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A B S T R A C T

Recent technological advances that allow faster and cheaper DNA sequencing are now driving biological

and medical research. In this review, we provide an overview of state-of-the-art next-generation

sequencing (NGS) platforms and their applications, including in genome sequencing and resequencing,

transcriptional profiling (RNA-Seq) and high-throughput survey of DNA–protein interactions (ChIP-Seq)

and of the epigenome. Particularly, we focus on how new methods made possible by NGS can help

unravel the biological and genetic mechanisms of aging, longevity and age-related diseases. In the same

way, however, NGS platforms open discovery not available before, they also give rise to new challenges,

in particular in processing, analyzing and interpreting the data. Bioinformatics and software issues plus

statistical difficulties in genome-wide studies are discussed, as well as the use of targeted sequencing to

decrease costs and facilitate statistical analyses. Lastly, we discuss a number of methods to gather

biological insights from massive amounts of data, such as functional enrichment, transcriptional

regulation and network analyses. Although in the fast-moving field of NGS new platforms will soon take

center stage, the approaches made possible by NGS will be at the basis of molecular biology, genetics and

systems biology for years to come, making them instrumental for research on aging.

� 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Next-generation sequencing (NGS) technologies allow mas-
sive-scale DNA sequencing at a low cost and are now driving
biomedical research (Church, 2006; Mardis, 2008). In a near
future, large-scale projects in the life and medical sciences will
depend on DNA sequencing as a readout, given that NGS
platforms offer superior performance and specificity in many
applications (Ansorge, 2009). The purpose of this review is to
summarize the current state-of-the-art in sequencing technol-
ogies from an end-user point-of-view. Particularly, our goal is to
provide an overview of how biogerontologists can employ these
technologies and the methods derived thereof to advance our
knowledge of aging, longevity and age-related diseases. Lastly,
we discuss some of the potential problems inherent to such
high-throughput approaches, in particular at the levels of
bioinformatics, statistics and data interpretation, and suggest
possible solutions.
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2. State-of-the-art in sequencing technology

The current crop of NGS platforms, also called second-
generation sequencing technologies, was driven by the initial
sequencing of genomes using traditional Sanger sequencing and its
variants. Genome assemblies provided a reference to which the
shorter sequence reads generated by NGS methods could be
mapped back to, allowing for cheaper and faster sequencing
(Fig. 1). This has made second-generation platforms particularly
adequate for studying humans and model organisms whose
genomes had been sequenced already, as detailed below.

Generally, the principle behind second-generation platforms is
to randomly fragment DNA or RNA into smaller pieces and
construct a DNA or cDNA library—given their smaller sizes, micro-
RNAs (miRNAs) can be used directly to make cDNA libraries.
Libraries are sequenced at a high coverage and the sequenced reads
are then mapped into the reference genome of the species (Fig. 1).
For genome resequencing, genetic variants can then be identified
in the sample genome and for transcriptional profiling the number
of reads mapping to each exon or mRNA can be quantified. Though
mapping reads to a reference genome is much more common now,
for an increasing number of projects, reads can also be assembled
de novo. All these applications are further detailed below.
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Fig. 1. Diagrammatic scheme of a NGS platform pipeline. Typically, DNA or RNA is

fragmented into smaller pieces (A). Libraries are constructed from the fragments (or

miRNAs) and sequenced at a high coverage (B). The sequenced reads are aligned to a

reference genome (C) and the results are analyzed statistically and interpreted (D).

Depending on the specific application, reads may be counted across genes (D1),

SNPs detected (D2) or other analyses carried out.
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Current second-generation platforms include the 454 system
from Roche, which can yield 500 bp reads, plus the Illumina/Solexa
platform and the SOLiD platform from Applied Biosystems, which
both yield shorter reads while generating considerably more data
per run and are thus more cost-effective in terms of price per bp
sequenced (Table 1). For more details on the techniques employed
on each platform, please see Ansorge (2009).

While the read lengths offered by NGS are still lower than
what can be obtained with traditional Sanger sequencing (up to
1000 bp), these technologies are faster and much more cost-
effective, meaning much more sequence data can be generated
in a given experiment. Sanger sequencing costs approximately
$500 per Mb at the time of writing, or roughly 100 times more
than sequencing with the 454 system (Table 1). It should be
noted, however, that not only are read lengths shorter when
using NGS but raw accuracy is inferior when compared to Sanger
Table 1
Comparison between the most common NGS platforms.

