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IntroDuctIon
Next-generation sequencing (NGS) technologies enable efficient 
high-throughput sequencing of full genomes, or genomic regions 
of interest, for individual samples1–4. However, the interpretation 
of the enormous amount of variation in complete genomes is still 
extremely challenging and not a routine procedure5,6. Therefore, 
researchers often prefer to use targeted genomic enrichment (TGE) 
approaches to reduce complexity by focusing on subparts of the 
genome (e.g., exome)7,8. TGE requires less sequencing and com-
putational capacity compared with whole-genome sequencing, 
which allows it to be cost-effective by the inclusion of more sam-
ples in a single study and often facilitates analysis and biological 
interpretation9. Because of our relatively good understanding of  
protein-coding sequences, exon-centric TGE approaches have already 
succeeded in detecting causal variants of several diseases10–16.

Owing to the rapidly increasing throughput and accuracy of 
NGS technologies, it is now possible to sequence many individ-
ual exomes in a single sequencing run. Ongoing improvements 
to next-generation sequencers are bringing routine sequencing of 
complete genomes within reach. This has initiated a debate over 
whether targeted resequencing is actually cost-effective, as costs for 
enrichment procedures have become substantial compared with the 
sequencing costs themselves. The multiplexing of samples could, 
in principle, meet the increased throughput of sequencers, but the 
available commercial solutions only support the enrichment of 
single samples, followed by the post-enrichment introduction of 
bar codes/indices. Recently, we and others have shown that up to 20 
bar-coded samples can be multiplexed in a single enrichment reac-
tion with no adverse effects on coverage distribution and variant 
calling9,17,18. However, for sequencing of candidate genes in larger 

sample cohorts for research and diagnostics, the multiplexing of 
higher numbers of samples is desired19.

NGS platforms support the indexing of samples with up to 96 
bar codes, and protocols for high-throughput 96-well plate library 
preparation have already been established20. Here we describe a 
protocol for multiplexed TGE for both microarray-based and 
solution-based enrichment platforms based on our previous pub-
lications, which describe methods and applications for efficient 
mutation detection using genomic enrichment9,21 (Fig. 1). The pro-
tocol is compatible with the SOLiD sequencing platform and allows 
simultaneous enrichment of three to five samples for a human 
whole-exome capture (38 or 50 Mb, respectively), 20 samples for a 
medium-sized design (5 Mb) or 96 samples for a 0.4-Mb target in 
a single assay. Our approach enables the routine application of TGE 
in research and diagnostics for substantially lower cost and effort 
compared with traditional nonmultiplexed approaches or whole-
genome sequencing. The protocol is adaptable to other enrichment 
methods and sequencing platforms and offers a broad range of 
applications in human, animal or plant high-throughput variant 
detection and discovery screens. We provide a detailed descrip-
tion of the experimental steps. We also give recommendations for 
the calculation of approximate numbers of samples and sizes of 
target footprints to ensure sufficient coverage for accurate muta-
tion discovery in individual samples when using a single SOLiD 
sequencing slide.

Overview of the procedure
Genomic DNA samples are purified using standard isolation proto-
cols, sheared to short fragments, and end-repaired for subsequent 
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the unprecedented increase in the throughput of Dna sequencing driven by next-generation technologies now allows efficient 
analysis of the complete protein-coding regions of genomes (exomes) for multiple samples in a single sequencing run. However, 
sample preparation and targeted enrichment of multiple samples has become a rate-limiting and costly step in high-throughput 
genetic analysis. Here we present an efficient protocol for parallel library preparation and targeted enrichment of pooled 
multiplexed bar-coded samples. the procedure is compatible with microarray-based and solution-based capture approaches. 
the high flexibility of this method allows multiplexing of 3–5 samples for whole-exome experiments, 20 samples for targeted 
footprints of 5 Mb and 96 samples for targeted footprints of 0.4 Mb. From library preparation to post-enrichment amplification, 
including hybridization time, the protocol takes 5–6 d for array-based enrichment and 3–4 d for solution-based enrichment. our 
method provides a cost-effective approach for a broad range of applications, including targeted resequencing of large sample 
collections (e.g., follow-up genome-wide association studies), and whole-exome or custom mini-genome sequencing projects.  
this protocol gives details for a single-tube procedure, but scaling to a manual or automated 96-well plate format is possible  
and discussed.
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ligation to truncated adaptors. Next, individual bar codes are intro-
duced using a few PCR cycles and specific tailed oligonucleotides. 
Alternatively, bar-coded adaptors can be ligated, thus removing 
the need for post-adaptor ligation PCR. The above-mentioned 
steps can easily be automated on a liquid handling robot. After bar- 
coding, samples are pooled in equimolar ratios and selected  
for the correct fragment sizes. For the enrichment step, the  
protocol provides options for both solution-based Agilent 
SureSelect as well as custom microarray-based capturing21.  
This protocol describes the use of bar code–blocking oligonu-
cleotides designed for all possible bar code decamers, which 
markedly increase the multiplexed enrichment efficiency9.  
Our protocol allows cost-effective, efficient and flexible TGE for 
NGS-based experiments.

Limitations of the method
In contrast with the unbiased and hypothesis-free full genome 
sequencing approach, the sequencing of genomic regions of inter-
est during variant discovery focuses on preselected candidate genes 
and loci. Another limitation of this method is that not all coding 
regions can be captured because of low complexity, the presence 
of pseudogenes, allelic competition or the occurrence of multiple 
variants in close-by sequences. In particular, library molecules with 
indel sizes of >5 bp may have decreased hybridization efficiency 
and may be lost during enrichment because of competition with 
other molecules without indels. Moreover, current enrichment 
techniques cause the accumulation of the coverage depth over the 
center of the probe, whereas a more even distribution is preferred. 
It should be noted, however, that these limitations are common to 
all currently available enrichment strategies.

Experimental design
Planning the experiment. The degree of multiplexing appropriate 
for a given experiment can be calculated by multiplying the number 
of reads that typically map to the genome by the read length and the 
enrichment efficiency that is usually obtained for the design size. 
Microarray-based enrichments with design sizes smaller than 1 Mb 
typically result in enrichment efficiencies of 30–50% (M.H., M.M., 
I.J.N. and E.C., unpublished results), whereas larger design sizes 
(1–6 Mb) result in higher enrichment efficiencies (>60%)9,21. When 
using solution-based human whole-exome capture (37 or 50 Mb), 
the enrichment efficiency typically increases to 65–75% (ref. 22). 
The resulting number (amount of bases mapping to the target) 
should be divided by the size of the target design and also divided 
by the desired average coverage per sample. Average target coverage 
for heterozygous variant detection needs to be higher in enrich-
ment experiments than in whole-genome sequencing, because of 
uneven coverage resulting from differential capture efficiency. The 
resulting number of samples should be used as the upper limit of 
multiplexing for a single enrichment assay in combination with 
a single sequencing run, as shown in Supplementary Figure 1.  
A worked example of this formula can be calculated as follows.  

A typical SOLiD 4 run yields at least 350 million mapped reads of 
50 nt in length, giving a total amount of mapped bases of 17.5 Gbp. 
When the target is the human whole exome (the footprint of the 
enrichment design is 50 Mb), typically 80% of all mapped nucleo-
tides can be assigned to the enrichment region (on target), which 
totals 14 Gbp. When a single sample is applied, this would result in 
an average base coverage of 280×. When a mean coverage of 50× is 
desired, up to five exomes can be multiplexed per enrichment and 
per a single sequencing slide.

Selection of enrichment method. There are various commercial 
solutions for TGE7. The two most commonly used techniques 
are the microarray-based and solution-based methods, which are 
supported mainly by the Roche/NimbleGen EZCap and Agilent 
SureSelect or SurePrint products. In solution, TGE methods work 
on the principle of hybridization of DNA library fragments to 
single-stranded RNA22 or DNA molecules23 in a liquid phase, and 
microarray-based methods enable hybridization to DNA probes 
fixed on a glass surface8,24. In addition to these products, Halo 
Genomics supports enrichment of targeted fragments into cir-
cular DNA molecules and is suited for large sample cohorts for 
enrichment of smaller design sizes25. Although solution-based 
methods are more user-friendly, more scalable, automatable and 
generate less interexperiment variation compared with microar-
ray-based methods, we and others have seen better performance 
using microarray-based enrichment as measured by evenness of 
coverage18. However, microarrays have a maximum target design 
as a result of limitations in the number of probes that can be 
printed. Nevertheless, arrays can be ordered by the piece as custom 
products, making them well suited for flexible research projects, 
whereas in-solution designs typically require a high up-front 
investment for a minimum of approximately ten assays. Here, we 
describe two multiplexed enrichment techniques compatible with 
SOLiD sequencing: microarray-based enrichment using custom-
designed Agilent SurePrint arrays and solution-based Agilent 
SureSelect enrichment21. When we began these experiments, we 
chose Agilent arrays because of their higher design flexibility; 
however, it should be noted that these protocols can, in principle, 
also be used or adapted for other brands of arrays or in-solution 
capture methods.

