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Abstract

Next generation sequencing is an important and efficient tool for the identification of structural
variation, particularly balanced chromosomal rearrangements because such events are not
routinely detected by microarray and localization of altered regions by karyotype is imprecise.
Indeed, the degree of resolution that can be obtained through next generation technologies enables
elucidation of precise breakpoints and has facilitated the discovery of numerous pathogenic loci in
human disease and congenital anomalies. The protocol described here explains one type of large-
insert ‘jumping library’ and the steps required to generate them for multiplexed sequencing using
Illumina sequencing technology. This approach allows for costefficient multiplexing of samples
and derives a very high yield of fragments with large insets, or ‘jumping’ fragments.
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INTRODUCTION

There have been several different approaches described to perform massively parallel
sequencing of large fragments on multiple platforms. These methods have been referred to
under various terms, such as large-insert sequencing, mate-pair sequencing, and jumping
libraries, which all represent similar approaches to sequencing large genomic inserts. In the
protocol described below, we provide one application of these methods, which is an
adaptation of the mate-pair library protocol used with the Applied Biosystems SOLiID
sequencing platform (Applied Biosystems SOLID™ 4 System) but adapted for lllumina
sequencing. We chose this protocol because in our experience it is the most efficient in
terms of lowest cost and highest proportion of large inserts generated, though there is a
tradeoff in terms of the length of the sequence fragments generated. Multiplexing is
accomplished by using individual Y shaped adapters, which contain Illumina compatible
barcoding sequence on one strand. This protocol and several variations of this process have

To whom correspondence should be addressed Michael E. Talkowski, Ph.D., Center for Human Genetic Research, Massachusetts
General Hospital and Harvard Medical School, 185 Cambridge St, Boston, MA 02114, talkowski@chgr.mgh.harvard.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hanscom and Talkowski Page 2

used previously for elucidation of structural variation (Korbel et al., 2007; Talkowski et al.,
2011; Talkowski and Rosenfeld et al., 2012; Chiang et al., 2012).

BASIC PROTOCOL 1

Generation of Libraries with Large Genomic Inserts for 25BP Paired End Illumina Platform

Sequencing

Materials

The purpose of this method is to describe a protocol for creating DNA libraries suitable for
25 cycles of next generation sequencing. The method derives short fragments appropriate for
massively parallel sequencing on an Illumina platform (lllumina Inc) that are separated by
large genomic inserts of a user-selected size. As detailed above, a variation of the jumping
library method was first applied in next-generation sequencing by Snyder and colleagues in
their seminal structural variation sequencing paper using 454 sequencing technology, and
similar methods have been released by Illumina in which circularization is achieved by blunt
end ligation (Korbel et al., 2007; Bentley et al., 2008). Applied Biosystems developed a
derivation of this protocol using an internal adaptor for circularization and restriction
digestion to fragment the circle, followed by sample preparation for ABI SOLIiD sequencing
(web resources) and we have previously described modifications to that protocol for
Illumina sequencing by synthesis technology (Talkowski et al., 2011), which we enumerate
in detail here. In overview, genomic DNA is sheared to a targeted insert size, circularized,
then fragmented with the circularization junctions retained, thereby deriving short genomic
fragments in which the ends are separated by the size of the circle. This method enables
massively parallel sequencing of the ends of the fragments and leveraging the size of the
insert into information about the assembly of the genome. We and others have used these
methods to identify structural variation in the genome, including the complex reorganization
of ‘shattered” chromosomal segments that has been defined as chromothripsis, to delineate
transgenic integration sites, to identify genes disrupted by balanced structural variation that
contribute to human disease (Chen et al., 2010; Kloosterman et al., 2011; Talkowski et al.,
2011; Talkowski and Maussion et al., 2012; Chiang et al., 2012; Hodge et al., 2013). We
have also shown the feasibility of this method to characterize structural variation in prenatal
diagnostic testing (Talkowski and Ordulu et al., 2012).

Reagents Vendor/cat.no.