Platform 454 Illumina/Solexa SOLiD

Sequence data per run 400–600 Mb >25,000 Mb >20,000 Mb

Read length (bases) 400–500 35–75 50

Cost per Mb �$60 �$2 �$2

Notes: Platform specifications for 454 (http://www.454.com), Illumina/Solexa

(http://www.illumina.com) and SOLiD (http://solid.appliedbiosystems.com). Costs

are estimates taken from Shendure and Ji (2008). Given the dynamic nature of the

NGS field, the above values are meant as a snapshot of current NGS platforms and

are likely to be outdated soon.
sequencing, albeit both read lengths and accuracy are improving
in NGS technologies and the lower costs of NGS platforms means
a higher coverage can be used resulting in an improved accuracy
of the consensus sequences (Shendure and Ji, 2008).

At present, the choice of NGS platform for a given project
depends on the nature of the experimental design. Generally
speaking, for tag counting (e.g., expression profiling), shorter reads
are preferable as they are more cost-effective. For de novo

sequencing, longer reads are more adequate since they facilitate
assembly generation (Shendure and Ji, 2008). Nonetheless, the
idiosyncrasies of each platform (e.g., the type and frequency of
errors) must be considered when choosing the best system for a
given experiment. Instrument costs are similar (�$500k) at the
time of writing.

3. Emerging applications of NGS

Second-generation platforms are revolutionizing research in
genomics. Below we offer an overview of the applications made
possible by NGS platforms, having in mind specific foci in aging
research and how these technologies can help biogerontologists.

3.1. Genome sequencing and resequencing

NGS platforms allow the resequencing of an organism’s genome
at an affordable price. In fact, resequencing the human genome is
now several orders of magnitude lower than the approximately $3
billion it initially cost. This ability to sequence an individual’s (or
animal’s) genome means that NGS technologies are extremely
powerful for studying genetic variation and help bridge the gap
between genotype and phenotype in population studies in both
humans and model organisms. Human genome resequencing and
proof-of-principle of its power to discover DNA variation has been
demonstrated using 454 (Wheeler et al., 2008), Illumina/Solexa
(Bentley et al., 2008) and SOLiD (McKernan et al., 2009).

Succinctly, resequencing can be used for large-scale SNP and
mutation discovery. Individual lifespans within humans and
laboratory model species show modest heritability of 10–35%
(Christensen et al., 2006; Finch and Tanzi, 1997; Vijg and Suh,
2005), which may be consistent with the growing evidence for
modest allelic influences on chronic diseases of aging (Finch,
2007). Because of this considerable inter-individual variability
in longevity in both humans and model organisms, genome
resequencing is a powerful approach to identify genetic variants
associated with longevity and/or age-related diseases (de
Magalhaes, 2009). Already a number of studies have examined
the association between gene variants and human longevity
using a variety of experimental setups (Tan et al., 2006; Vijg and
Suh, 2005). For example, two recent studies in different
populations reported gene variants in FOXO3A associated with
human longevity (Flachsbart et al., 2009; Willcox et al., 2008).
As detailed below, NGS will make this type of studies more
informative than ever.

In addition to studying longevity as a trait, there is great interest
in determining genes contributing to age-related diseases. Con-
siderable progress has been made already with the identification of
genes associated with neurodegenerative diseases like Parkinson’s
disease (Singleton et al., 2003), type 2 diabetes (Sladek et al., 2007)
and age-related macular degeneration (Klein et al., 2005). Large-
scale association studies focusing on multiple diseases have also
revealed new associations between genes and age-related diseases
(Wellcome Trust Case Control Consortium, 2007). Nonetheless,
much remains to be discovered about the genetics of age-related
diseases. NGS will be a powerful tool to confirm and extend
previous associations between gene variants and age-related
diseases. In fact, one recent study – employing the Illumina/Solexa
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Fig. 2. NGS as a tool to uncover the genetic variation within (A) and across species

(B). Within the humans species there is great variability in longevity and in

susceptibility to age-related diseases, which to a large degree has a genetic basis.

The capacity to resequence the genome of multiple individuals affected by a given

disease or with different longevities offers powerful opportunities to identify

polymorphisms and mutations that contribute to longevity and to age-related

diseases (A). A large variance in lifespans is observed among similar species (B). For

example, among primates, humans can live over 100 years, gorillas over 50 and Old

World monkeys up to 40 (de Magalhaes, 2009). With the decreasing costs of

sequencing, it is now possible to explore the genetic basis of such differences and

identify coding or regulatory sequences that contribute to a given organism having

a shorter or longer lifespan (B). Animals were drawn using fonts by Alan Carr.
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system for genotyping – associated two loci with Alzheimer’s
disease that had not been previously associated with the disease
(Harold et al., 2009).