Genomic DNA (re)purification
(n = 2–96)

Individual library preparation
(n = 2–96)

Bar code introduction
(n = 2–96)

Sample pooling
size selection

(n = 1)

Post-enrichment modification
Next-generation sequencing

(n = 1)

Data mapping
Variant calling

Microarray-based enrichment
(n = 1)

Solution-based experiment
(n = 1)

Multiplexing
this protocol

Multiplexing
other protocols

Figure 1 | Workflow of the protocol for highly multiplexed enrichment.  
The procedure for multiplexed library preparation is compatible with 
microarray-based and solution-based enrichment approaches and applicable 
to any next-generation sequencing platform. Although previous protocols 
supported only multiplexed sequencing runs, this protocol allows 
multiplexing before enrichment.
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Custom probe design for microarray-based enrichments. The 
probes are designed on a repeat-masked target sequence using a 
sliding window approach (typically 2–10 bp), wherein the most 
optimal probe in each window is selected on the basis of melting 
temperature, guanine-cytosine (GC) content and homopolymer 
stretches, as described previously21. The resulting collection of 
probes is blasted to the reference genome to identify possible alter-
native targets. When more than one additional location with >60% 
identity for the complete probe length is detected, the probe is dis-
carded. Typically, ~95% of coding sequence can be covered with a 
tiling of probes. However, this percentage can be substantially lower 
(70–90%) in noncoding sequences as a result of lower GC content 
or simple sequence regions. If the number of features on the array 
allows, we repeat the complete design multiple times with differ-
ent sliding window settings to fill up the array completely, thereby 
allowing better exposure of the targets to multiple slightly differ-
ent probes. Probes are spotted on standard comparative genomic 
hybridization arrays; we have used both the 244-k and 1-M plat-
forms from Agilent. In addition, various companies offer a port-
folio with ready-to-use designs (human whole exome, exome on 
chromosome X, kinome and so on). If these products do not meet 
the researcher’s criteria, custom design can be achieved by using 
manufacturers’ web-based tools or by using custom scripts. We have 
developed Perl-based scripts for making custom microarray-based 
designs9,21, which are available upon request from I.J.N.

Genomic DNA quality and concentration measurement. The 
amount and purity of the genomic DNA is a crucial factor for 
successful library preparation, sequencing, and subsequent data 
analysis and confirmation. NGS labs often have to deal with DNA 
samples from collaborators who use a variety of isolation proc-
esses, resulting in highly variable quality. Often, DNA samples are 
collected from old archives and only limited information is avail-
able about the extraction procedure that was used. Therefore, we 
implement an extra repurification step at the beginning of our 
protocol for samples of unknown origin. We prefer genomic DNA 
purification columns for this step because, in our hands, cleaner 
RNA-free and protein-free genomic DNA is obtained compared 
with phenol-chloroform purification, the reproducibility is 
higher and the procedures can more easily be scaled or automated  
(e.g., in 96-well plate format).

The purity of DNA samples is an important factor, because 
contaminants can inhibit enzymatic reactions and the presence 
of large amounts of RNA can affect DNA shearing. Furthermore, 
the integrity of the DNA is important. Therefore, analyzing the 
genomic DNA on an agarose gel or a Bioanalyzer is recommended; 
in addition, it may sometimes be necessary to measure the same 
sample using DNA, RNA and protein assays. It is important to 
measure the concentration of genomic DNA with a direct double-
stranded DNA-specific binding method, preferably with the Qubit 
quantitation platform from Invitrogen—the dsDNA BR (broad 
range) assay kit or the PicoGreen method (Invitrogen). NanoDrop 
(Thermo Scientific) or other indirect spectrophotometric methods 
should be avoided at any step during the library preparation or 
enrichment procedure, as these methods are nonspecific, sensi-
tive to contamination and in some cases can overestimate the real 
concentration of nucleic acid by up to tenfold.

Highly degraded input DNA from old samples or from formalin-
fixed paraffin-embedded tissue can cause problems during library 

preparation. Although libraries can be readily made from only 200 ng  
of high-quality genomic DNA, in the presence of DNA degrada-
tion, fragments with sizes lower than 100 bp can be lost during the 
cleanup step after shearing and this may result in the loss of up 
to 70% of total genomic DNA. This will decrease the complexity 
of the library and more PCR cycles will be required during the 
procedure, which may in turn result in increased clonality after 
enrichment. However, small amounts of DNA are acceptable in 
highly multiplexed experiments, in which sufficient input DNA 
for the enrichment step can be obtained by pooling many low-
concentration samples.

Adaptors and oligonucleotides used during library 
preparation. We use truncated versions (~20 bp) of SOLiD 
sequencing adaptors for library preparation, adaptor 1 and adap-
tor 2, which allow PCR-based incorporation of bar codes after 
ligation. In the case of adaptor 1, no oligonucleotide blocking is 
necessary during the enrichment procedure because it is only 20 bp 
long. Adaptors are restored to full-length sequences during post- 
enrichment PCR with tailed primers.

After enrichment, single-stranded library fragments contain a 
truncated version of SOLiD adaptor P1 and a full-length bar-coded 
version of SOLiD multiplexed adaptor P2. PCR after enrichment 
results in double-stranded DNA library fragments with the full-
length adaptors required for SOLiD sequencing. We do not recom-
mend using enriched libraries without detectable bands after more 
than 13 PCR cycles. It is possible that including too many PCR 
cycles in the library preparation process may affect the complexity 
of a sample. This means that some alleles may be lost (false nega-
tives) and others overamplified (false-positive homozygous calls). 
Unfortunately, such biases can only be detected after finishing the 
experiments and analyzing the data. However, in the PROCEDURE, 
we do give indications for the number of cycles at which we never 
identified any significant PCR or clonality bias.

Increasing the enrichment efficiency. Enrichment efficiency 
is influenced by two major factors that can cause carryover of 
nontargeted DNA molecules8. The first important factor is the 
carryover of flanking nontargeted intronic regions in exon-centric 
enrichment strategies. This carryover can be prevented by using 
sequencing libraries with shorter insert sizes (80–120 bp), which 
are long enough for efficient hybridization but are too short for 
carryover of larger flanking sequences8,21. Shorter insert sizes also 
result in a better balance between captured Watson and Crick 
strands, which is essential for reliable single-nucleotide poly-
morphism (SNP) calling21.

The second factor affecting enrichment efficiency is the hybridi-
zation of nontargeted DNA molecules to flanking repeat sequences 
or adaptors8. To compete for repeat binding, a 5× weight excess 
of Cot-1 can be used. Repeat-mediated cross-hybridization is also 
reduced in libraries with short insert sizes (80–120 bp), because by 
definition every library molecule can harbor less repeat sequence 
in addition to the targeted sequence. To prevent adaptor-mediated 
cross-hybridization, truncated forms of the adaptors (18–20 bp)  
can be used. Adaptors are elongated to their full length by post-
enrichment PCR amplification using full-length adaptors as prim-
ers. However, this is not compatible with the use of bar-coded 
libraries that have longer universal adaptor sequences.
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Alternatively, oligonucleotide bar code blockers can be added 
in 10× weight excess to the hybridization reaction to compete for 
nonspecific hybridization to bar code sequences9. For bar-coded 
libraries, adaptor–bar code constructs cannot be truncated and 
must be blocked with a mixture of oligonucleotides complemen-
tary to each individual adaptor–bar code construct. For short bar 
codes (up to 10 bp) that are flanked on both sides by a universal 
adaptor (ABI/SOLiD bar-coding strategy), a single pair of oligo-
nucleotides with degenerate bases at the bar code position can be 
used. Normally we obtain an enrichment efficiency of 60–70% for 
singleplex enrichments, but in multiplexed setups, the efficiency 
is decreased to 30–35%. After implementation of a single pair of 
oligonucleotides (bar code blockers), we were able to increase the 
enrichment efficiency back to 60% (ref. 9).

Two enrichment rounds have been shown to increase enrichment 
efficiency, especially for smaller designs26. However, two-round 
enrichment involves more amplification rounds and may increase 
the number of clonal reads, introduce more sequencing errors 
and/or increase the unevenness of sequencing coverage (W.P.K. 
and I.J.N., unpublished results).

