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Article Chronology: DNA sequencing has revolutionized biomedicine, and progress in the field has been unrelenting
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Introduction Maxam and Walter Gilbert (the chemical method [2]), sequencing

has been a solid foundation for research in all branches of biology
Ever since DNA sequencing was invented in the mid-seventies by and medicine. In recent years, so-called ‘next-generation’ sequen-
Fredrick Sanger (the chain-terminating method [1]) and by Allan cing instruments have been developed, which are in general based
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on a clonal amplification method to directly generate clusters
of DNA templates at high densities on a glass slide. Templates
are then sequenced by a stepwise incorporation of nucleotides
(Ilumina Genome Analyzer, 454 Genome Sequencer) or short
oligonucleotides (Applied Biosystems SOLiD). Through impressive
incremental improvements the throghput of these instruments
has increased to currently about 200 gigabases per week per
instrument (Illumina HiSeq 2000), while costs have dropped to
where a human genome can be sequenced at 30-fold coverage for
less than $10,000. These developments have recently been the
subject of several excellent reviews [3-5].

However, while the actual sequencing has been streamlined
and automated, the upstream sample preparation procedure
remains an area of active and fertile research. For every application
of DNA sequencing, such as metagenomics, transcriptome se-
quencing (RNA-Seq), genome sequencing or resequencing, chro-
matin immunoprecipitation sequencing (ChIP-Seq) and so on,
there is the need for a specific protocol to convert the source
material into a standard DNA library suitable for loading onto the
sequencing instrument.

Here [ will review recent developments in sample preparation
with a view to providing some useful advice to the researcher who
wishes to convert any kind of raw nucleic acid into a sequencing-
ready library. The focus will be on sample preparation for the
commercial platforms already on the market, in particular for
the 454 Genome Sequencer FLX (henceforth termed the ‘FLX’), the
[llumina Genome Analyzer IIx (‘GA’, used loosely to include the
recent HiSeq 2000) and the Applied Biosystems SOLiD 3 Plus
(‘SOLiD’), although many general principles will apply also to
emerging and future systems. Enrichment methods, used to selec-
tively enrich desired target regions in a genome, have been
reviewed elsewhere [3,6] and will not be covered here. Finally,
I will briefly review the way these general principles apply to
one specific objective, sequencing RNA. In the accompanying
Supplementary Methods, a detailed best-practices protocol is
provided, as currently implemented in our lab.

Requirements for a sequencing-ready library

For each of the current platforms, the input is a double-stranded
DNA library consisting of short fragments flanked by adapters of
known (and platform-specific) sequence. Given the great differ-
ences between the GA, FLX and SOLID platforms in both how they
generate clonally amplified templates on the flowcell surface, and
how these clones are interrogated to reveal their sequence, the
input sample requirements are remarkably similar (Table 1). The
principal difference is that FLX and SOLiD clonally amplify the
templates by emulsion PCR [7], whereas the GA uses surface PCR,
also known as bridge amplification [8]. The SOLID system uses an
emulsion with smaller droplets compared with FLX, and works
best with shorter fragments. In contrast, the GA accepts a greater

Table 1

GA FLX SOLiD
Concentration (nM) 2-10 1 1
Volume (uL) 2 1.2 5-10
Fragment length (bp) 100-600 200-600 150-200

range of fragment lengths, but the yield drops as fragments get
longer because longer fragments result in larger surface clusters
that must be spaced less densely.

It's instructive to consider how much sequence information is
contained in a typical sequencing library. As an example, 2 pL of 2
nM double-stranded DNA with an insert length of 300 bp contains
2.4 billion molecules weighing less than one nanogram. The 720
gigabases of sequence contained in these molecules are equivalent
to about one hundred human diploid genomes. This is more
than enough complexity for current instruments, but not by a
great margin; the most recent GA instruments can generate 200
gigabases per run.

Thus we can see that the minimum unamplified starting
material must be about one nanogram. For genome sequencing, at
least a hundred diploid cells would be required if there were no
losses in sample preparation. However, if parts of the genome are
targeted using enrichment methods, then proportionately larger
amounts of starting material will be required. Similarly, since
mRNA comprises only about 300,000 molecules per mammalian
cell, each about 2 kb long, more than a thousand cells would be
required even if mRNA could be converted to a sequence-ready
library without losses.

At present, therefore, all sample preparation protocols for next-
generation sequencing require either a large amount of starting
material (which blurs distinctions between individual cells), or
some form of amplification (which introduces inevitable bias), or
both. Recent developments in sample preparation have sought to
reduce the impact of both of these requirements.

