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(57) ABSTRACT 

This invention relates to methods of generating single 
stranded DNA libraries for use in ampli?cation and sequenc 
ing reactions. In various aspects, the disclosed methods 
include: fragmenting DNA; polishing the fragments’ ends; 
ligating the fragments to universal adaptors; performing 
strand displacement and extension of the nicked fragments; 
purifying the double-stranded ligation products; capturing 
the double-stranded ligation products onto a solid support; 
and isolating single stranded DNA library fragments, and 
binding these fragments to another solid support. 
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Figure 7 
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Figure 9A 
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METHOD FOR PREPARING SINGLE-STRANDED 
DNA LIBRARIES 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of priority to the 
following applications: U.S. Ser. No. 60/443,471 ?led Jan. 
29, 2003, US. Ser. No. 60/465,071 ?led Apr. 23, 2003; US. 
Ser. No. 60/476,504 ?led Jun. 6, 2003, US. Ser. No. 
60/476,313 ?led Jun. 6, 2003, US. Ser. No. 60/476,592 ?led 
Jun. 6, 2003, US. Ser. No. 60/476,602 ?led Jun. 6, 2003, 
US. Ser. No. 60/476,592 ?led Jun. 6, 2003, and US. Ser. 
No. 60/497,985 ?led Aug. 25, 2003. All patent and patent 
applications in this paragraph are hereby incorporated herein 
by reference in their entirety. 

[0002] This application also incorporates by reference the 
folloWing copending US. patent applications: “Bead Emul 
sion Nucleic Acid Ampli?cation” ?led Jan. 28, 2004, 
“Double Ended Sequencing” ?led Jan. 28, 2004, and “Meth 
ods Of Amplifying And Sequencing Nucleic Acids” ?led 
Jan. 28, 2004. 

FIELD OF THE INVENTION 

[0003] The invention relates to protein chemistry, molecu 
lar biology, and methods of preparing single-stranded librar 
ies for sequence analysis. More speci?cally, this invention 
includes methods of processing DNA for use in ampli?ca 
tion and sequencing reactions. 

BACKGROUND OF THE INVENTION 

[0004] In ampli?cation by polymerase chain reaction 
(PCR), tWo primers are designed to hybridiZe to the template 
DNA at positions complementary to respective primers that 
are separated on the DNA template molecule by some 
number of nucleotides. The base sequence of the template 
DNA betWeen and including the primers is ampli?ed by 
repetitive complementary strand extension reactions 
Whereby the number of copies of the target DNA fragments 
is increased by several orders of magnitude. Ampli?cation is 
exponential as 2“, Where n equals the number of ampli?ca 
tion cycles. FolloWing PCR, the ampli?ed DNA may be 
sequenced through conventional sequencing methods (see, 
US. Pat. No. 6,274,320). 

[0005] Samples comprising large template DNA or Whole 
DNA genomes comprising long nucleotide sequences are 
not conducive to efficient ampli?cation by PCR. These long 
molecules do not naturally possess sequences useful for 
primer hybridiZation. In addition, if primer hybridiZation 
sequences are added to double stranded DNA molecules, it 
is dif?cult to ascertain the directionality of the ampli?ed 
DNA molecules and this frustrates sequencing efforts. 