5-10ug genomic DNA sample
1X TE Buffer

QIAquick PCR Purification Kit
End-It DNA End-Repair Kit
RNase-Free Duplex Buffer
Cap adapter oligo duplex
Quick ligation kit

UltraPure Agarose

Ethidium Bromide

1 kb+ DNA ladder

QIAquick Gel Extraction Kit

sample

12090-015

28104 or 28106

Epicentre, ER81050

IDT

see recipe

NEB, M2200S or M2200L
Life Technologies, 16500-500
Sigma, E1510-10ML

Life Technologies, 10787-018
28704 or 28706
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Quant-iT PicoGreen dsDNA Assay Kit

internal circularization adapter duplex
Plasmid-safe DNASE kit

EcoP15I restriction enzyme

BSA 100X

10mM ATP (contained in NEB EcoP15I package)
NEB Buffer 3 (contained in NEB EcoP15I package)
Sinefungin, 10mM

Klenow DNA polymerase | (Ig) fragment
Nuclease-free water

Sodium Chloride(5M)

Tris-HCL Buffer (1M, pH 7.5)

EDTA (0.5M, pH 8.0)

Dynabeads MyOne Streptavidin C1

NEBNext dA Tailing Module

barcoded Y adapter duplex

Phusion High-Fidelity PCR MM w/HF Buffer
Agilent 1000 kit

Equipment

NanoDrop spectrophotometer

Covaris Focused-ultrasonicator (S-Series or E-Series)
Covaris miniTUBES (blue) for 3kb shearing
Centrifuge

Gel electrophoresis apparatus

Vacuum Manifold (optional)
ThermoCycler

Heat Block or incubator (37C, 65C)
Magnetic Rack

Agilent 2100 Bioanalyzer

Fragmentation of Human Genomic DNA

Page 3

Life Technologies, P7589

see recipe

Epicentre, E3105K

NEB, R0646L

NEB, B9000S

NEB

NEB

Millipore, 567051-2MG
NEB, M0210S

Ambion, AM9930

Boston BioProducts, BM-244
Boston BioProducts, BM-315
Boston BioProducts, BM-150
65001

NEB, E6053L

see recipe

NEB, M0531S

5067-4626

Vendor/cat.no.
ND1000

Covaris

520065

Eppendorf 5804
BIO-RAD

Qiagen

B1O-RAD C1000
eppendorf
Invitrogen CS15000
Agilent 2100 or equivalent QC method

1. Use the Covaris S2 instrument to shear approximately 5-10ug of high quality
human genomic DNA to a target size of 3kb using Covaris’ nominal shear protocol.

2. Follow the manufacturer’s instructions for the Qiagen PCR Purification Kit (or,
where applicable, Qiagen Gel Purification) for each reaction cleanup. The elution
volume for this step is 35ul per 5ug starting material.

It isimportant that the initial DNA sampleis of high-quality and, ideally, at
least Sug in quantity. Poor quality, degraded DNA and/or insufficient starting
material can result in both poor library yield and high duplication rates. The
following steps are optimized for 10ug of starting material. Reaction volumes
should be scaled proportionally for an initial quantity of Sug.

Curr Protoc Hum Genet. Author manuscript; available in PMC 2015 January 23.
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End Repair of Sheared DNA

3

Use the Epicentre’s EndIt End Repair kit (or equivalent blunt ending method
suitable for subsequent ligation) to end repair the sheared DNA fragments. One
reaction volume (50ul) is used per 5ug starting material. Qiagen column
purification, 50ul elution volume.

EcoP15I Cap Adapter Ligation

4

Determine the concentration of sheared, end-repaired DNA using a Nanodrop
instrument (see Appendix 3D). Determine the volume of duplexed 50uM cap
adapter required for an adapter: fragment ratio of 10:1.

Note: Initial preparation of the capping oligos, as well as all other double stranded adapters
used within this protocol, is achieved by resuspending both strands at the desired
concentration in duplexing buffer (IDT RNase-Free Duplex Buffer). Oligos are briefly
denatured by heating to 94C for 2minutes, and then allowed to cool to form double-stranded
adapters. Once prepared, duplexes may be stored at -20C until needed.

5

Gel Size Selection
6

Circularization

Use the NEB Quick Ligation Kit reagents and protocol to ligate the cap
adapters.

Prepare a 0.8-1% agarose (EtBr, 2.5ul per 150ml) gel to use for more specific
size selection.