Automation of the protocol. The procedure as described here can 
be scaled or automated on liquid-handling robots in a multiwell 
format. The 96-well format DNeasy kits (Qiagen) are available 

for purification of genomic DNA. Shearing can be scaled with the 
Covaris E220 System for a 96-well format, which shears one sample 
at a time, or with the Covaris LE220 System that shears eight sam-
ples simultaneously. We have used both platforms successfully in 
combination with the protocol described here (M.H., W.P.K. and 
E.C., unpublished data). Subsequent library preparation steps can 
be automated and executed on suitable liquid-handling platforms 
with multiple samples being processed simultaneously (up to 96 
in parallel). For all purification steps throughout the protocol, we 
recommend purification by paramagnetic beads rather than the 
column purification used in standard protocols (SOLiD v4 library 
preparation manual). The bead-based method is more user-friendly, 
has a lower risk of cross-contamination between libraries, is easily 
adapted to 96-well plate automation (following the manufacturer’s 
protocols using a 96-well magnet), and offers efficient removal of 
adaptor dimers and heterodimers. All enzymatic reactions, such as 
end-repair and phosphorylation reactions, ligation and PCR, can 
also be set up and performed in a 96-well format. The only limiting 
step is the volume that can be fitted in multiwell plates. However, 
this can be solved by using deep 96-well plates or dividing the reac-
tions over multiple plates. Therefore, each step up to the pooling of 
bar-coded samples is automatable and the laborious steps of size 
selection and enrichment are performed for the bar-coded pool 
alone. Further details for automation are provided in Box 1.

MaterIals
REAGENTS

RNA-free and protein-free genomic DNA sample, 2 µg (or output of  
procedure described in Box 2)
Trizma hydrochloride (Sigma-Aldrich, cat. no. T6666) ! cautIon It is a 
skin, eye and respiratory irritant.
UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977015)
DNeasy blood and tissue kit (Qiagen, cat. no. 69506; containing proteinase 
K, buffer AL, DNeasy mini spin columns, buffer AW1, buffer AW2 and 
buffer AE)
RNase A (Qiagen, cat. no. 19101)
Ethanol (96%, vol/vol; Merck, cat. no. 1009672500) ! cautIon It is a highly 
flammable liquid and vapor.
Quant-iT dsDNA BR assay kit (Invitrogen, cat. no. Q32853)
Quant-iT dsDNA HS assay kit (Invitrogen, cat. no. Q32854)

•

•

•
•

•
•

•
•

Agencourt AMPure XP 450 ml kit (Beckman Coulter Genomics,  
cat. no. A63882)
EB buffer (supplied with Qiagen MinElute PCR rurification kit, cat. no. 28004)
Agilent high-sensitivity DNA kit (Agilent Technologies, cat. no. 5067-4626)
End-It DNA end-repair kit (Epicentre Biotechnologies, cat. no. ER81050; 
containing end-repair enzyme mix, end-repair 10× buffer, dNTP solution 
(2.5 mM each) and ATP (10 mM))
Quick ligation kit (New England BioLabs, cat. no. M2200L; containing 2× 
quick ligation reaction buffer and quick T4 DNA ligase)
Adaptor oligonucleotides 1A, 1B, 2A, 2B, HPLC purified, diluted to 1 mM 
working solution; sequences available in Supplementary Table 1 (Integrated 
DNA Technologies)
Adaptor 1 and adaptor 2 (Integrated DNA Technologies; sequences available 
in Supplementary Table 1. See REAGENT SETUP for adaptor preparation)

•

•
•
•

•

•

•

 Box 1 | AUToMATIoN oF THE PRoCEDURE
an additional list of equipment required for 96-well format library preparation is as follows:
● DNeasy 96 blood and tissue kit (Qiagen, cat. no. 69581)
● Covaris E220 system (Covaris, E-series)
● Multichannel pipette or liquid handling robot
● Deep 96-well plate
● Agencourt SPRI plate Super Magnet Plate (Backman Coulter Genomics, cat. no. A32782)

steps in this protocol that can be scaled or automated in 96-well format:
Steps 3–6: shearing (Covaris E220 or LE220 System)
Steps 7–15, 18, 21, 31, 50, Box 3 (9): purification (deep 96-well plate, Agencourt SPRIPlate Super Magnet Plate, follow the  
manufacturers’ protocol)
Steps 16 and 17: end-repair and phosphorylation (deep 96-well plate)
Steps 19 and 20: ligation (deep 96-well plate)
Steps 21–30, 43–49, Box 3 (1–8): PCR reactions (deep 96-well plate)
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Primer 1, primer 2, primer 3, primer 4, desalted and lyophilized, diluted 
to 50 µM working solution; sequences available in Supplementary Table 1 
(Integrated DNA Technologies)
Platinum PCR SuperMix (Invitrogen, cat. no. 11306-016)
Pfu DNA polymerase (Promega, cat. no. M7741)
FlashGel DNA cassette 2.2%, 16  + 1 well, double tier (Lonza, cat. no. 57032)
FlashGel DNA marker 50 bp–1.5 kb (500 µl; Lonza, cat. no. 57033)
FlashGel loading dye (Lonza, cat. no. 50462)
Agarose MP (Roche, cat. no. 11388991001)
Ethidium bromide (Sigma-Aldrich, cat. no. 46067) ! cautIon It is a  
mutagen and a potential carcinogen.
Tris base (Roche, cat. no. 10708976001)
Boric acid (Merck, cat. no. 1.00165.1000)
EDTA (Sigma-Aldrich, cat. no. 6381-92-6)
Orange G (Sigma-Aldrich, cat. no. 861286-25G)
Glycerol (Sigma-Aldrich, cat. no. G5516)
QIAquick gel extraction kit (Qiagen, cat. no. 28706) ! cautIon Buffer QG 
contains materials that cause damage to the skin; it may be harmful if  
swallowed or inhaled.
Bar code block 1 and bar code block 2, desalted and lyophilized, diluted to 
10 µg µl − 1 working solution (sequences available in Supplementary Table 1)
NimbleGen hybridization kit (NimbleGen, cat. no. 05583683001)
NimbleGen wash buffer kit (NimbleGen, cat. no. 05584507001)
Milli-Q ultrapurified water (Millipore)

Repetitive sequence fraction of DNA (depending on species)
Human Cot-1 DNA (Invitrogen, cat. no. 15279-011)
Mouse Cot-1 DNA (Invitrogen, cat. no. 18440-016)
Rat Hybloc (Applied Genetics Laboratories, cat. no. RHB)
Other species from Applied Genetics Laboratories

EQUIPMENT
Water bath (56 °C): LAUDA Ecoline Star edition E106T (LAUDA,  
cat. no. LCM 0091)
Low binding 1.5-ml centrifuge tubes (Applied Biosystems,  
cat. no. am12450)
Microfuge 18 with F241.5P rotor (24 × 1.5 to 2.0 ml; VWR/Beckman  
Coulter, cat. no. BK367160)
VWR Microcentrifuge mini, (115 V, VWR, cat. no. 37000-700)
Savant SpeedVac DNA 110 concentrator (Savant, cat. no. DNA11-240)
VWR signature digital vortex mixer, (230 V, VWR, cat. no. 12620-854)
Stuart rocker & roller mixer SRT6 (Aldrich, cat. no. Z671711)
Qubit quantification platform (Invitrogen, cat. no. Q32860)