General sample preparation procedures

In the general case, common to almost all sample preparation
protocols for next-generation sequencing, the starting material is
double-stranded DNA in the form of e.g. isolated genomic DNA,
reverse-transcribed cDNA, or immunoprecipitated chromatin. To
convert this into a sequenceable library, the source DNA must be
fragmented, polished, size selected, adapter ligated, purified and
quantified.

In most cases there will be no need for specialized equipment.
However, great care should be taken to avoid cross-contamination,
as this will be very difficult to detect. In addition, whenever
working with low concentration of nucleic acid, it is necessary to
use low-adsorbing plasticware. We and others [9] have found that
standard polypropylene microfuge tubes can adsorb as much as
100 ng DNA, which can lead to complete loss of a sample. We
recommend using polyallomer tubes (Beckman Coulter; ‘non-
stick’ tubes from other manufacturers may be equivalent) and to
add some detergent in every reaction step (e.g. 0.02% Tween-20)
to reduce adsorption to tube walls.

Fragmentation

Fragmentation is typically achieved by mechanical force. The
official protocols provided by the manufacturers call for fragmen-
tation by nebulization using a disposable nabulizer driven by
pressurized air (GA, FLX), or by the Covaris AFA ultrasound device
(SOLIiD). Other shearing instruments include the Hydroshear
(GeneMachines) and the BioRuptor (Diagenode).
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Enzymatic digestion is an effective alternative. We have
successfully used highly diluted DNasel in the presence of Mn?*,
which helps induce double-strand breaks [10]. Recently, two
commercial enzymatic fragmentation kits were introduced with
performance claimed to be similar to the physical methods.
Fragmentase (New England Biolabs) is based on a V. vulnificus
nuclease that generates random nicks, blended with a modified T7
endonuclease that recognizes the nicks and cleaves the opposite
strand. In our hands, it performs similar to the DNasel/Mn?*
combination (Supplementary Methods). In contrast, Nextera
(Epicentre), is based on random transposon insertion. It has the
distinct advantage of introducing adapter sequences simulta-
neously with fragmentation, so that the library is obtained directly
in finished form. However, insertion bias is a concern that remains
to be addressed.

In any case, while the choice of fragmentation method has not
been considered a major source of bias, it can significantly affect
the recovery of desired fragments and hence the amount of
starting material required. For example, the Covaris instrument
generally produces narrower fragment distributions than nebuli-
zation, leading to more than four-fold better recovery [11]. We
have found DNasel and Fragmentase to be intermediate: the
fragment length distribution is not as narrow as that obtained by
the Covaris, but in contrast to nebulization very little material is
lost in the process.

Finally, the physical methods are necessarily more costly
upfront, may be prone to cross-contamination and may often be
difficult to scale to large numbers of samples. The simplicity of
enzymatic digestion may be attractive to the small lab, or when
preparing large numbers of samples in parallel, but batch-to-batch
reproducibility is a concern.

Adapter ligation

After the fragmented library is repaired (that is, protruding 3’ and
5’ ends are removed or filled in), adapters must be ligated. All
current systems require each fragment to have distinct upstream
and downstream adapters, which we may call A and B. The SOLiD
and FLX systems ligate double-stranded A and B adapters and then
selectively remove A-A and B-B fragments, which leads to a 50%
loss of material. The GA uses a single Y-shaped adapter which
ensures that every fragment gets A-B or B-A adapter sequences.

In all cases, there is a risk that two fragments are accidentally
joined together, forming a chimera which generates misleading
paired-end reads. To avoid this, a double gel selection can be used
[10].If, say, 200 bp fragments are selected before ligation of 100 bp
adapters, then 300 bp fragments can be selected after ligation.
Any chimeras must be about 500 bp and can be easily avoided.
Note that even A-tailed fragments can ligate to form chimeras at
surprisingly high frequencies [11].

Size selection

Size selection is generally performed by agarose gel electropho-
resis. However, the standard protocols for gel extraction include
a heating step that may denature some AT-rich sequences and
render them unligatable. To avoid the resulting GC-bias, it is
advisable to avoid heating. For single selections, we routinely use

2% SizeSelect E-gels (Invitrogen; the Lonza FlashGel system is
similar but is currently only available with 1.2% agarose), where
the band of interest can be simply pipetted out of the gel. In
addition to being quicker to use than standard agarose gels, these
systems avoid ethidium bromide and UV light, and are thus not
mutageneic either to the sample or to the researcher. In contrast,
even a 30 second UV exposure of a standard ethidium bromide gel
reduces cloning efficiency by 80% (Invitrogen SYBR Safe product
documentation). For double selection, a regular agarose gel is
preferrable, as a greater amount of DNA can be recovered and the
size can be chosen more precisely. The excised agarose gel plug
is dissolved by vigorous agitation at room temperature, not by
heating.