Compared to the typical genome-wide association study (GWAS)
using SNPs, genome resequencing – if performed accurately – has
the great advantage of allowing researchers to identify the specific
nucleotide(s) associated with a given phenotype. For example, the
specific frequency of all DNA variants can be compared between
long-lived individuals and controls, offering a much more compre-
hensive picture of the genetics of longevity (but see further down for
caveats of such studies). GWAS of longevity and age-related diseases
Fig. 3. Employing NGS platforms to study age-related changes. During the course of an or

be quantified at a whole-genome level. Changes to the DNA, from single nucleotide muta

wide epigenetic changes across the lifespan (or between different lifestyles or diets) c

unprecedented accuracy using NGS (C). Mouse and human figures were drawn using f
using resequencing techniques will play a pivotal role to identify
new alleles that determine longevity, susceptibility to age-related
diseases and how environmental factors interact with genes to
influence these phenotypes (Fig. 2).

NGS can be used for discovery of structural rearrangements.
These are likely to be important in GWAS and, for example,
detecting copy number variation is made considerably easier since
NGS platforms can employ paired-end sequencing (i.e., the
sequencing from both ends of a DNA molecule), even if the
analysis of such data can be complex (Korbel et al., 2007). Studies
of structural variation might also offer new clues regarding
genome changes during aging. It has even been suggested that it
will be possible in a near future to resequence the genome of a
large number of individual cells from humans (or another
organism) across the lifespan to obtain a map of somatic nuclear
and mitochondrial DNA mutations that accumulate in different
tissues with age (Busuttil et al., 2007; Salipante and Horwitz,
2007). Tissue and cell-type analysis of somatic mutations during
aging can now be considered in longitudinal studies of individuals
from various disease risk groups (Fig. 3).

Sequencing of the genome opens the door to a number of
analytical techniques to be employed in the study of a given
organism, such as transcriptional profiling (but see below) and
advanced proteomics like mass spectrometry. With the lowering
costs of sequencing, non-traditional model organisms are now
becoming affordable targets for genome sequencing and conse-
quently for modern molecular biology tools and high-throughput
methods in particular. While Sanger sequencing is still required for
de novo sequencing, at least for higher animals even if to a
decreasing extent (i.e., Sanger sequencing might be employed at a
low coverage followed by high coverage 454 sequencing), it is
anticipated that de novo sequencing of virtually any species with
NGS will soon be plausible. Sequencing of genomes at much more
affordable prices will allow individual laboratories to sequence the
genome of their organism(s) of choice, allowing non-traditional
model organisms to join the post-genome era. Organisms of unique
interest for research on aging, such as the naked mole-rat, may
then be sequenced.

Affordable, fast sequencing of whole genomes will greatly
advance the field of comparative genomics (Fig. 2). Considering
the large variation in longevity and aging rates between similar
species and even strains of the same species (e.g., in dogs or mice)
the comparative biology of aging is bound to greatly benefit from
NGS platforms (Austad, 2009; de Magalhaes, 2009). For example,
ganism’s lifetime, a number of genomic changes occur. NGS allows these changes to

tions to large chromosome rearrangements, can be detected (A). Likewise, genome-

an be assayed (B). Lastly, transcriptional changes with age can be quantified with

onts by Alan Carr.
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studies of molecular evolution rates may allow researchers to
identify genes with patterns of selection associated with the
evolution of lifespan across species with unprecedented power and
accuracy (de Magalhaes and Church, 2007).

One other area of potential interest not yet (to our knowledge)
explored by biogerontologists is metagenomics. In metage-
nomics, en entire microbial community can be sequenced, for
example to provide insights into microbial ecosystems in extreme
environments. One emerging area is the survey of gut flora, which
for example has been applied to the honey bee (Cox-Foster et al.,
2007). Obesity may also be influenced by gut flora, as shown in
microbial transfer experiments between lean and obese mice and
in identical twins discordant for obesity (Turnbaugh and Gordon,
2009). Gut microbial flora might also play a role in longevity
(including in humans), as suggested from caloric restriction
studies in dogs (Wang et al., 2007), which metagenomics will be
able to survey.

3.2. Transcriptional profiling: RNA-Seq

Several studies of aging gene expression profiles have been
carried out already using microarrays. Briefly, such studies have
identified age-related changes in key pathways and processes,
such as inflammatory and mitochondrial processes (de Magalhaes
et al., 2009b), provided new mechanistic insights into aging and its
modulation by genes and interventions like caloric restriction (Lee
et al., 2000), and have helped identify biomarkers of aging (de
Magalhaes et al., 2009b; Lee et al., 2000).

Although the ability of microarrays to interrogate thousands of
transcripts in a cost-effective manner has provided key insights
into a number of processes, including aging, microarrays have
important limitations. One intrinsic problem of microarrays is
their lack of sensitivity to low abundance transcripts, potentially
missing important information such as certain transcription
factors that tend to have low expression levels. Moreover,
microarrays have limitations for profiling the emerging mRNA
complexity of different transcripts originating from a single gene
and non-coding transcripts (Cloonan et al., 2008; Marioni et al.,
2008). To understand transcriptional networks, it is also crucial to
examine miRNAs. This new family of non-coding small 21–25-
nucleotide RNAs has a major role in gene regulation during
development and in adult maintenance (He and Hannon, 2004).
Therefore, in order to unravel transcriptional networks of aging
and of interventions that modulate aging, it is necessary to obtain a
global view of the transcriptome.