Add 10ul 6X loading dye to the sample and load the entire product across two
lanes. If 5ug of starting material was used, a proportionate volume can be loaded
into a single lane. Run the gel until a bromophenol dye indicator has migrated
approximately 2-3cm.

Running the gel longer than this may result in the need to use more than
one giaquick column due to agarose mass.

Extract the product within the range of 2.5-6kb on the gel and purify with
Qiagen reagents, 50ul elution volume.

Use NanoDrop or PicoGreen measurements to determine the volume of
duplexed 2uM internal adapter required for an adapter: fragment ratio of 3:1.

Anideal yield at this stageis around 1ug of DNA (per 5ug starting
material), but libraries can successfully be prepared with 0.5ug or less.

If NanoDrop measurements are used, a strong solvent absor ption peak <230nmwill
usually be present. Comparison with PicoGreen measurements at has found that
readings remain adequately reliable for this step. PicoGreen measurement is
recommended if the solvent absor ption maximum occurs at a wavelength greater than
230nm.

Curr Protoc Hum Genet. Author manuscript; available in PMC 2015 January 23.
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The previously ligated cap adapters contain AC overhangs which are
complimentary to the overhangs of the internal adapter. The gel purified product
is circularized upon this adapter, which contains a biotinylated thymine that will
be later used for retention of the circularization junction. lllumina recommends a
dilute DNA concentration (2ng/ul) in order to help reduce the number of
chimeric circularizations. Use NEB quick ligation reagents to set up the
following 500ul reaction per 1ug DNA (scale reaction volumes as needed):

DNA(1ug) 50ul
NEB quick ligase buffer: 250ul
H,0: 187ul
Internal (2uM) 0.76ul
NEB ligase: 12ul

Qiagen column purification, 60ul elution volume.

DNase Treatment
11

EcoP15I Digest
12

Treat the circularized product with DNase using Epicentre’s Plasmid Safe Dnase
reagents to remove non-circularized products. Qiagen column purification, 30ul
elution volume.

Use the following reaction setup to digest overnight (min 12 hour) at 37C:

EcoP15I Digest (100ul reaction)

Circularized DNA 30ul
10X NEB Buffer3 10ul
10X BSA 10ul
10X ATP(25nM) 20ul
H20 23ul
Sinefungin (10mM) Lul

EcoP151(10U/ul) 6ul

Following the 12 hour incubation, add 2uL 25mM ATP (NEB) and 0.5 uL
EcoP151 enzyme and incubate for an additional hour, then incubate at 65C for
20 minutes to heat inactivate enzymes.

End Repair of Digested DNA

13

Add 1.5uL 25mM (each) dNTP mix and 1ul Klenow (large) fragment to the
reaction mixture to end repair the digested DNA. Allow the end repair reaction
to proceed for 40min at room temperature, then heat inactivate again by
incubating at 65C for another 20 minutes. Cool reactions on ice for 5 minutes.

Streptavidin Bead Binding

14

See recipe for preparation of wash and binding buffers. Wash 35ul of MyOne
C1 beads for each library preparation with bead wash buffer. As long as volume

Curr Protoc Hum Genet. Author manuscript; available in PMC 2015 January 23.
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permits, the total required volume of beads can be washed in a single tube. Add
500ul wash buffer to the beads, vortex the tube briefly to homogenize the
mixture, and then quick centrifuge to remove any liquid from the tube cap. Use a
magnetic rack to retain the beads while removing supernatant. Repeat for a total
of three washes.

Resuspend the washed beads in their original volume of 1X binding buffer (1
part binding buffer as per recipe, 1 part nuclease free water).

Add 105ul binding buffer and 35ul washed bead solution to each ~105ul DNA
sample. Bind for approx 30 minutes at room temperature with periodic mixing.

After binding, wash again three times with 500ul wash buffer.

It isimportant to remove as much wash buffer as possible in this and all other final
wash steps, as residual wash solution can interfere with subsequent enzymatic
reactions. It is helpful to quickly spin the tubes after the final wash to draw remaining
liquid to the bottom for easier removal of residual wash solution.

dA Tailing of DNA (on beads)

18

Use NEB dA tailing module to add a single A base to the end repaired DNA,
following the manufacturer’s protocol for 50ul reactions. After the reactions are
complete, wash beads again three times with 500ul wash buffer. A final quick
centrifugation is helpful in removing remnants of wash buffer.