Amplification

The single most problematic step of most sample preparation
procedures is the amplification, which results in loss of specific
regions of the template DNA as other regions are more efficiently
amplified [10-12]. The standard FLX sample preparation protocol
is PCR-free, but requires 2-5 pg starting material (i.e. millions of
cells). Both the GA and SOLIiD use PCR, but mainly as a means
to enrich their libraries for properly adaptered fragments. If an
accurate quantification method is used (see below), the amplifi-
cation step can be avoided, at least when starting with several
hundred nanograms of DNA, or micrograms of RNA [13]. For most
applications, the result will be greatly improved coverage and
quantitative accuracy.

However, as noted above, amplification is absolutely necessary
whenever the starting material is less than a hundred (DNA) or a
thousand (RNA) mammalian cells, because current sequencers
require several billion input molecules. Although initial efforts at
single-cell genome [14,15] and transcriptome [16] sequencing are
promising, much work remains to develop scalable and quantita-
tively accurate methods that minimize amplification bias.

The end-game: quality control and quantification

An often overlooked but crucial sample preparation step is the
final quality control and quantification. Given the high cost of
sequencing, it is prudent to subclone and Sanger sequence a small
number of clones to verify the integrity of the library. As a side
effect, this permits a more accurate estimate of the average
fragment length, which is necessary to convert mass concentration
measurements into molar concentrations.

All the sequencing instruments discussed here are highly
sensitive to the molar concentration of the sequencing library. Too
low, and much of the capacity of the instruments is wasted, leading
to higher cost per base sequenced. Too high, and many if not most
detection sites will overlap or will be non-clonal. The optimum
concentration may only be reached with very accurate quantifi-
cation. Since yield drops rapidly when the optimum is exceeded, it
is prudent to err on the low side.

DNA concentration has traditionally been estimated by mea-
suring the absorbance at 260 nm. However, this is not enough to
get an accurate estimate, since contamination by proteins, phenol
and other organic compounds will contribute an unknown fraction
to the absorbance. The practice of using an OD5g/0D>g¢ ratio of
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2.00 as an indication of sample purity is nearly useless, as even
a 25% protein contamination only reduces this ratio to 1.97.
Furthermore, leftover primers, free nucleotides (e.g. from up-
stream enzymatic reactions) and improperly adaptered fragments
are all indistinguishable from the desired, productive fragments.

Instead, an intercalating fluorescent dye such as SYBR or
PicoGreen can be used to measure double-stranded DNA specif-
ically. Inexpensive and convenient benchtop fluorometers are
available together with streamlined kits and protocols (e.g.
Invitrogen's Qubit). This method is very robust to contaminating
proteins, RNA, salts and organic compunds, and is recommended
as a general-purpose initial quantification of sequencing libraries
[11].

Fluorimetry gives the mass concentration (ng/uL), which can
be converted to molar concentration (nM) if the average fragment
length is known. Fragment lengths can be estimated from a
diagnostic agarose gel, using capillary electrophoresis (e.g. Agilent
BioAnalyzer) or from a set of cloned and Sanger-sequenced
fragments. We have found that Qubit quantification together
with Sanger-sequencing gives an adequate estimate of sample
molar concentration for most routine purposes, at least for
libraries prepared using identical procedures.

However, in order to achieve maximum throughput it is
necessary to estimate specifically the fraction of fragments that
are amplifiable in the emulsion or bridge PCR. Only this fraction
will generate visible clusters, and thus only this fraction con-
tributes to template density on the sequencing instrument. A
simple quantitative PCR reaction can be used for this purpose,
with primers identical to those used by the sequencing instrument
[17]. If a sample previously determined to be optimal is used as
reference, the highest yields can be consistently achieved [11].
An even more accurate quantification can be obtained by digital
single-molecule PCR [18], but this requires a specialized instru-
ment (e.g. the Fluidigm BioMark).