One major application of NGS is in transcriptional studies
(Fig. 3). The idea, based on previous technologies like serial
analysis of gene expression (SAGE), involves generating libraries
which are then fragmented and sequenced. By deeply sequencing
the transcriptome and determining the frequency of each gene in
the sequence sample by matching it to the genome sequence (also
called RNA-Seq), one can obtain a digital measure of the presence
and levels of known and unknown genes (Mortazavi et al., 2008).
Succinctly, the relative expression of each gene’s mRNA – and,
depending on coverage and experimental design, even of each
exon – can be calculated by counting the number of sequenced tags
mapping to it. Normalized gene signals can then be used to
calculate the differential expression between samples and condi-
tions, just like in a typical microarray experiment.

A number of studies have demonstrated that RNA-Seq is
considerably more sensitive than traditional microarrays, has a
much greater dynamic range and can detect splice variants and
non-coding RNAs that would otherwise go undetected (Berezikov
et al., 2006; Marioni et al., 2008; Mortazavi et al., 2008; Sultan et
al., 2008). The capacity of RNA-Seq to survey transcriptomes in a
near-complete fashion has been recently demonstrated in mouse
embryonic stem cells and shown to detect up to 50% more genes
than microarrays (Cloonan et al., 2008). Because the dynamic
range of RNA-Seq is higher, microarrays and RNA-Seq correlate
relatively well for genes with medium expression levels but not for
genes with high or low expression levels (Wang et al., 2009).
Discrepancies between results obtained with microarrays and
RNA-Seq have been tested by qRT-PCR and most errors were found
to occur in microarrays (Marioni et al., 2008).

One large-scale gene expression study of aging is AGEMAP
which stands for Atlas of Gene Expression in Mouse Aging Project
(Zahn et al., 2007). This project aims to identify and catalogue
genes differentially expressed with age in all possible tissues of
mice. AGEMAP studies conducted to date employed traditional
microarrays (Xu et al., 2007; Zahn et al., 2007), so while this
approach has already proven useful we suggest that many more
insights await when NGS is employed in this type of study.

NGS platforms will allow researchers to characterize the aging
transcriptome with exceptional resolution and identify transcripts
associated with age as well as with life-extension due to genetic or
environmental interventions in order to provide new insights
about aging and its underlying molecular and genetic mechanisms.
As mentioned above, although 454 has been used for RNA-Seq,
Illumina/Solexa and SOLiD are likely to be more cost-efficient in
terms of coverage and depth (Table 1).

3.3. DNA–protein interactions: ChIP-Seq

Following from microarray (RNA-Chip) and RNA-Seq, a similar
relationship exists between ChIP-Chip and ChIP-Seq. Chromatin
immunoprecipitation (ChIP) is a method used to discover DNA–
protein associations, revealing the DNA interactions of a protein of
interest—often its transcriptional targets. In a typical experiment,
cross-links of the DNA–protein complexes are induced, usually
with formaldehyde. After chromatin fragmentation and immuno-
precipitation of the DNA linked protein, unlinking of the DNA–
protein association can reveal the DNA sequence the protein was
associated with (Solomon et al., 1988). A readout of the data can be
obtained by hybridizing the sequences to a microarray (ChIP-Chip).

Several studies have highlighted the importance of using ChIP-
Chip, by itself or in combination with other approaches, in aging
research. One of these discoveries was the finding that histones are
modified at the telomeres in senescent human cells (Meier et al.,
2007). With NGS technologies, however, it is now possible to
sequence the immunoprecipitated DNA in a high-throughput
manner (ChIP-Seq) which results in greater power, specificity and
cost-effectiveness (Robertson et al., 2007; Valouev et al., 2008).

Despite their usefulness, ChIP-Chip studies have limitations,
many of which are reminiscent of the microarray limitations
mentioned above. It has been pointed out by Valouev et al. (2008)
that in higher organisms ChIP-chip data prove to be noisy and have
low resolution. In a study by Robertson et al. (2007), it was found
that clear advantages existed of ChIP-Seq over ChIP-Chip. To begin,
when performed on genomes of large size, ChIP-Seq was estimated
at being around one order of magnitude less expensive than ChIP-
Chip. Also, ChIP-Seq requires less input material than ChIP-Chip
and can cover a larger fraction of the genome at a higher resolution.
Furthermore, because ChIP-Seq is based on genome resequencing
it could permit the detection of mutations within the DNA binding
site’s sequence. Just like RNA-Seq has replaced microarrays as the
state-of-the-art technology for gene expression profiling, ChIP-Seq
has taken over ChIP-Chip.