•

•
•
•
•
•
•
•

•
•
•
•
•
•

•

•
•
•

•
•
•
•

•

•

•

•
•
•
•
•

Qubit assay tubes (Invitrogen, cat. no. Q32856)
Covaris S2 system (Covaris, S-series)
DynaMag-2 magnet (Invitrogen, cat. no. 123-21D)
Covaris water conditioning system for the S-series (Covaris, cat. no. 500195)
THQ micro HOLDER (Covaris, cat. no. 500114)
Round-bottomed glass tube, 6 × 16 mm, AFA fiber and (pre-slit) snap-cap 
system (100 µl; Covaris, cat. no. 520045)
Thermomixer R (42 °C; Eppendorf, cat. no. 022670158)
Exchangeable thermoblock for 24 × 1.5 ml (Eppendorf, cat. no. 022670522)
Bioanalyzer 2100 (Agilent)
96-Well GeneAmp PCR system 9700 (Life Technologies, cat. no. N8050200)
FlashGel dock system (Lonza, cat. no. 57025)
Microwave
Safe Imager 2.0 blue-light transilluminator (Invitrogen by Lifetech,  
cat. no. G6600EU)
UV transilluminator ProXima C16 +  Phi (Isogen Life Science,  
cat. no. IM-520-0750) ! cautIon UV radiation can cause damage to  
unprotected eyes and skin.
MAUI Mixer AO, hybridization chamber mixers (Biomicro Systems,  
cat. no. 02-A008-10) in package with plastic bay clamp stickers  crItIcal 
Other mixers may partially overlap with the probe print on the microarray.
Filter tips (100 µl and 200 µl, Greiner Bio-one, cat. no. 772288)  crItIcal 
Other filter tips may not fit with the port on mixer while loading.
NimbleGen array processing accessories (NimbleGen, cat. no. 05223539001; 
containing slide rack, wash tank and slide container)
NimbleGen hybridization system 4 (220V; NimbleGen,  
cat. no. 05223687001)
Compressed air
Desiccator cabinet 5317 (Nalgene, cat. no. 5317-0180)
Hybridization gasket slide kit (100), 1 microarray per slide format  
(Agilent Technologies, cat. no. G2534-60005)
Hybridization chamber kit, SureHyb enabled, stainless  
(Agilent Technologies, cat. no. G2534A)
Surgical blade
Applied Biosystems SOLiD 4 System user’s guides (Applied Biosystems SOLiD 
4 System —Templated Bead Preparation Guide, April 2010; Applied Biosystems 
SOLiD 4 System—Instrument Operation Guide, April 2010; SureSelect Target 
Enrichment System for SOLiD Fragment and Paired-End Sequencing Protocol, 
Version 1.2, September 2010)  crItIcal Unless specifically indicated, 
these user’s guides list all additional equipment and reagents necessary for 
 multiplexed enrichment and sequencing with the SOLiD platform.

•
•
•
•
•
•

•
•
•
•
•
•
•

•

•

•

•

•

•
•
•

•

•
•

 Box 2 | REPURIFICATIoN oF ISoLATED GENoMIC DNA oF UNKNoWN QUALITY  
● tIMInG 45 MIN PER SAMPLE, 30 MIN HANDS-oN 
1. Dissolve genomic DNA in 10 mM Tris buffer working solution to a final volume of 200 µl in a 1.5-ml centrifuge tube. Spin down 
briefly.
2. Add 20 µl of proteinase K stock and 200 µl of buffer AL (without added ethanol) to the genomic DNA sample and immediately mix 
thoroughly by vortexing. Spin down briefly. Incubate at 56 °C for 5 min.
3. Add 4 µl RNase A (100 mg ml − 1) to the genomic DNA sample, mix by vortexing, spin down briefly and then incubate at 56 °C for an 
additional 5 min.
4. Add 200 µl of ethanol (96–100%) to the genomic DNA sample and mix thoroughly by vortexing. Spin down briefly.
5. Pipette the mixture into DNeasy mini spin column placed in a 2-ml collection tube. Centrifuge at ≥6,000g (8,000 r.p.m.) for 1 min. 
Discard the flow-through and collection tube.
6. Place DNeasy mini spin column in a new 2-ml collection tube, add 500 µl of buffer AW1 and centrifuge at ≥6,000g (8,000 r.p.m.) for 
1 min. Discard the flow-through and collection tube.
7. Place DNeasy mini spin column in a new 2-ml collection tube, add 500 µl of buffer AW2 and centrifuge at ≥20,000g (14,000 r.p.m.) 
for 3 min to dry the DNeasy membrane. Discard the flow-through and collection tube.
8. Place DNeasy mini spin column in a new 1.5-ml centrifuge tube and pipette 200 µl of buffer AE onto the DNeasy membrane.  
Incubate at room temperature for 1 min, and then centrifuge for 1 min at ≥6,000g (8,000 r.p.m.) to elute. For maximum DNA yield, 
elute the membrane once more into a new 1.5-ml centrifuge tube with 100 µl of buffer AE. After pooling both eluates, the final volume 
is 300 µl.
 crItIcal step Measure DNA concentration after thawing stored samples and before library preparation.
 pause poInt Store samples at  − 20 °C for up to 1 month.
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REAGENT SETUP
Tris buffer (10 mM, pH 8–9) Prepare a 10 mM Tris buffer working solution 
by 50× dilution of 500 mM Trizma-hydrochloride buffer in nuclease-free 
water. The maximum recommended storage time and temperature is  
3 months at room temperature (18–25 °C).
Ethanol (70%, vol/vol)  Prepare a stock of 70% (vol/vol) ethanol working  
solution by diluting 35 ml of 96% (vol/vol) ethanol in final volume of 50 ml 
of nuclease-free water. This can be stored for up to 1 week at room  
temperature.
TBE buffer (1×) Prepare 10× TBE buffer stock by dissolving 108 g of Tris 
base, 55 g of boric acid and 7.4 g of EDTA in a final volume of 1 liter of  
nuclease-free water. Before use, dilute the 10× TBE buffer stock in nuclease-
free water to obtain a 1× TBE buffer working solution. Store TBE buffer for 
up to 1 month at room temperature.
Agarose gel (2%, wt/vol) Add 2 g agarose to 100 ml of 1× TBE electrophoresis  
buffer in an Erlenmeyer flask. Mix well by shaking. Heat in a microwave oven 
until the agarose is completely melted. Occasionally shake the Erlenmeyer 
flask during heating to allow homogenous melting of agarose powder. Add 
5 µl of ethidium bromide (10 mg ml − 1) to 100 ml of gel for visualization of 
DNA after electrophoresis. After cooling to 50–60 °C, pour the gel into a  
casting tray containing a gel comb and allow it to solidify at room temperature.  
Use a gel comb with left and right border wells for the DNA ladder and tape 

the middle wells to create one big single well with sufficient volume for the 
library pool. Leave at least one empty well between the ladder and the sample 
pool. Use 100-ml gels for smaller volumes and 400-ml gels for pools of up to 
96 samples. Always make a fresh gel before loading samples. Use immediately; 
storage is not recommended.
Orange G loading buffer (10×) Dissolve 100 mg of Orange G in 25 ml of 
nuclease-free water; add 25 ml of 100% glycerol and vortex for 1 min.  
Store for up to 6 months at 4 °C.
Annealing of adaptors 1 and 2  Mix complementary adaptor oligonucleo-
tides (adaptor oligonucleotides 1A and 1B, adaptor oligonucleotides 2A 
and 2B) to get final a concentration of 500 µM each and run them on the 
thermocycler with the following program: 95 °C for 3 min, 80 °C for 3 min, 
70 °C for 3 min, 60 °C for 3 min, 50 °C for 3 min, 40 °C for 3 min and a 4 °C 
hold. Dilute tenfold to obtain a 50 µM working solution. Use 10 mM Tris 
(pH 8) for any dilutions. Store in 50-µl aliquots for up to 1 year at  − 20 °C. 
Avoid repeat freeze-thaw cycles.
EQUIPMENT SETUP
Shearing settings Shear the genomic DNA to 100–150-bp fragments with 
a mean size of 125 bp on the Covaris S2 System using the following settings: 
number of cycles, 3; bath temperature, 4 °C; bath temperature limit, 8 °C; 
mode, frequency sweeping; duty cycle, 20%; intensity, 5; cycles/burst, 200; 
and time per cycle, 1 min 45 s.

proceDure
Measure concentration of genomic Dna before library preparation ● tIMInG 1 h per sample, 15 min hands-on
1| Measure the concentration of a 2-µl DNA sample on the Qubit quantification platform using the dsDNA BR assay kit  
according to the manufacturer’s instructions.
 crItIcal step Make sure to obtain at least 2 µg of RNA-free and protein-free pure DNA. If necessary, perform the  
repurification on the remaining genomic DNA sample to obtain the required amount of pure DNA (Box 2).
 crItIcal step We recommend using a sample of water instead of genomic DNA as a negative control alongside the  
whole library preparation process. This sample only serves as a control for possible contamination of reagents used in library 
preparation process (Steps 2–33) and is not included in the preparation of the library pool, in size selection or in enrichment 
and sequencing procedures.
? trouBlesHootInG

2| If necessary, concentrate the genomic DNA in a SpeedVac at 30–40 °C to 50–100 ng µl − 1.

shear genomic Dna to 100–150 bp fragments with a median size of 125 bp ● tIMInG 15 min per sample, 10 min 
hands-on
3| Dilute 2 µg of purified genomic DNA sample in nuclease-free water to 100 µl in a 1.5-ml centrifuge tube.

4| Transfer 100 µl of diluted genomic DNA in an AFA fiber tube (6 × 16 mm). Spin down briefly.