Preparing RNA for sequencing

We will now consider how the general principles above have been
applied to the specific case of sequencing RNA. Ultimately, the goal
of RNA sequencing is to determine the complete RNA content of a
sample with full-length coverage and quantitative accuracy. Since
transcription occurs in cells, the single cell is the relevant unit of
analysis, although sometimes it is even desirable to isolate
subcellular compartments such as synapses. A single mammalian
cell may contain about 10 pg of RNA, or about 10 million mol-
ecules, of which 97% represent ribosomal RNA. Most of the time,
we are interested in the non-ribosomal fraction, which includes
mRNA, micro-RNA, tRNA and other non-coding RNAs. Sometimes
it may be desirable to suppress other highly expressed transcripts,
e.g. a- and [3-globin in blood.

A straightforward approach is to isolate the RNA fraction of
interest (or selectively remove the offending fractions), convert
the remainder into double-stranded cDNA, and then use the
general procedure above to generate a sequencing library. This
was the approach taken in some of the initial RNA-Seq experi-
ments [19,20], and is still the commercially supported protocol for
the GA. However, strand information is not preserved, and thus
one cannot accurately quantify the approximately 3000 genes that
overlap on opposite strands in the human genome [21].

Alternatively, adapter sequences can be introduced direction-
ally, using the template-switching activity of reverse transcriptase
[22], by directional linker ligation [23,24], or by selectively
labelling one cDNA strand for destruction or removal [25]. The
latter approach is particularly straightforward: uracil is incopo-
rated during second-strand synthesis and the second strand is
then selectively destroyed by uracil-N-glycosylase just prior to
amplification. Only minimal modifications to the standard pro-
tocols are required and the procedure adds only a 15 minute
incubation step. Nevertheless, the procedure still suffers from
biases introduced by amplification.

A recently described protocol, FRT-Seq [13], uses directional
single-strand linker ligation directly on RNA to generate a library
comprising DNA adaptors flanking RNA inserts. The library is
added directly to a GA flowcell, reverse transcribed on the surface,
and then amplified by bridge PCR. As a result, there is no need
for prior amplification of the sample, and the resulting sequences
maintain strand information. By this simple protocol, the authors
demonstrate impressive accuracy and reproducibility, and FRT-Seq
may well be nearly optimal for routine RNA sequencing. It's major
drawback is the need for several micrograms of input RNA, and the
need to use a modified instrument workflow not supported by the
manufacturer.

An amplification-free direct RNA sequencing protocol [26] has
been described for the Helicos HeliScope single-molecule se-
quencing platform. In the most recent version of the approach,
selective hexamers (devoid of hexamers complementary to rRNA)
were used to prime first-strand cDNA from 250 pg total RNA [27],
corresponding to just 25 mammalian cells.

A number of protocols have been developed for tag-based gene
expression by sequencing, similar to serial analysis of gene expres-
sion (SAGE [28]), and kits are available from the instrument
manufacturers. However, published protocols would not seem to
offer any advantages over full-transcript RNA-Seq.

Finally, it should be noted that all these RNA-Seq protocols
attempt to measure RNA concentrations (copy numbers). In con-
trast, it is often useful to measure instead the rate of transcription,
as this will give a more direct measure of the transcriptional
activity of a locus. This can be achieved by the GRO-Seq method
[29], which uses a nuclear run-on assay with affinity-labeled
nucleotides to isolate RNA only from transcriptionally active genes.

Discussion

We have described the general principles and best practices in
preparing nucleic acid samples for high-throughput sequencing.
The field has matured to the point where sample preparation from
micrograms of genomic DNA is a well-understood process, and a
standard procedure can be described that avoids the major causes
of bias. Supplementary Methods provides our protocol, with
annotations and a detailed description of the procedure and the
materials needed. Libraries prepared in this way will generally be
less expensive and of superior quality to those prepared using kits
and protocols supplied by the manufacturers.

In contrast, sample preparation from RNA remains an area
of active investigation. While RNA-Seq has already surpassed
microarrays as the method of choice for expression analysis, no
published protocol yet combines the desired characteristics of
(i) uniform transcript coverage, (ii) single-cell sensitivity, (iii) lack
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of amplification bias and (iv) a high level of multiplexing. Cur-
rently, the choice is between highly accurate, reproducible and
unamplified methods that require micrograms of RNA (e.g. FRT-
Seq [13]), on the one hand; and less accurate, highly amplified
methods with single-cell sensitivity [16], on the other. In the
future, we expect the gap between these extremes to close, as our
understanding of the manipulation of small amounts of RNA is
improved. To this end, microfluidic sample preparation techniques
[30] and single-molecule sequencing [27,31] show great promise
for the future.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.yexcr.2010.02.036.
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