3.4. Sequencing the epigenome

Another level of genome regulation is the epigenome.
Epigenetics represents chemical alterations of the DNA and
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histones that impact on function. Such alterations have been
suggested to play an important role in aging (Fraga and Esteller,
2007; Richardson, 2003). Second-generation sequencing platforms
have also given rise to more powerful techniques with which to
study the epigenome. Chip-Seq, in fact, can be used to identify
histone methylation marks (Barski et al., 2007). Data from the
epigenome may be employed in a complementary fashion to RNA-
Seq to more fully understand transcriptional regulation.

Emerging techniques in epigenomics include methyl-DNA
immunoprecipitation (MeDIP), which allows a genome-wide
analysis of DNA methylation (Pomraning et al., 2009). Bisulphite
sequencing has also been used to study patterns of cytosine
methylation in a genome-wide fashion, for example in cancer
(Korshunova et al., 2008). Whole-genome analysis of epigenetic
marks at the finer resolution delivered by NGS platforms promise
to be of great value to biogerontologists (Fig. 3). Epigenetic
regulation of transcription is essential to understand how
organisms respond to their environment and to diet in particular.
For example, prenatal exposure to famine in the Dutch Hunger
winter of 1944–1945 altered methylation of the IGF2 gene as
observed 60 years later (Heijmans et al., 2008). Thus these new
techniques offer new strategies for analysis of dietary manipula-
tions of aging across the life course. Epigenetic signatures might
also be useful to identify biomarkers of aging and age-related
diseases, potentially leading to improved diagnosis and risk
prediction of the latter.

4. Problems, pitfalls and possible solutions

NGS technologies open discovery not available before but also
new challenges, in particular in processing, analyzing and
interpreting the data. Specifically, and since gigabase-scale data
are generated (Table 1), the statistical and bioinformatics analyses
are among the most challenging aspects of any such projects (Pop
and Salzberg, 2008). One of the consequences of the decreasing
costs of sequencing is the way the bottleneck in biomedical
research is shifting from data generation to data analysis.
Biological, medical and health sciences are becoming increasingly
more dependent on information technology.

A number of software packages have already been developed
for processing data from NGS platforms, including software
provided by the manufacturers for aligning reads, detecting
variants and generating assemblies from second-generation
sequencing platforms (Shendure and Ji, 2008; Trapnell and
Salzberg, 2009). Examples include ELAND (from Illumina) and
Maq (http://maq.sourceforge.net). These and other packages are
more suitable than software previously used in genomics. The
popular BLAST tool, for example, is not optimized for aligning short
reads and tends to be time-consuming when used for processing
data from NGS platforms. For a recent review of the fast-changing
software available for mapping short reads please see Trapnell and
Salzberg (2009).

4.1. Sequencing just the right regions, the right amount of times

Resequencing an entire genome or the full transcriptome is
still not only relatively expensive in terms of the reagents
necessary for the sequencing itself, but time-consuming in regard
to the statistical and bioinformatic analyses. Fortunately, a number
of methods are now available that are capable of restricting
regions for sequencing in order to increase sample size and/or
coverage. In fact, in a number of experiments it is preferable to
sequence a subset of the genome in a larger number of samples
than to sequence the whole genome of a few samples. Interest-
ingly, given the massive increases in sequencing capacity,
accompanied by an equally impressive decrease in costs, in many
experiments it is now adequate to sequence multiple samples in a
single NGS instrument run. Some NGS platforms allow samples to
be physically separated in the same run plus multiplexing can be
achieved by means of barcoding methods that essentially add an
index sequence into each DNA fragment allowing it to be
associated with a given sample (Hamady et al., 2008; Kim et
al., 2007). Pooled designs have also been proposed as an alternative
to barcoding in resequencing (Prabhu and Pe’er, 2009).

A number of techniques have recently emerged that allow
researchers to capture thousands of genomic regions which can
later be sequenced (Shendure and Ji, 2008). For example,
NimbleGen microarrays allow the capture by hybridization of
thousands of pre-defined genomic regions, such as exons, which
can then be used for targeted resequencing (Sugarbaker et al.,
2008). One recent proof-of-concept study employed microarrays
for targeted enrichment of protein-coding sequences, the sub-
sequent sequencing of which provided candidate genes for
Freeman–Sheldon syndrome, a rare Mendelian disorder (Ng et
al., 2009). Multiplex PCR amplification can also be used for a
candidate gene approach as these allow specific regions to be
amplified and used to make libraries prior to sequencing.