5| Shear genomic DNA using the Covaris S2 System (see EQUIPMENT SETUP). If desired, reserve 1 µl of sheared, unpurified 
DNA sample to check the size distribution of the sheared fragments on the Agilent Bioanalyzer 2100 using the Agilent  
high-sensitivity DNA kit at Step 15. The sample should be compared with the unsheared sample (from Step 3) and the  
sample after purification (from Step 15).
 crItIcal step Check the water level in the tank. Shearing with the water level lower than required can negatively affect 
the resulting fragment size.

6| Transfer the DNA sample to a new 1.5-ml centrifuge tube.

purify the sample with the agencourt aMpure Xp system ● tIMInG 30 min per sample, 15 min hands-on
7| Add 2 volumes of the Agencourt AMPure XP reagent to the sample. Mix by vortexing and incubate for 10 min at room 
temperature on a rocker or shaker with gentle agitation (600–650 r.p.m.).

8| Spin down briefly. Place the tube into magnetic rack and wait 2–3 min until the supernatant becomes clear. Discard the 
supernatant. Spin down briefly once more and discard the remaining supernatant.
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9| Add 500 µl of freshly prepared 70% (vol/vol) ethanol to the bead suspension. Spin it down briefly. Place the tube into 
magnetic rack. Wash the beads in ethanol by turning the tube 180° horizontally in the rack and waiting until the beads 
move back to the magnet. Repeat the horizontal turning of tube twice.
 crItIcal step For optimal results on Agencourt AMPure XP system, prepare fresh 70% (vol/vol) ethanol solution weekly.

10| Discard the supernatant. Spin the tube down briefly and put it back into magnetic rack to discard the remaining  
supernatant.

11| Add another 500 µl of freshly prepared 70% (vol/vol) ethanol to the bead suspension. Spin down briefly. Place each 
tube into magnetic rack. Wash the beads in ethanol by turning the tube 180° horizontally in the rack and waiting until the 
beads move back to the magnet. Repeat the horizontal turning of tube twice.

12| Discard the supernatant. Spin the tube down briefly and put it back into magnetic rack to discard the remaining  
supernatant.
 crItIcal step Make sure all ethanol has been removed, as residual ethanol may negatively affect elution efficiency  
and/or subsequent reactions.

13| Air-dry the pellet in a heat block at 42 °C for 5–7 min.
 crItIcal step Take care not to overdry the beads (beads appear cracked), as this may decrease elution efficiency.  
Make sure all ethanol has evaporated.

14| Elute DNA from the beads by resuspending the pellet in 40 µl of EB buffer and vortexing. Incubate the beads for  
2–3 min at room temperature. Spin down briefly.

15| Place the tube into magnetic rack and collect the supernatant in a new 1.5-ml centrifuge tube. Discard the old tube  
containing the beads. If necessary, place the new tube with the eluate back into the magnetic rack and collect the  
supernatant in a new clean 1.5-ml centrifuge tube. At this point, 2 µl of DNA sample can be reserved for concentration 
measurements using the Qubit quantification platform and the dsDNA HS assay kit according to the manufacturer’s  
instructions. A 1-µl DNA sample can be reserved to check the size distribution of the library fragments on the Agilent  
Bioanalyzer 2100 using the Agilent high-sensitivity DNA kit.
 pause poInt If necessary, sample can be stored at  − 20 °C for up to 1 month.

end-repair and phosphorylate the 5′ ends of the Dna fragments ● tIMInG 100 min per sample, 30 min hands-on
16| Prepare the following master mix in a tube of suitable volume. Mix carefully by pipetting up and down or by flicking the 
tube; spin down.

component amount per sample (ml) Final

End-repair buffer (10×) 7.5 1×

dNTP solution (2.5 mM each) 7.5 250 µM

ATP (10 mM) 7.5 1 mM

End-repair enzyme mix 1.0 1.0 µl

Nuclease-free water 11.5

 crItIcal step All reagents are stored at  − 20 °C. Thaw reagents on ice in advance. Prepare the master mix on ice.

17| Add 35 µl of master mix to the fragmented DNA sample in a total reaction volume of 75 µl. Mix and spin down. Incubate 
for 1 h at room temperature.

18| Purify the sample as described in Steps 7–15, including the concentration and size distribution checks.
 pause poInt Store samples at  − 20 °C for up to 1 month.
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ligate adaptors 1 and 2 to end-repaired and 5′ end–phosphorylated library fragments ● tIMInG 75 min per sample, 
30 min hands-on
19| Prepare the following master mix in a tube of suitable volume. Mix carefully by pipetting up and down or by flicking the 
tube; spin down.

component amount per sample (ml) Final

Adaptor 1 (50 µM) 4 2 µM

Adaptor 2 (50 µM) 4 2 µM

Quick ligation buffer (2×) 50 1×

Quick ligase 2 2 µl

 crItIcal step All reagents are stored at  − 20 °C. Thaw reagents on ice in advance. Do not heat during thawing,  
as heating can cause denaturation of double-stranded adaptors. Prepare the master mix on ice.

20| Add 60 µl of master mix to each fragmented DNA sample in a total reaction volume of 100 µl. Mix and spin down.  
Incubate for 30 min at room temperature.

21| Purify the sample as described in Steps 7–15, including the concentration and size distribution checks.
 pause poInt Store sample at  − 20 °C for up to 1 month.

nick-translate the nonphosphorylated and nonligated 3′ ends and add bar codes to each library by pcr  
● tIMInG 90 min per sample, 30 min hands-on 
22| Prepare the following master mix in a tube of suitable volume. Mix carefully by pipetting up and down or by flicking the 
tube; spin down.

component amount per sample (ml) Final

Primer 1 (50 µM) 3 0.33 µM

Primer 2 (50 µM) 3 0.33 µM

Platinum PCR SuperMix 400

Pfu DNA polymerase 1 1 µl

 crItIcal step All reagents are stored at  − 20 °C. Thaw reagents on ice in advance. Prepare the master mix on ice.

23| Add 407 µl of master mix to 40 µl of sample. Mix and spin down. Divide 55 µl of the resulting mixture into each tube in 
a PCR strip (eight tubes in total). Keep on ice.

24| Amplify using the following PCR conditions.

cycle number nick translate Denature anneal extend on hold

1 72 °C, 20 min

2 95 °C, 5 min

3–7 (5 cycles) 95 °C, 15 s 54 °C, 15 s 70 °C, 1 min

8 70 °C, 4 min

9 4 °C

25| Add 1 µl of Lonza loading dye to a 4-µl aliquot of each PCR product and transfer into one well of the FlashGel DNA  
cassette 2.2%. Add 2 µl of Lonza marker to the right and left border wells. It is not necessary to leave one well between the 
marker and library.

26| Run the FlashGel at 285 V for 3 min.
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27| Check the FlashGel under the Safe Imager. If a smear around 175–225 bp is visible, continue directly with Step 30.  
Otherwise, continue with Step 28.

28| Put the sample back into the thermocycler and run the following program:

cycle number Denature anneal extend on hold

1–3 (3 cycles) 95 °C, 15 s 54 °C, 15 s 70 °C, 1 min

4 70 °C, 4 min

5 4 °C

29| Repeat Steps 25–27. If you see a smear around 175–225 bp, continue directly with Step 30.
? trouBlesHootInG

30| Pool all eight PCR aliquots together in a new 1.5-ml centrifuge tube.

31| Purify the samples as described in Steps 7–15.
 pause poInt Samples can be stored at  − 20 °C for up to 1 month.

Measure the concentration of amplified libraries ● tIMInG 45 min per sample, 15 min hands-on
32| Use 2 µl of each sample for concentration measurement using the Qubit quantification platform and the dsDNA HS assay 
kit according to the manufacturer’s instructions. As accurate quantification is very important at this step to allow for  
subsequent equimolar pooling, each concentration measurement can optionally be done in duplicate.

33| For best results at this point, use 1 µl of each DNA sample to check the library size on the Bioanalyzer 2100 using the 
Agilent high-sensitivity DNA kit.
 crItIcal step Make sure that the library size is similar for all libraries in a pool.
? trouBlesHootInG

pool bar-coded samples ● tIMInG 30 min per sample, 15 min hands-on
34| Calculate the amount of DNA per sample needed for pooling. This step can be performed using option A or option B, 
depending on the type of enrichment used.
 crItIcal step The total amount of DNA required is 2 µg for microarray-based enrichment and 500 ng for solution-based 
enrichment. As a size-selection step involving DNA loss is required before the enrichment step itself, increase the amount of 
DNA before pooling.
? trouBlesHootInG
(a) Microarray-based enrichment
 (i)  Divide 3× the total amount of DNA required per enrichment (2 µg) by the number of samples (e.g., if 2 µg are required 

prior to enrichment for a pool of 96 samples, use the equation (3 × 2,000 ng) / 96  =  62.5 ng per library).
(B) solution-based enrichment
 (i)  Divide 3× the total amount of DNA required per enrichment (500 ng) by the number of samples (e.g., if 500 ng is 

required before enrichment for a pool of five samples, use the equation (3 × 500 ng) / 5  =  300 ng per library).