Adapter Ligation (on beads)

19

Use NEB Quick Ligation Kit to ligate custom barcode adapters to the DNA
fragments. Use 0.34uL 15uM duplexed adapter per 1ug circularized DNA (as
measured in step9). After the reaction is complete, wash beads again three times
with 500ul wash buffer, and once with 500ul EB. A final quick centrifugation is
helpful in removing remnants of buffer. Resuspend cleaned reactions in 30ul
EB.

PCR Amplification (on beads)

20

Three PCR reactions are run per library using the setup and protocol indicated in
Support Protocol 1.

Gel Purification of PCR products

21

Use a magnetic stand to separate post-PCR solution from the beads and purify
on one Qiagen PCR purification column, 30ul elution volume. Load the entire
elution volume on a single lane of 2% agarose (EtBr 2.5ul/150ml gel) gel. Some
variation in yield between libraries amplified with the same number of cycles is
normal, but product should be clearly visible as a distinct ~200BP band. Extract
this product using Qiagen gel purification reagents. Elute with 17ul elution
volume and add 1.5ul 1% TWEENZ20.

Curr Protoc Hum Genet. Author manuscript; available in PMC 2015 January 23.
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If peaks lower than ~200BP are present, run the gel longer in order to avoid possible
contamination with dimer during gel extraction.

QC of Final Product

22 Assess gel purified products using QPCR, Agilent Bioanalyzer 2100 or Agilent
TapeStation 2200 methods.

SUPPORT PROTOCOL 1: PCR protocol for library amplification

After barcode adapters are ligated and reactions washed, libraries are amplified by PCR
using a universal forward primer and a reverse primer dependent upon the specific barcode
used. Three PCR reactions are performed per sample in order to reduce random
amplification bias. An initial cleanup prior to final gel purification concentrates the sample
for gel loading and also removes excess primers and dNTPs from solution.

Materials

Barcode-ligated DNA sample (on beads, resuspended in 30ul EB)

Phusion High-Fidelity PCR MM w/HF Buffer (NEB, M0531S)

Univ_PCR forward primer (25uM)

Index compatible PCR reverse primer (25uM)

Nuclease free H20

1. For each library, prepare three 50ul PCR reactions using the reagents and ratios
indicated. PCR reagents for three 50ul reactions:

DNA (on beads) 30ul
Primer 1.0 (25uM) 1ul
Index Primer (25uM) 1ul

2X Phusion mix 75ul

Nuclease free water 43uL

2. Amplify libraries using the indicated PCR protocol.

98C
98C
65C
72C
72C

30 seconds

10 seconds

30 seconds

30 seconds X 8-12 total cycles
5 min, 10C hold

3. Following amplification, use a magnetic rack to remove the supernatant from the
beads. Pool each set of three reactions into a single cleanup.

REAGENTS AND SOLUTIONS
Streptavidin Binding and Wash Buffers (scale volumes as needed):

Tris-HCL 1M PH-7.5

NaCl 5M

60ul
2.4ml

Curr Protoc Hum Genet. Author manuscript; available in PMC 2015 January 23.
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EDTA 0.5M 12ul
for wash buffer: bring volume to 12ml with nuclease free water and add 1ul TWEEN20.
for binding buffer: bring volume to 6ml with nuclease free water.

Buffers can be stored at room temperature for three months.
Adapter Information (5-3):

EcoP15I cap adapter / initial circularization adapter (duplex, 50uM):

Cap_adapter_1: /5Phos/ACAGCAG
Cap_adapter_2: /5Phos/CTGCTGTAC

Circularization Adapter (deplex, 2uM):

Internal _1A: /5Phos/CGT TC/iBiodT/CCG T
Internal_2A: /5Phos/IGGA GAACGG T

Barcoded Adapters (duplex, 15uM) :

UniversalMPX: ACACTCTTTCCCTACACGACGCTCTTCCGATC*T
MPX _index##: /5Phos/GATCGGAAGAGCACACGTCTGAACTCCAGTCAC(+6BPindex)