In a given transcriptional study, a number of different strategies
can be employed depending on its aims. Full length cDNA
sequencing is not always necessary if quantifying the expression
of genes is enough for a given analysis. As such, it is possible to
sequence specific regions of transcripts, typically from the 50-end,
which decrease costs (Kim et al., 2007). RNA-Seq can be carried out
at varying degrees of sequencing coverage. Transcriptional
profiling with NGS at a low coverage is called digital gene
expression profiling or DGE by some authors (though not all
semantic issues in NGS have been resolved) and is suitable for
inferring gene expression levels. Deeper, more expensive RNA-Seq,
however, is capable of quantifying the expression levels of exons
and of specific alleles as well as detect alternative transcripts and
new splice junctions.

As described above, RNA-Seq is based on aligning sequences to a
reference genome. With the improved read lengths and capacity of
NGS platforms, however, it is now possible with RNA-Seq to do
transcriptional studies in species without a reference genome and
instead align the reads using the reference genome of a related
species. Moreover, because ‘‘junk’’ DNA composes �95% of the
human genome, RNA-Seq may be used to sequence the regions of
the genome that are known to be more important. Certainly, some
transcripts may be missed, as even a complex cDNA library will not
cover all transcripts and highly divergent or even novel genes may
be difficult to assemble, but by and large genes can be
unambiguously mapped to other genomes and annotated accord-
ingly. For example, Vera et al. (2008) generated a de novo assembly
of the transcriptome of a non-traditional eukaryote model
organism (Melitaea cinxia, a butterfly), for which genomic data
was not previously available. Succinctly, they created a cDNA
library with equal levels across the cDNA population—since the
large prevalence range of different mRNAs in cells would result in
under-representation of low abundance transcripts. The normal-
ized cDNA library was then sequenced using the 454 system (Vera
et al., 2008). Of course, this approach depends on the availability of
a closely related species, but with genomes from a large variety of
taxa now available and with increased read lengths anticipated,
RNA-Seq may be performed on a large number of species without a
reference genome and can be used to sequence the regions of the
genome that are more likely to be important.

4.2. Statistical challenges

Quality control issues are crucial when dealing with the
massive amounts of data generated by NGS technologies, in

http://maq.sourceforge.net/
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particular because of the lower raw accuracy of these platforms
when compared to Sanger sequencing. One concern is the fact that
each NGS platform has its own systematic biases which need to be
considered when designing and analyzing data, for example in
association studies and SNP and mutation discovery experiments.
A number of biases due to library preparation protocols also need
to be considered plus each specific application has its own biases.
Though these are too numerous to list herein, for example, in RNA-
Seq it is often crucial to correct for gene length when calculating
gene signals.

Resequencing individual genomes, while powerful, raises
significant statistical problems. The future of human genomics
lies in identifying and characterizing the natural variation found
between individual genomes, in particular variants associated with
diseases and major traits, such as longevity. Nonetheless, large-
scale genome resequencing is expected to give rise to major
mathematical and statistical challenges. The goal of GWAS is to
identify correlations between a given allele or genomic region and
a given trait, yet an increase in the amount of data generated
requires stringent statistical thresholds to avoid false positives.
Besides, many diseases and indeed longevity are affected by a large
number of loci, each explaining only a small percentage of the
phenotypic variance observed and often interacting with each
other and with the environment in complex ways, making their
detection difficult. It is thus not surprising that even GWAS
employing cohorts with thousands of individuals can struggle to
statistically demonstrate some of the associations found (Well-
come Trust Case Control Consortium, 2007). Longevity studies are
particularly problematic because often the number of older
individuals is limited and the penetrance of any longevity-
conferring gene may be low since people with favorable alleles
might perish due to accidents and other aging-unrelated causes.
Genome resequencing efforts with NGS, like the 1000 Genomes
project (http://www.1000genomes.org/), will eventually provide a
comprehensive picture of normal human genetic variation to
which genetic variation in specific phenotypes can be evaluated to
predict the contributions of genes (Mardis, 2008). For the time
being, however, rare alleles with no phenotypic consequences may
be a source of false positives in GWAS using resequencing if sample
size is low (Li and Leal, 2009). Conversely, given the lower raw
accuracy of NGS platforms, identifying biologically relevant rare
alleles with confidence promises to be troublesome from a
statistical perspective. These issues may be overcome by having
suitable cohorts and experimental designs, but they are important
to consider early in such projects.