35| Pool all samples together into a new 1.5-ml centrifuge tube by pipetting the amount of DNA per library according to 
results of the calculations in Step 34.
 crItIcal step Carefully check that all liquid has been expelled from the pipette tip. Double-check the expected total volume.
 pause poInt If required, the samples can be stored at  − 20 °C for up to 1 month.

size-select the pool of bar-coded libraries ● tIMInG 60 min per pool, 30 min hands-on
36| Prepare a 2% (wt/vol) agarose gel using 1× TBE buffer. Agarose gels may be prepared earlier the same day to save time.
 crItIcal step If the volume of the pool is too large, SpeedVac it at 30–40 °C to obtain a more suitable volume.

37| Add a one-tenth volume of 10× Orange G loading buffer to the sample pool and mix well by pipetting. Load 20 µl of 
FlashGel DNA marker 50–1.5 kb to right and left border wells. Load the entire volume of pooled samples with loading dye 
into the large middle well, leaving at least one empty well between the ladder and the sample.
 crItIcal step It is important to leave a well between the ladder and the sample to prevent cross-contamination.
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38| Run the gel at 90–100 V for 30–40 min (or until the Orange G is ~5 cm away from the starting point). View the gel on a 
Safe Imager or UV transilluminator.

39| Excise a gel slice at the desired size for enrichment. This step can be performed using option A (microarray-based  
enrichment) or option B (solution-based enrichment).
(a) Microarray-based enrichment
 (i)  By using a clean scalpel, excise a gel slice between 150–225 bp and transfer it to a 15- or 50-ml tube, depending on 

the size of the gel slice.
(B) solution-based enrichment
 (i)  By using a clean scalpel, excise a gel slice between 175 and 250 bp and transfer it to a 15- or 50-ml tube, depending 

on the size of the gel slice. 
 crItIcal step Directly proceed to gel purification. Store the gel slice at 4 °C overnight in QG buffer only if  
necessary (QIAquick gel extraction kit).

purify the gel slice after size selection ● tIMInG 45 min per sample, 30 min hands-on
40| Use the QIAquick gel extraction kit to purify the DNA from the agarose slice, following the manufacturer’s instructions 
(QIAquick Spin Handbook, March 2008) with the following crucial exception: incubate the slice at room temperature until it 
has completely dissolved instead of incubating it at 50 °C for 10 min. Heating can impair column purification, because short 
DNA library molecules will become partially single stranded. Before incubation, cut the gel slice into smaller pieces. To help 
dissolve the gel, mix on a rocker or shaker with little agitation (600–650 r.p.m.) at room temperature.
 crItIcal step Up to 400 mg of agarose can be processed per spin column with a maximum volume of 700 µl per spin 
cycle. As the gel slice from a pooled sample size selection is large, spin down the entire gel slice solution using several spin 
cycles on several columns, considering the agarose gel weight and spin column volume limitations.
 pause poInt Samples can be stored at  − 20 °C for up to 1 month.

Measure the concentration of size-selected library pool ● tIMInG 15 min per sample, 10 min hands-on
41| Take 2 µl of each DNA sample to determine the concentration with the Qubit quantification platform using the dsDNA HS 
assay kit according to the manufacturer’s instructions. If desired, take 1 µl of each DNA sample to check the size distribution 
of the size-selected fragments on the Bioanalyzer using the Agilent high-sensitivity DNA kit.
 crItIcal step If insufficient DNA was obtained after the size-selection step, perform an extra PCR amplification step as 
described in Box 3.

enrich the multiplexed library pool for regions of interest
42| Perform the enrichment of the multiplexed bar-coded library pool for the regions of interest. This step can be performed 
using option A (microarray-based enrichment) or option B (solution-based enrichment).
 crItIcal step Perform the steps in rapid succession. There should be no pause points during the enrichment procedure.
(a) Microarray-based enrichment ● tIMInG 3 d per sample, 3 h hands-on
 (i)  Set the NimbleGen hybridization system to 42 °C. With the cover closed, allow at least 3 h for the temperature to 

stabilize. Be aware that the temperature of the NimbleGen hybridization system may fluctuate.
 (ii)  Mix the DNA library with 5× weight excess of the repetitive-sequence fraction of the DNA and 2 µl of bar code block 1 

and 2 µl of bar code block 2. 
 crItIcal step Use a repetitive-sequence fraction of DNA suited only for the species of interest (see REAGENTS; 
e.g., for human samples use Human Cot-1 DNA from Invitrogen (concentration 1 µg µl − 1)). For 2 µg of DNA library 
mix, use 10 µl of Human Cot-1 DNA.

 (iii)  SpeedVac at 30–40 °C to pellet the library pool mixed with the repetitive-sequence fraction of DNA.
 (iv) Resuspend the pellet in 12.3 µl of Milli-Q water. Vortex and spin down.
 (v) Set a standard heat block (Thermomixer) to 95 °C.
 (vi)  Prepare the following hybridization master mix in a new 1.5-ml centrifuge tube using the NimbleGen hybridization kit. 

Vortex to mix and spin down.

component amount per array (42.5 ml total)

Hybridization buffer (2×) 29.5 µl

Hybridization component A 11.8 µl

Nuclease-free water 1.2 µl



©
20

11
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

protocol

1880 | VOL.6 NO.12 | 2011 | nature protocols

 (vii) Add 31.7 µl of hybridization master mix to 12.3 µl of DNA library. Vortex well (15 s) and spin down.
 (viii)  Place the 1.5-ml centrifuge tube with the remaining 10.8 µl of hybridization master mix in the NimbleGen  

hybridization system. Do not discard the hybridization master mix at this step. 
 crItIcal step The remaining hybridization master mix, warmed to 42 °C, can be useful later while loading the 
slide (Step 42A(xvi)).

 (ix)  Incubate the tube with the DNA library pool mixed with repetitive-sequence DNA and hybridization master mix at  
95 °C in a heat block for 5 min with the lid closed.

 (x)  Move the tube immediately from the heat block to the NimbleGen hybridization system preheated to 42 °C for at least 
5 min or until ready for loading.

 (xi)  Take the enrichment slide out of the storage box from the desiccator cabinet. Wear gloves and touch only the edges  
to prevent scratching away the probe print. For best results, blow compressed air across the slide to remove any dust 
or debris.

 (xii)  Open a chamber in the NimbleGen hybridization system and place the slide in with the remaining numbered bar code 
sticker on the bottom right side of the slide. Now remove the white sticker (reading ‘Agilent’) from the top of the slide, 
or the AO mixer will not glue to the slide completely.

 (xiii)  Open the AO mixer and remove the thin adhesive gasket from the surface with forceps or a pipette tip. Place the mixer 
precisely on the Agilent slide, starting at 0.5–1 mm from the left side of the slide (already placed in the chamber),  
and with the adhesive part facing the slide. 
 crItIcal step Loading of samples should be performed within 30 min of opening the vacuum-packaged AO mixer.

 Box 3 | oPTIoNAL PCR AMPLIFICATIoN To INCREASE INPUT MATERIAL BEFoRE 
ENRICHMENT ● tIMInG 90 MIN PER SAMPLE, 30 MIN HANDS-oN 
 crItIcal step Perform an additional PCR amplification only if the amount of size-selected library pool is lower than that required 
for enrichment (2 mg for microarray, 500 ng for SureSelect in-solution enrichment).
1. Concentrate repurified genomic DNA in a SpeedVac at 30–40 °C to a final volume of ≤50 µl.
2. Prepare the following master mix in a tube with suitable volume. Mix carefully by pipetting up and down or flicking the tube,  
and spin down.
component amount per sample (µl) Final