[0006] Various methods have been designed to overcome 
some of these de?ciencies. For example, US. Pat. No. 
5,508,169 describes that subsets of nucleic acid fragments 
may be indexed (i.e., selected or targeted) based upon the 
information contained in non-identical 5‘-protruding or 
3‘-protruding cohesive ends. This includes fragments having 
3, 4 or 5 base cohesive ends, such as those revealed by 
cleavage of DNA by Type II restriction endonucleases and 
interrupted palindrome recogniZing type II restriction endo 
nucleases. The patent describes nucleic acid molecules simi 
lar to adaptors (called indexing linkers) Which contain 
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protruding single strands complementary to the cohesive 
ends of cleavage sites of restriction endonucleases (rather 
than the recognition sequences). Various functional groups 
or speci?c nucleic acid sequences designed for particular 
applications may be selectively attached to the aforemen 
tioned subsets of fragments. Selective attachment of index 
ing linkers having knoWn base sequences in their cohesive 
ends to a subset of fragments bearing the complementary 
cohesive ends can be used for the detection, identi?cation, 
isolation, ampli?cation, and manipulation of the subset of 
fragments. 
[0007] US. Pat. No. 6,468,748 describes a method of 
sorting genes and/or gene fragments comprising several 
steps. First, ds cDNA molecules are prepared from mRNA 
molecules by reverse transcription, using a poly-T primer 
optionally having a general primer-template sequence 
upstream from the poly-T sequence, yielding ds cDNA 
molecules having the poly-T sequence, optionally having 
the general primer-template sequence. Second, the ds cDNA 
molecules are digested With a restriction enZyme that pro 
duces digested cDNA molecules With cohesive ends having 
overhanging ssDNA sequences of a constant number of 
arbitrary nucleotides. Third, the digested cDNA molecules 
are ligated to a set of dsDNA oligonucleotide adaptors, each 
of Which adaptors has at one of its ends a cohesive-end 
ssDNA adaptor sequence complementary to one of the 
possible overhanging ssDNA sequences of the digested 
cDNA, at the opposite end a speci?c primer-template 
sequence speci?c for the ssDNA adaptor complementary 
sequence, and in betWeen the ends a constant sequence that 
is the same for all of the different adaptors of the set. Fourth, 
the ligated cDNA molecules are ampli?ed by separate 
polymerase chain reactions, utiliZing for each separate poly 
merase chain reaction a primer that anneals to the cDNA 
poly-T sequence optionally having the cDNA general 
primer-template, and a primer from a set of different speci?c 
primers that anneal to the cDNA speci?c primer-template 
sequences. Fifth, the ampli?ed cDNA molecules are sorted 
into nonoverlapping groups by collecting the ampli?cation 
products after each separate polymerase chain reaction, each 
group of ampli?ed cDNA molecules determined by the 
speci?c primer that annealed to the speci?c primer-template 
sequence and primed the polymerase chain reaction. 

[0008] US. Pat. No. 5,863,722 describes a method and 
materials for sorting polynucleotides With oligonucleotide 
tags. The oligonucleotide tags are capable of hybridiZing to 
complementary oligomeric compounds consisting of sub 
units having enhanced binding strength and speci?city as 
compared to natural oligonucleotides. Such complementary 
oligomeric compounds are referred to as “tag comple 
ments.” Subunits of tag complements may consist of mono 
mers of non-natural nucleotide analogs, referred to as “anti 
sense monomers” or they may comprise oligomers having 
lengths in the range of 3 to 6 nucleotides or analogs thereof, 
including antisense monomers, the oligomers being selected 
from a minimally cross-hybridiZing set. In such a set, a 
duplex made up of an oligomer of the set and the comple 
ment of any other oligomer of the set contains at least tWo 
mismatches. In other Words, an oligomer of a minimally 
cross-hybridiZing set at best forms a duplex having at least 
tWo mismatches With the complement of any other oligomer 
of the same set. Tag complements attached to a solid phase 
support are used to sort polynucleotides from a mixture of 
polynucleotides each containing a tag. The surface of each 
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support is derivatiZed by only one type of tag complement 
Which has a particular sequence. Similarly, the polynucle 
otides to be sorted each comprise an oligonucleotide tag in 
the repertoire, such that identical polynucleotides have the 
same tag and different polynucleotides have different tags. 
Thus, When the populations of supports and polynucleotides 
are mixed under conditions Which permit speci?c hybrid 
iZation of the oligonucleotide tags With their respective 
complements, subpopulations of identical polynucleotides 
are sorted onto particular beads or regions. The subpopula 
tions of polynucleotides can then be manipulated on the 
solid phase support by micro-biochemical techniques. 
[0009] US. Pat. No. 5,728,524 describes a process for the 
categorization of nucleic acid sequences in Which these 
sequences are linked to a population of adaptor molecules, 
each exhibiting speci?city for linking to a sequence includ 
ing a predetermined nucleotide base. The resulting linked 
sequences are then categoriZed based upon selection for the 
particular base. 
[0010] HoWever, the art does not describe methods for 
generating libraries of unknoWn fragment sequences addi 
tionally comprising tWo knoWn sequences, each different 
than the other, one being adjoined at each end. Thus, a need 
exists for a method Which overcomes shortcomings of the 
prior art. Accordingly, the present invention is directed to 
describing such methods, materials, and kits as required to 
facilitate manipulation of multiple DNA sequences in a 
sample. 