While there is considerable debate regarding the adequate
statistical treatment in genome-wide studies and new methods
continue to be proposed, traditional Bonferroni corrections tend to
be too strict for genome-wide projects, often resulting in a large
number of false negatives. Calculating a false discovery rate (FDR)
by random permutations of the data and then using the FDR to set
a statistical cutoff for determining statistical significance has
proven a powerful approach in genome-wide studies (Storey and
Tibshirani, 2003), including in aging (de Magalhaes et al., 2009b).
Further developments are warranted, however, in the specific
statistical tests used in each application. For example, to determine
differentially expressed genes between experimental conditions in
RNA-Seq experiments an empirical Bayes method has been shown
to moderate standard errors (Cloonan et al., 2008). Other authors
have reported that using a Poisson model allowed them to detect
30% more statistically significant genes than using standard
analysis (Marioni et al., 2008). Further work is required to better
define the appropriate statistical methods for RNA-Seq. Moreover,
in the context of biogerontology, gene expression profiles of aging
have idiosyncrasies that make them difficult to analyze and
interpret (de Magalhaes et al., 2009b). Specific methods are also
being developed to analyze ChIP-Seq, such as the statistical
framework developed by Valouev et al. (2008) to determine
positions where protein complexes contact DNA, and a Bayesian
deconvolution strategy for immunoprecipitation-based DNA
methylome analysis (Down et al., 2008).

4.3. Moving from gene lists to pathways and mechanisms

It is crucial in large-scale studies, in particular transcriptional
studies that tend to generate large numbers of statistically
significant genes, that the data be clustered and pathways
analyzed (Slonim, 2002). Despite the attractive discoveries of
single gene mutations that increase the lifespan of laboratory
model organisms, it is unlikely that aging is controlled by single
genes. Only by studying pathways and networks as an integrated
system can complex processes of aging be understood in a
quantitative and experimentally amenable framework—the emer-
ging ‘‘systems biology of aging paradigm’’. Therefore, while ranked
lists of genes obtained from high-throughput methods may be
useful to prioritize candidates for follow-up, lists of genes and
results need to be analyzed as a whole to help interpret data
biologically and mechanistically. As further described below,
results can also be integrated with other sources of genomic data to
more faithfully understand the underlying biological processes
(Giallourakis et al., 2005).

A variety of bioinformatics methods and tools are now available
to analyze high-throughput data (Fig. 4). One powerful approach
involves incorporating gene annotation to identify enriched
functions and processes. In other words, calculate for a given list
of genes which functions the genes tend to be more associated than
expected by change. Functional enrichment analysis often
provides insights beyond what can be obtained from lists of
genes, as we recently demonstrated by analyzing age-related
profiles in multiple mammalian tissues to reveal a large number of
enriched functions and processes whose expression is associated
with age (de Magalhaes et al., 2009b). An almost limitless number
of software packages and online tools are available for functional
enrichment and discover common features in small or large lists of
genes, such as the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/) and
the Gene Set Enrichment Analysis (GSEA) (http://www.broad.mit.
edu/gsea/).

Other techniques used to analyze gene expression profiles
involve clustering genes together using the readout data to identify
co-expressed genes that may be under similar regulation. Gene co-
expression analysis can be used to identify groups within the data
and thus simplify the analysis and interpretation of the results,
often coupled with visualization tools (Slonim, 2002). Another
method involves overlaying results over known pathways for
comparing disease vs. non-disease states, for example using
software from companies like Ingenuity Systems (http://www.in-
genuity.com/) and Ariadne Genomics (http://www.ariadnegen-
omics.com/). Most current regulatory network models are far from
complete, however, in part because the technologies used thus far,
such as microarrays, fail to provide a complete assessment of
transcriptional complexity (Cloonan et al., 2008). As such,
transcriptional networks can be constructed de novo. A variety
of methods are available, such as the weighted gene expression
network analysis method (Zhang and Horvath, 2005). Briefly, in
this method, co-expression concordance is determined using a
Pearson correlation to identify modules of co-expressed genes.
Rather than merely identify clusters of related genes, however, the
algorithm derives a gene co-expression network which can be
further analyzed, as discussed below.

One crucial aspect of high-throughput experiments, such as
RNA-Seq, is the difficulty in determining cause and effect. Thus, it is
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Fig. 4. Moving from gene lists to biological insights. A number of data analysis methods are available to decrease the complexity of high-throughput data and gather biological

information. In certain applications, transcriptional regulation information, either by incorporating existing knowledge or constructing transcriptional networks de novo, can

be used to infer the causal structure of the data and infer regulatory nodes (A). Data can also be analyzed to identify new functional associations (B). For example, gene

expression data can be used to cluster genes with similar profiles and identify putative functional interactions. Gene annotation information can also be integrated with

experimental data to identify enriched functions and processes in large datasets (C). Lastly, data can be overlaid on protein–protein interaction networks to identify highly

connected hubs which tend to exert a regulating influence (D).
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often not easy to identify for two co-expressed genes the causal
hierarchy over a biologically relevant time span like aging. The
ultimate goal, of course, is to reduce the complexity of the data by
identifying transcription factors that regulate numerous down-
stream targets in the shifts of gene expression in disease or during
aging. The studies on early development in many species have
identified sequences of transcriptional programs with core modules
that recur in many different cell-type lineages. We anticipate that
many aspects of aging will prove to involve core modules in damage
responses that will be in continuity with repair processes necessary
for successful development in humans and other species with
prolonged pre- and postnatal development times.