Primer 1 (50 µM) 1.5 µl 0.33 µM
Primer 3 (50 µM) 1.5 µl 0.33 µM
Platinum PCR SuperMix 200 µl
PfuTurbo DNA Polymerase 0.5 µl 0.5 µl
 crItIcal step All reagents are stored at  − 20 °C. Thaw reagents on ice in advance. Prepare the master mix on ice.
3. Add 203.5 µl of master mix to each sample. Mix and spin down. Divide 50 µl of each mix into each of four tubes in a PCR strip.  
Keep on ice.
4. Amplify using the following PCR conditions:

cycle number Denature anneal extend on hold
1 95 °C, 5 min
2–6 (5 cycles) 95 °C, 15 s 54 °C, 15 s 70 °C, 1 min
7    70 °C, 4 min
8    4 °C
5. Add 1 µl of Lonza loading dye to a 4-µl aliquot of each PCR reaction and transfer into one well of a FlashGel DNA Cassette 2.2%. 
Add 2 µl of Lonza marker to the right and left border wells. It is not necessary to leave one well between the marker and library.
6. Run the FlashGel at 285 V for 3 min.
7. Check the FlashGel under the Safe Imager. If a smear corresponding to the size of the selected library band is visible, continue 
directly with Step 8.
8. Pool all PCR aliquots together into a new 1.5-ml tube.
9. Follow the sample purification described in Steps 7–15 of the PROCEDURE.
 pause poInt Store samples at  − 20 °C for up to 1 month.
10. Use 2 µl of each DNA sample to measure the concentration using the Qubit quantification platform and the dsDNA HS assay kit, 
following the manufacturer’s instructions.
If desired, use 1 µl of each DNA sample to check the size distribution of the library fragments on a bioanalyzer using the Agilent  
high-sensitivity DNA kit.
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(xiv)  Take the slide sticking to the AO mixer out of the chamber and tightly glue the edges by applying moderate pressure 
with a piece of plastic. Place the slide with the AO mixer back into the chamber. 
 crItIcal step Make sure the edges are glued well enough to prevent evaporation and formation of bubbles during 
loading and hybridization.

 (xv)  Take a pipette with a filter tip (100–200 µl) from Greiner Bio-One set to aspirate 50 µl. Aspirate the sample and  
inspect the pipette tip for air bubbles. Dispense and reload the pipette if bubbles are present.

 (xvi)  Load the sample on the enrichment slide. While loading, keep the pipette tip perpendicular to the slide to avoid  
possible leakage at the fill port. Apply gentle pressure of the tip into the port to ensure a tight seal while loading 
the sample. Wait until the fluid reaches the right end of the slide. 
 crItIcal step The volume of AO mixers is approximately 44 ± 4 µl (every mixer is different), so be prepared to 
quickly add some additional hybridization solution of the remaining master mix from Step 42A(viii) to ensure the 
whole surface of the slide is covered, as dry parts and larger air bubbles will impair mixing and hybridization  
efficiency. Be careful not to introduce air bubbles during this process, although a single small air bubble should not 
impair the quality of enrichment because the mixer is moving the fluids during the hybridization.

 (xvii)  Gently dry any overflow from the fill port with tissue and close both holes on the mixer with two plastic bay clamp 
stickers. Place them over the holes without pressing, and then press both simultaneously with your fingers to close well.

 (xviii)  Close the lid and turn on the mixing panel on the hybridization system; press the mix button to start mixing. Ensure 
that the mix mode is set to ‘B’ and that the system recognizes each slide, as indicated by the green light. Hybridize 
the samples for 64–72 h.

 (xix)  After 64–72 h, prepare NimbleGen washing buffers in four wash tanks with suitable volume, according to the  
following scheme.

Wash tank Wash buffer
nuclease-free water 

(ml)
Buffer stock  
(10×, ml)

total washing  
volume (1×, ml)

Washing  
temperature

First Wash buffer 1 180 20 200 42 °C

Second Wash buffer 1 270 30 300 Room temperature

Third Wash buffer 2 270 30 300 Room temperature

Fourth Wash buffer 3 270 30 300 Room temperature

 (xx) Preheat 200 µl of 1× wash buffer 1 to 42 °C for use in Step 42A(xxii).
 (xxi)  Double-glove both hands. Double-gloving makes it easy to remove the outer gloves between removing the mixer  

and washing.
 (xxii)  Take the enrichment slide from the chamber of the NimbleGen hybridization system and place it directly into the 

wash tank with wash buffer 1 heated to 42 °C. Gently but firmly remove the AO mixer from the enrichment slide 
inside the washing solution with your fingers.

 (xxiii)  Move the slide immediately from the first tank into the slide rack in the second tank (wash buffer 1 at room  
temperature) without touching the slide holder, remove your outer gloves, and then actively wash the slide for 2 min 
(washing solution should become foamy).

 (xxiv)  Move the slide rack with the enrichment slide from the second tank into the third tank (wash buffer 2 at room  
temperature) and actively wash the slide for 1 min.

 (xxv)  Replace your gloves with a new pair. Move the slide rack with the enrichment slide from the third tank into the 
fourth tank (wash buffer 3 at room temperature) and actively wash the slide for 15 s. Slowly remove the array from 
the washing buffer and place it for a few minutes on a dry space with the bar code facing down (probes facing up).

 (xxvi)  Place a gasket slide in the Agilent hybridization chamber device (rubber on the upper side) and pipette 800 µl of 
nuclease-free water onto the gasket slide. Place the enrichment slide carefully on the gasket slide (bar code facing 
up) and lock the Agilent hybridization chamber device.

 (xxvii) Incubate the Agilent hybridization chamber device with the slide for 30 min at 95 °C in a hot-air incubator.
 (xxviii)  Quickly dismantle the Agilent hybridization chamber device to release the enrichment slide and the gasket slide 

and place them on clean aluminum foil with the gasket slide placed at the bottom. Put the edge of a surgical blade 
between the gasket slide and enrichment slide and carefully dislodge them by turning the blade. Quickly pipette the 
fluid into a new 1.5-ml centrifuge tube with a pre-prepared pipette (collect approximately 400–600 µl). 
! cautIon To avoid burns, be careful not to touch the hot metal bracket with bare hands. 
 crItIcal step Be careful not to spill out the elution fluid, as this contains the eluted enriched library fragments.
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 (xxix)  SpeedVac the eluted enriched library pool to 30–40 µl at 30–40 °C. 
 pause poInt Samples can be stored at  − 20 °C for up to 1 month.

(B) solution-based enrichment ● tIMInG 2 d per sample, 3 h hands-on
 (i) Add 0.5 µl of bar code block 1 and 0.5 µl of bar code block 2 to the size-selected library pool.
 (ii) SpeedVac at 30–40 °C to precipitate the library pool and bar code block mix.
 (iii)  Resuspend the pellet in 3.4 µl nuclease-free water. The input DNA can now be used directly for enrichment, according 

to Steps 3–12 of the manufacturer’s protocol for enrichment (SureSelect Target Enrichment System for SOLiD Fragment 
and Paired-End Sequencing Protocol, Version 1.2, September 2010). 
 pause poInt Samples can be stored at  − 20 °C for up to 1 month.

amplify enriched library fragments by pcr ● tIMInG 90 min per sample, 30 min hands-on
43| Prepare the following master mix in a tube of suitable volume. Mix carefully by pipetting up and down or by flicking the 
tube; spin down.

component amount per sample (ml) Final

Primer 3 (50 µM) 1.5 0.33 µM

Primer 4 (50 µM) 1.5 0.33 µM

Platinum PCR SuperMix 200

PfuTurbo DNA polymerase 0.5 0.5 µl

44| Add 203.5 µl of master mix to each sample. Mix and spin down. Divide ~50-µl aliquots into each of four tubes in a PCR 
strip. Prepare on ice.

45| Amplify using the following PCR conditions.

cycle number Denature anneal extend on hold

1 95 °C, 5 min

2–11 (10 cycles) 95 °C, 15 s 54 °C, 15 s 70 °C, 1 min

12 70 °C, 4 min

13 4 °C

 crItIcal step The number of cycles for amplifying the library pool depends on the size of the enrichment design. For 
small designs (up to 0.5 Mb) we recommend using up to 13 cycles, whereas for whole-exome samples (50 Mb), 10 cycles 
should be sufficient.

46| Add 1 µl Lonza loading dye to a 4-µl aliquot of each PCR reaction and transfer to a well of a FlashGel DNA Cassette 2.2%. 
Add 2 µl of Lonza marker in the right and left border wells. It is not necessary to leave one well between the marker and library.

47| Run the FlashGel at 285 V for 3 min.

48| Check the FlashGel under a Safe Imager. If a smear corresponding to the size of selected library band is visible, continue 
directly with Step 49.

49| Pool all PCR samples together into a new 1.5-ml centrifuge tube.

50| Purify the sample as described in Steps 7–15.
 pause poInt If required, samples can be stored at  − 20 °C for up to 1 month.