BRIEF SUMMARY OF THE INVENTION 

[0011] This invention describes a novel method for pre 
paring a library of multiple nucleic acid sequences from a 
sample Where the library is suited to further quantitative and 
comparative analysis, particularly Where the multiple 
nucleic acid sequences are unknoWn and derived from large 
template DNA or Whole (or partial) genome DNA. In certain 
embodiments of the invention, sequences of single stranded 
DNA (ssDNA) are prepared from a sample of large template 
DNA or Whole or partial DNA genomes through fragmen 
tation, polishing, adaptor ligation, nick repair, and isolation 
of ssDNA. 

[0012] Therefore, in one aspect, the present invention 
provides a method for clonally isolating a library comprising 
a plurality of ssDNAs, Wherein each ssDNA comprises a 
?rst single stranded universal adaptor and a second single 
stranded universal adaptor, the method comprising: 

[0013] (a) fragmenting large template DNA mol 
ecules to generate a plurality of fragmented DNA 
molecules; 

[0014] (b) attaching a ?rst or second universal double 
stranded adaptor to a ?rst end of each fragmented 
DNA molecule and a ?rst or second universal adap 
tor to a second end of each fragmented DNA mol 
ecule to form a mixture of adaptor ligated DNA 
molecules; 

[0015] (c) isolating a plurality of single stranded 
DNA molecules each comprising a ?rst single 
stranded universal adaptor and a second single 
stranded universal adaptor; and 

[0016] (d) delivering the single stranded DNA mol 
ecules into reactors such that a plurality of the 
reactors include one DNA molecule, thereby clonally 
isolating the library. 
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[0017] In certain aspects, the single stranded DNA mol 
ecules are delivered into droplets in a Water-in-oil emulsion 
(i.e., microreactors), or onto multiWell surfaces (e.g., Pico 
Titer plates). 

[0018] The single stranded DNA molecules may be deliv 
ered via attachment to a solid support (e.g., beads). 

[0019] In other aspects, the adaptor ligated DNA mol 
ecules comprising a ?rst double stranded universal adaptor 
and second double stranded universal adaptor is attached to 
a solid support via one strand of the double stranded 
universal adaptor (via the ?rst or second universal adaptor). 
The adaptor ligated DNA molecules Which have not attached 
to a solid support are Washed aWay, and one strand of the 
adaptor ligated DNA molecules is released. This generates a 
mixture comprising a plurality of ssDNAs comprising a 
population of single stranded molecules With a ?rst and 
second universal adaptor pair, thereby generating a library. 

[0020] The sequence of the fragmented DNA may be 
knoWn or unknoWn. In a preferred embodiment, the 
sequence of the fragmented DNA, particularly the sequence 
of the ends of the fragmented DNA, is unknoWn. 

[0021] In another aspect, the present invention includes a 
method for generating a ssDNA library linked to solid 
supports comprising: (a) generating a library of ssDNA 
templates; (b) attaching the ssDNA templates to solid sup 
ports; and (c) isolating the solid supports on Which one 
ssDNA template is attached. In still another aspect, the 
present invention includes a library of mobile solid supports 
made by the method disclosed herein. 