In addition to ChIP-Seq described above, which provides direct
evidence for transcriptional interaction between two genes, there
are also in silico methods (Kim et al., 2009). For example, it is
possible to search conserved functional motifs in related gene sets,
such as genes clustered based on data (e.g., gene expression
changes) obtained under different conditions or from functional
annotation (enriched functional categories can be seen as modules
of coordinately regulated genes). A number of databases and tools,
such as PReMod (http://genomequebec.mcgill.ca/PReMod/), may
be employed to identify regulatory candidates and reconstruct
transcriptional networks. Analyses of regulatory networks can
provide important insights by allowing key regulatory nodes
likely to play a mechanistic role in these processes to be identified.
One previous analysis of cis-regulatory motifs from gene
expression profiles identified an NF-kB motif as strongly
associated with aging gene expression changes (Adler et al.,
2007). Not only can key regulatory nodes (e.g., transcription
factors) be identified but those genes with central positions in
networks – called hubs, which are attractive candidates for
further studies – can be identified, for example using visualization
tools like VisANT (http://visant.bu.edu).

Similar methods to those used to analyze regulatory networks
and identify hubs can be employed by overlaying the experimental
data (e.g., genes differentially expressed in a given condition or
genes that interact with a given protein) into protein–protein
interaction maps, also known as the ‘‘interactome’’. Although still
far from complete, such maps can be obtained from several
websites, like the Human Protein Reference Database (http://
www.hprd.org/) and the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) (http://string.embl.de/). A number of
software platforms, like Cytoscape (http://www.cytoscape.org/),
can be used to visualize and analyze networks constructed based
not only on protein–protein interactions but also gene co-
expression, transcriptional regulation and signaling pathways. In
addition to identifying central hubs, network analyses can be
useful in identifying interactions modified between two or more
experimental conditions.

A number of genes have already been shown to regulate aging
and longevity in model organisms and many others have been
associated with longevity and age-related diseases in model
organisms and humans alike (Finch, 2007). Such genes are
available for search and download in the GenAge database and
Gene Aging Nexus that we developed (de Magalhaes et al., 2009a;
Pan et al., 2007). Databases of genes associated with specific age-
related diseases are also available online, such as the AlzGene
database which focuses on Alzheimer’s disease (http://www.
alzgene.org/). Integrating data from high-throughput studies with
knowledge of genes with known associations with aging, longevity
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and/or age-related diseases can help identify promising candidates
for follow-up and help gather additional insights on the causal
structure of the data.

Overall, the goal of the integrative approaches described above
is to simplify complex datasets into information that is easier to
interpret biologically, for example, by detecting regulatory
modules, common pathways and central hubs. These may in turn
help understand age-related changes in vivo or in vitro, alterations
caused by caloric restriction or mutations that confer life-
extension, the genetics of longevity, age-related diseases and
other processes of interest to biogerontologists.

Finally, we think it is crucial that large-scale data generated
from projects employing NGS platforms, just like for microarrays
and other high-throughput methods, be properly annotated and
made available to the scientific community as it is often be
beneficial to other researchers through re- or meta-analysis. The
NCBI Short Read Archive provides such a system and researchers
are encouraged to submit their data to it.

5. Concluding remarks

In this work, we provided a snapshot of NGS technologies, their
applications and problems, in particular in the context of research
on aging. We are fully aware that, as companies put forward new
advances, the specific features of each of the platforms described
above will be outdated soon and new machines are continually
being developed. Another platform recently released was the
Polonator (http://www.polonator.org/), developed by George
Church’s laboratory at Harvard, which is considerably cheaper
than its competitors, albeit reads are also shorter (13 bp or 26 bp
per run for paired-end sequencing). Moreover, third-generation
sequencing technologies, possibly single-molecule sequencing
such as the HeliScope developed by Helicos Biosciences (http://
www.helicosbio.com/), may provide even greater advances by
making sequencing faster, easier and cheaper in a near future
(Gupta, 2008). Human genome resequencing has already been
demonstrated with Helicos (Pushkarev et al., 2009). As we
approach the $1000 cost of resequencing a human genome set as
target by the NIH in 2004, we are confident that the approaches
made possible by second-generation sequencing will be at the
basis of molecular biology and genetics for years to come as
genomics takes centre stage of biological and medical research.
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