Measure the concentration of library pool prior to soliD run preparation ● tIMInG 45 min per sample, 15 min hands-on
51| Use 2 µl of each DNA sample to measure the concentration using the Qubit quantification platform and the dsDNA HS 
assay kit according to the manufacturer’s instructions.
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52| Use 1 µl of each DNA sample to check the size distribution of the enriched fragments on a Bioanalyzer using the Agilent 
high-sensitivity DNA kit. The enriched library pool is now ready for SOLiD sequencing.

? trouBlesHootInG
See table 1 for Troubleshooting advice.

● tIMInG
The timing of each step is calculated for a single sample; however, when processing multiple samples, the time per sample 
will decrease as enrichment can be performed on a pool of libraries. It is convenient to simultaneously prepare batches of 
10–20 libraries and pool them when they are all ready.
Microarray-based enrichment (5–6 d)
Steps 1–35, preparation and pooling of libraries: 1–2 d
Steps 35–42A(xvii), size selection of libraries, preparation of enrichment procedure: 1 d
Step 42A(xviii), hybridization: 2 d
Steps 42A(xix)–52, washing and elution, PCR amplification and elongation of adaptors: 1 d
solution-based enrichment (3–4 d)
Steps 1–35, preparation and pooling of libraries: 1–2 d
Steps 35–42B, size selection of libraries, preparation of enrichment procedure and hybridization: 1 d
Steps 42B–52, washing and elution, PCR amplification and elongation of adaptors: 1 d

antIcIpateD results
Here we show the typical results that can be obtained by different multiplex experiment setups. The experimental setups are 
chosen such that the targeting footprint, in combination with the number of samples, matches the capacity of a single SOLiD 
v4 sequencing run (Figs. 2–5). Relevant parameters for judging the success of an experiment include the following.

accuracy of equimolar sample pooling
This can be determined by calculating the distribution of total reads or from reads mapped to the reference genome per bar 
code (Figs. 2a, 3a, 4a and 5a). Typically, most samples are within a twofold range from the median, although individual 
outliers may occur and are most likely to be due to suboptimal source DNA quality.

enrichment efficiency
This is calculated per individual sample by dividing the number of reads that overlapped with the design footprint with the 
total number of mapped reads (Figs. 2b, 3b, 4b and 5b). For designs smaller than 5 Mb, the enrichment efficiency can be 
expected to be between 40% and 60%, whereas for design sizes up to 50 Mb this increases to 65–75%. We have previously 

taBle 1 | Troubleshooting table.

step problem possible reason solution

1 Small amount of RNA-free and 
protein-free genomic DNA

Genomic DNA is of poor 
quality

Repurify original DNA samples (Box 2); consider collecting  
new DNA samples; if both of the above have been excluded as 
possibilities, proceed with library preparation anyway

29 No visible band on FlashGel 
after seven PCR cycles

More PCR cycles necessary; 
possible loss during Steps 
3–27

Perform more PCR cycles, but be aware of increased clonality 
and decreased library complexity; repeat Steps 3–27, including 
all the optional DNA concentration measurements to identify 
the loss of DNA (possibly poor ligation efficiency)

33 Small amount of DNA after 
purification of the PCR product 
despite using optimal number 
of PCR cycles

Possible loss during  
purification steps

Make sure all ethanol evaporated; make sure the ethanol  
solution is freshly prepared

34 Small amount of DNA before 
pooling according to the  
calculations

Number of PCR cycles is 
too low

If fewer than eight PCR cycles were performed, add an  
additional two or three PCR cycles
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shown that the use of bar code–blocking oligonucleotides during multiplexed enrichment significantly increases the  
enrichment efficiency compared with nonblocked experiments9.

coverage per target base position
The portion of the whole design covered by at least 1 read or at least 20 reads provides a good measure for completeness of the 
screen and ability to reliably identify heterozygous variants. Although these statistics do depend on the depth of sequencing, we 
typically aim for 50- to 100-fold average bp coverage per samples. Although under those conditions similar values can be expected 
for the 1× coverage statistics (90–95% for in-solution and >99% for array-based), values for >20× coverage can be more variable 
(Figs. 2c, 3c, 4c and 5c). There are two reasons for this: first, equimolar titration of individual samples within a two to threefold 
range is possible but challenging. Therefore, certain samples could be covered 25×, whereas others are covered 125×, automatical-
ly resulting in less bases that are covered (>20×) in the first case. Second, the enrichment procedures introduce additional biases 
on top of sequence biases because of sequence context–specific effects on capture efficiency. Higher coverage sequencing could 
address this issue and may be required to efficiently identify heterozygous variants throughout the target region.

average target coverage per sample
This is an aggregate of the statistics as indicated above. For a good experiment, these statistics should mirror those de-
scribed above, and typically should show a two to threefold differences between the samples with the lowest and the highest 
average coverage (Figs. 2d, 3d, 4d and 5d).
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Figure 2 | Mapping and enrichment statistics for a multiplexed microarray-based enrichment experiment with 20 rat samples and a design size of 1.4 Mb. 
(a–d) The figure shows an overview of the distribution of mapped reads assigned to bar codes (a), the percentage of enrichment efficiency (b), the design 
coverage by ≥1 read and ≥20 reads (c) and the mean and median of sequencing coverage (d).
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Figure 3 | Mapping and enrichment statistics for a multiplexed microarray-based enrichment experiment with 96 human samples and a design size of 0.4 Mb. 
(a–d) The figure shows an overview of the distribution of mapped reads assigned to bar codes (a), the percentage of enrichment efficiency (b), the design 
coverage by ≥1 read and ≥20 reads (c) and the mean and median of sequencing coverage (d).
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One can also track the performance of individual bar codes in different experiments to detect potential sequence-specific 
effects, but we have never observed a systematic bias related to specific bar codes. We assume that most of the variation in se-
quencing coverage is caused by differences in shearing efficiency and resultant insert size distribution differences and emulsion 
PCR efficiency, as well as by measurement and pipetting errors. Part of this could be addressed by measuring the concentration 
of the specific size range fraction required for size selection rather than the total sample concentration before pooling. This 
could be done using, for example, an Agilent Bioanalyzer or 96-channel Caliper GX instrument. Low-quality genomic DNA from 
paraffin-embedded tissue, ‘old’ samples or degraded DNA may also have a strong negative effect on the distribution of mapped 
reads, enrichment efficiency, target coverage, or mean and median coverage. These mapping and enrichment statistics may 
become extremely uneven between indexed libraries within a pool, with up to tenfold differences between the lower and higher 
value. These effects are most prominent when samples with different origin and quality are mixed in a single multiplexed ex-
periment. Indeed, performance of a library in a pool (percentage of reads) was found to correlate with the origin and quality of 
the starting material. Therefore, we recommend pooling only samples obtained from a common source.

Confirmation of the detected variants is dependent on the SNP detection thresholds used. In the experiments shown here, 
we can typically reconfirm up to 90% of all novel variants and >90% of all known variants (database SNP9; M.H., I.J.N. and 
E.C., unpublished data). As there could theoretically be a competitive advantage in terms of capturing reference alleles over 
nonreference alleles (NRAs), one could check the potential effect of allele frequency in the pool on the observed NRA fre-
quency per individual sample. On the basis of the 96-plex enrichment experiment, we find that heterozygous calls that occur 
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Figure 4 | Mapping and enrichment statistics for a multiplexed solution-based enrichment experiment with 23 human samples and design size of 3 Mb (human 
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at low frequency in the total pool do not show a significant decrease in average NRA percentage (R2  =  0.066) or decrease in 
coverage (R2  <  0.001) compared with heterozygous calls that occur at high frequency (Fig. 6). Similarly, homozygous calls 
that occur at a low frequency in a pool do not show a significant decrease in average NRA percentage (R2  <  0.001), although 
average coverage of low-frequency homozygous calls shows a mild nonsignificant (R2  =  0.353) decreasing trend (Fig. 6). 
However, this effect is too small to affect the ability to reliably call the single-nucleotide variants, indicating that rare vari-
ants in the multiplexed pool can be detected as reliably as more frequent variants.

Figure 6 | Effect of multiplexing  
level of up to 96 bar-coded samples  
on allelic competition. (a,b) The figure  
shows the correlation between the  
frequency of an allele in a pool of 96  
indexed samples (192 alleles) and 
nonreference allele percentage (NRA%)  
of a heterozygous call (a) and frequency  
of an allele in a pool of 96 indexed  
samples (192 alleles) and coverage of a 
homozygous call (b). A heterozygous  
call is defined as a call with 20–75%  
NRA and homozygous call is defined as a  
call with 75–100% NRA. A shift of the peak of heterozygous calls from expected 50% NRA was already observed also in nonmultiplexed 
enrichment experiments, as shown by Mokry et al.21.

Note: Supplementary information is available via the HTML version of this article.
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