BRIEF DESCRIPTION OF THE FIGURES 

[0022] FIG. 1 is a schematic representation of the entire 
process of library preparation including the steps of template 
DNA fragmentation (FIG. 1A), end polishing (FIG. 1B), 
adaptor ligation (FIG. 1C), nick repair, strand extension and 
gel isolation (FIG. 1D). FIG. 1 also depicts a representative 
agarose gel containing a sample preparation of a 180-350 
base pair adenovirus DNA library according to the methods 
of this invention. 

[0023] FIG. 2A is a schematic representation of the uni 
versal adaptor design according one embodiment of the 
present invention. Each universal adaptor is generated from 
tWo complementary ssDNA oligonucleotides that are 
designed to contain a 20 bp nucleotide sequence for PCR 
priming, a 20 bp nucleotide sequence for sequence priming 
and a unique 4 bp discriminating sequence comprised of a 
non-repeating nucleotide sequence (i.e., ACGT, CAGT, 
etc.). 
[0024] FIG. 2B depicts a representative universal adaptor 
sequence pair for use With the invention. Adaptor A sense 
strand: SEQ ID NO:1; Adaptor A antisense strand: SEQ ID 
NO:2; Adaptor B sense strand: SEQ ID NO:3; Adaptor B 
antisense strand: SEQ ID NO:4. 

[0025] FIG. 2C is a schematic representation of universal 
adaptor design for use With the invention. 

[0026] FIG. 3 represents the strand displacement and 
extension of nicked double-stranded DNA fragments 
according to the present invention. FolloWing the ligation of 
universal adaptors generated from synthetic oligonucle 
otides, double-stranded DNA fragments Will be generated 
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that contain tWo nicked regions following T4 DNA ligase 
treatment (FIG. 3A). The addition of a strand displacing 
enZyme (i.e., Bst DNA polymerase I) Will bind nicks (FIG. 
3B), strand displace the nicked strand and complete nucle 
otide extension of the strand (FIG. 3C) to produce non 
nicked double-stranded DNA fragments (FIG. 3D). 

[0027] FIG. 4 represents the isolation of directionally 
ligated single-stranded DNA according to the present inven 
tion using streptavidin-coated magnetic beads. FolloWing 
ligation With universal adaptors A and B (the tWo different 
adaptors are sometimes referred to as a “?rst” and “second” 
universal adaptor), double-stranded DNA Will contain adap 
tors in four possible combinations: AA, BB, AB, and BA. 
When universal adaptor B contains a 5‘-biotin, magnetic 
streptavidin-coated solid supports are used to capture and 
isolate the AB, BA, and BB populations (population AA is 
Washed aWay). The BB population is retained on the beads 
as each end of the double-stranded DNA is attached to a 
bead and is not released. HoWever, upon Washing in the 
presence of a loW salt buffer, only populations AB and BA 
Will release a single-stranded DNA fragment that is comple 
mentary to the bound strand. Single-stranded DNA frag 
ments are isolated from the supernatant and used as template 
for subsequent applications. This method is described beloW 
in more detail. 

[0028] FIG. 5 represents an insert ?anked by PCR primers 
and sequencing primers. 

[0029] FIG. 6 represents truncated product produced by 
PCR primer mismatch at cross-hybridization region (CHR). 

[0030] FIGS. 7A-7D depict the assembly for the nebuliZer 
used for the methods of the invention. Atube cap Was placed 
over the top of the nebuliZer (FIG. 7A) and the cap Was 
secured With a nebuliZer clamp assembly (FIG. 7B). The 
bottom of the nebuliZer Was attached to the nitrogen supply 
(FIG. 7C) and the entire device Was Wrapped in para?lm 
(FIG. 7D). 
[0031] FIG. 8 depicts representative BioAnalyZer output 
from analysis of a single stranded DNA library. 

