels, CNVs

Transcriptome Gene expression profiling, SNP, Sequencing-by-ligation SOLID RNA [60]
alternative splicing
SNP discovery Pyrosequencing 454 RNA [63]
Mapping and quantification RNA-Seq Genome analyzer RNA [58]
of transcriptomes

Epigenome DNA methylation patterns MeDiP-Seq Genome analyzer DNA [64]
Histone modification ChiP-Seq Genome analyzer DNA [65]

Regulome Nucleosome positioning Sequencing-by-ligation SOLID DNA [66]
Transcription factor binding ChiP-Seq Genome analyzer DNA [67]

Metagenome Microbial diversity Sequencing-by-synthesis Genome analyzer DNA [68]
Species classification pyrosequencing 454 DNA [69]

Diagnostics Genetic diseases Sequencing-by-ligation SOLID DNA [38]
Prenatal diagnostics Sequencing-by-ligation SOLiID DNA [70]
Cancer detection Sequencing-by-ligation SOLID RNA [71]

2 Abbreviations: RNA-Seq (RNA sequencing), ChlP-Seq (chromatin immunoprecipitation segeuncing), MeDIP-Seq (methylated DNA immunopre-

cipitation sequencing.

the investigation of cellular functions, cellular states or
cell physiology. The impact of environmental factors,
chemical signals, or stress factors on gene expression
can be analyzed on a genome-wide scale using NGS
technologies.

To enhance the annotation of sequenced genomes,
NGS has also been applied to small non-coding RNA
(ncRNA) discovery and profiling [18,49]. Non-conding
RNAs, including transfer RNA (tRNA), ribosomal RNA
(rRNA), small nuclear and small nucleolar RNA, micro
RNA (miRNA), and small interfering RNA (siRNA),
are not translated into proteins. Several of these ncRNA
species, like micro RNAs or small interfering RNAs, are
of major interest to transcriptomic research, since they
are implicated in post-transcriptional regulation of
numerous biological processes [18]. The availability
of NGS technologies has led to the discovery of several
new species of ncRNAs [35°,53]. High-throughput
sequencing technologies offer a greater potential to
discover novel ncRNA molecules than microarray-
based methods. Small RNA profiling studies with 454
Sequencing technology contributed to the discovery of a
novel class of small RNAs, so-called Piwi-interacting
RNAs (piRNAs). These piRNA molecules are presum-
ably required for germ cell development in mammalian
organisms [54-56]. In contrast to microarray technol-
ogies, NGS has the potential to detect variants in
mature small ncRNA length and ncRNA editing [57].
Moreover, NGS technologies enable the profiling of
known and novel small RNA genes [35°].

Besides gene expression and ncRNA profiling, the appli-
cations of NGS in the field of transcriptional profiling also
include transcript annotation studies [35°]. These
analyses are carried out to detect novel transcribed
regions, splice events [53], additional promoters, exons,
or 3’ untranscribed regions [58]. Transcript annotation
studies also help to analyze the impact of transcriptional
complexity on current models of key signaling pathways.
Identification of allele-specific expression [59] and dis-
covery of transcriptional activity of repeated elements
[60] are additional applications of next-generation
sequencing technologies. High-throughput sequencing
can also provide aberrant transcription events, like pseu-
dogenes, fusion genes, and genome rearrangements.
Genome rearrangements resulting in aberrant transcrip-
tional events are an indication of human cancer [18].
Therefore, NGS technologies prove to be useful to
detect such transcriptional events on a genome-wide
scale.

The 454 Sequencing technology is the leading next-gener-
ation method in transcriptomics. Aside, the Illumina
sequencers are used for profiling microRNAs [57]. To
date, small RNA profiling studies involving 454 Sequencing
have been reported. Illumina or SOL:D platforms provide
a ten times deeper coverage of small RNAs and are also
used to identify novel miRNA genes [57]. Thus, next-
generation sequencing technologies have broad applica-
bility in many fields of research. They offer new high-
throughput sequencing techniques that prove to be useful
for many applications, including genomic, transcriptomic,
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epigenomic, regulomic, metagenomic, and diagnostic

research (Table 1).

Conclusion

In the last few years functional trancriptomics has been
progressed by both microarray technology as well as
RNA-Seq and the possibilities to perform transcriptome
profiling provide a resolution that would have been incon-
ceivable some years ago. Certainly microarray technology
has achieved its technical limits and is more and more
complemented by high-throughput next-generation
sequencing technologies. Unlike microarrays, transcrip-
tome sequencing (RNA-Seq) can evaluate absolute tran-
script levels of sequenced and unsequenced organisms,
detect novel transcripts and isoforms, identify previously
annotated 5 and 3’ cDNA ends, map exon/intron bound-
aries, reveal sequence variations (e.g. SNPs) and splice
variants and many more. During the past five years next-
generation sequencing was established for almost every
DNA-based molecular research field and therefore could
be considered as an ““all in one”” platform. However, the
economical benefits seem not to be sufficient enough.
Different research groups and companies are working on
the third generation of sequencing. In the near future, for
example, sequencing the human genome will be available

for less than $1000 [41,61,62°].
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