*Phosphorothioate (S-oligos) are used to help prevent degradation

PCR Primers (25uM):

Univ_PCR: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T
Rev_index#: CAAGCAGAAGACGGCATACGAGAT(+6BPprimerindex**)GTGACTGGAGTTC

**rev primer index is the reverse compliment of the barcode adapter index

Commentary

Background

The purpose of this protocol is to describe the preparation of DNA libraries suitable for 25
cycles of next generation sequencing. This method, which is compatible with the Illumina
platform (lllumina Inc), results in libraries consisting of short DNA fragments that represent
junctions formed from the circularization of larger (~3kb) genomic fragments. The use of
short fragments derived from long genomics inserts allows higher effective genomic
coverage while minimizing the cost of whole-genome sequence coverage, and this cost
savings will scale with future decreases in sequencing costs.

Critical Parameters

It is important to assess both the quantity and quality of the starting material, as these factors
are the two that most significantly influence the quality of finished libraries. Visualizing a
genomic sample (~100-200ng) on a 1% agarose gel to determine DNA quality is
recommended, as degraded DNA will result in both poor library yield and high duplication
rates. Genomic DNA should visualize as a distinct high molecular weight band. There
should be little to no visible smearing present. PicoGreen, or another method more specific

Curr Protoc Hum Genet. Author manuscript; available in PMC 2015 January 23.
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to doublestranded DNA, is recommended for initial quantification because 260nm
absorption is an imprecise method for measuring the concentration of intact, dSDNA. In
addition to initial DNA quantity, other factors that influence the quality of a library are
reaction efficiency, number of PCR cycles, and the final gel purification. Residual wash
buffer, used in steps 14-16, can interfere with the enzymatic reactions associated with these
steps. It is important that residual wash buffer be removed for maximum reaction efficiency.

The number of PCR cycles in the final amplification influences the degree of amplification
bias. Using fewer cycles will result in libraries with less bias, however too few will not
provide DNA in sufficient quantity. DNA yield following the initial gel size selection
provides a good way to initially estimate the number of cycles to use: if concentration at this
stage is roughly 1ug or higher, then 8-10 cycles should provide sufficient amplification.

The final purification steps are also important for removing traces of primer and/or primer
dimer, which can interfere with sequencing, from the final libraries. The final gel should be
run long enough to cleanly isolate the ~200BP band during gel extraction from dimer bands
that (if present) run at ~130BP. The final products should run as a clearly visible, distinct
~200BP bands on an agarose gel and visualize as sharp peaks on Bioanalyzer or TapeStation
traces. Final expected concentration can vary depending on starting quantity, reaction
efficiencies, and PCR cycles used, but is usually between 5-100nM.

Time Considerations

Total protocol time can vary depending upon the number of samples being prepared and
equipment available. For example, shearing time using Covaris 3kb nominal protocol is 10
minutes per sample. The time required for size selection and final gel purification also
varies, since the number of samples that can be run on a single gel is limited. The amount of
time needed to prepare, purify and wash reaction samples will also influence the overall
schedule. The EcoP15I digest is completed overnight, so it is practical to time other
preceding reactions around this step. In general, a small number of samples can be prepared
in two days (day 1: steps 1-12; day 2: steps 13-22), whereas three or more days is a more
realistic schedule for a larger number of samples. Eight samples are a convenient number to
prepare at once, in which case this protocol can usually be completed in three days (day1:
steps 1-12; day 2: steps 13-19; day 3: steps 20-23).

Anticipated Results

This protocol should deliver lllumina adapter ligated, small DNA fragments in which the
ends are separated by the initial user-selected fragment size (~3 kb described here). Paired-
end sequencing should yield predictable ‘jumps’ in the genome following alignment for a
high proportion (>99% in our previous studies) of fragments sequenced, enabling routine
delineation of structural variation or genome assembly.
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INTERNET RESOURCES

http://tools.invitrogen.com/content/sfs/manuals/SOLiD4_Library Preparation_man.pdf
Applied Biosystems SOLID™ 4 System Library Preparation Guide, 2010. Web.
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