[0032] FIG. 9A depicts representative results for LabChip 
analysis of a single stranded DNA library folloWing nebu 
liZation and polishing. 

[0033] FIG. 9B depicts representative siZe distribution 
results for an adaptor-ligated single stranded DNA library 
folloWing nebuliZation, polishing, and gel puri?cation. 

[0034] FIG. 10 depicts the calculation for primer candi 
dates based on melting temperature. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0035] This invention relates to the preparation of sample 
DNA for ampli?cation and sequencing reactions. The inven 
tion includes a method for preparing the sample DNA 
comprised of the folloWing steps: (a) fragmenting large 
template DNA or Whole genomic DNA samples to generate 
a plurality of digested DNA fragments; (b) creating com 
patible ends on the plurality of digested DNA samples; (c) 
ligating a set of universal adaptor sequences onto the ends of 
fragmented DNA molecules to make a plurality of adaptor 
ligated DNA molecules, Wherein each universal adaptor 
sequence comprises a PCR primer sequence, a sequencing 
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primer sequence and a discriminating key sequence and 
Wherein one adaptor is attached to biotin; (d) separating and 
isolating the plurality of ligated DNA fragments; (e) remov 

ing any portion of the plurality of ligated DNA fragments; nick repair and strand extension of the plurality of ligated 

DNA fragments; (g) attaching each of the ligated DNA 
fragments to a solid support; and (h) isolating populations 
comprising single-stranded adaptor-ligated DNA fragments 
for Which there is a unique adaptor at each end (i.e., 
providing directionality). 

[0036] Unless otherWise de?ned, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. Methods and materials similar or equiva 
lent to those described herein can be used in the practice of 
the present invention, and exempli?ed suitable methods and 
materials are described beloW. For example, methods may 
be described Which comprise more than tWo steps. In such 
methods, not all steps may be required to achieve a de?ned 
goal and the invention envisions the use of isolated steps to 
achieve these discrete goals. The disclosures of all publica 
tions, patent applications, patents, and other references are 
incorporated in toto herein by reference. In addition, the 
materials, methods, and examples are illustrative only and 
not intended to be limiting. 

[0037] As used herein, the term “universal adaptor” refers 
to tWo complementary and annealed oligonucleotides that 
are designed to contain a nucleotide sequence for PCR 
priming and a nucleotide sequence for sequence priming. 
Optionally, the universal adaptor may further include a 
unique discriminating key sequence comprised of a non 
repeating nucleotide sequence (i.e., ACGT, CAGT, etc.). A 
set of universal adaptors comprises tWo unique and distinct 
double-stranded sequences that can be ligated to the ends of 
double-stranded DNA. Therefore, the same universal adap 
tor or different universal adaptors can be ligated to either end 
of the DNA molecule. When comprised in a larger DNA 
molecule that is single stranded or When present as an 
oligonucleotide, the universal adaptor may be referred to as 
a single stranded universal adaptor. 

[0038] As used herein, the term “discriminating key 
sequence” refers to a sequence including a combination of 
the four deoxyribonucleotides (i.e., A, C, G, T). The same 
discriminating sequence can be used for an entire library of 
DNA fragments. Alternatively, different discriminating key 
sequences can be used to track libraries of DNA fragments 
derived from different organisms. Longer discriminating key 
sequences can be used for a mixture of more than one 
library. 

[0039] As used herein, the term “plurality of molecules” 
refers to DNA isolated from the same source, Whereby 
different organisms may be prepared separately by the same 
method. In one embodiment, the plurality of DNA samples 
is derived from large segments of DNA, e. g., genomic DNA, 
cDNA, viral DNA, plasmid DNA, cosmid DNA, arti?cial 
chromosome DNA (e.g., BACs, YACs, MACs, PACs), syn 
thetic DNA, phagemid DNA, phasemid DNA, or from 
reverse transcripts of viral RNA. This DNA may be derived 
from any source, including any mammal (i.e., human, non 
human primate, rodent, or canine), plant, bird, reptile, ?sh, 
fungus, bacteria, or virus. 
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[0040] As used herein, the term “library” refers to a subset 
of smaller sized DNA species generated from a larger DNA 
template, e.g., a segmented or Whole genome. 

[0041] As used herein, the term “unique”, as in “unique 
PCR priming regions” refers to a sequence that does not 
eXist or eXists at an extremely loW copy level Within the 
DNA molecules to be ampli?ed or sequenced. 

[0042] As used herein, the term “compatible” refers to an 
end of double stranded DNA to Which an adaptor molecule 
may be attached (i.e., blunt end or cohesive end). 

[0043] As used herein, the term “fragmenting” refers to a 
process by Which a larger molecule of DNA is converted into 
smaller pieces of DNA. 

[0044] As used herein, “large template DNA” Would be 
DNA of more than 5 kb, 10 kb, or 25 kb, preferably more 
than 500 kb, more preferably more than 1 MB, and most 
preferably 5 MB or larger. 

[0045] As used herein, the term “stringent hybridiZation 
conditions” refers to those conditions under Which only fully 
complimentary sequences Will hybridiZe to each other. 

[0046] The folloWing discussion summariZes the basic 
steps involved in the methods of the invention. The steps are 
recited in a speci?c order, hoWever, as Would be knoWn by 
one of skill in the art, the order of the steps may be 
manipulated to achieve the same result. Such manipulations 
are contemplated by the inventors. Further, some steps may 
be minimiZed as Would also be knoWn by one of skill in the 
art. 

[0047] Fragmentation 
[0048] In the practice of the methods of the present 
invention, the fragmentation of the DNA sample can be done 
by any means knoWn to those of ordinary skill in the art. 
Preferably, the fragmenting is performed by enZymatic, 
chemical, or mechanical means. The mechanical means may 

include sonication, French press, HPLC, HydroShear (Gen 
eMachines, San Carlos, Calif.), and nebuliZation. The enZy 
matic means may be performed by digestion With DeoXyri 
bonuclease I (DNase I), nonspeci?c nucleases, or single or 
multiple restriction endonucleases. In a preferred embodi 
ment, the fragmentation results in ends for Which the 
sequence adjacent to the end is not knoWn. The sequence 
adjacent to the end may be at least 5 bases, 10 bases, 20 
bases, 30 bases, or 50 bases. 

[0049] EnZymatic Fragmentation 

[0050] In a preferred embodiment, the enZymatic means is 
DNase I. DNase I is a versatile enZyme that nonspeci?cally 
cleaves double-stranded DNA (dsDNA) to release 5‘-phos 
phorylated oligonucleotide products. DNase I has optimal 
activity in buffers containing Mn2+, Mg2+ and Ca2+. The 
purpose of the DNase I digestion step is to fragment a large 
DNA genome into smaller species comprising a library. The 
cleavage characteristics of DNase I Will result in random 
digestion of template DNA (i.e., minimal sequence bias) and 
in the predominance of blunt-ended dsDNA fragments When 
used in the presence of manganese-based buffers (Melgar, E. 
and D. A. GoldthWait. 1968. DeoXyribonucleic acid 
nucleases. II. The effects of metal on the mechanism of 
action of DeoXyribonuclease I. J. Biol. Chem. 243: 4409). 
The range of digestion products generated folloWing DNase 
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I treatment of genomic templates is dependent on three 
factors: i) amount of enZyme used (units); ii) temperature of 
digestion (° C.); and iii) incubation time (minutes). The 
DNase I digestion conditions outlined beloW have been 
optimiZed to yield genomic libraries With a siZe range from 
50-700 base pairs (bp). 

[0051] In a preferred embodiment, DNase I is used to 
digest large template DNA or Whole genome DNA for 1-2 
minutes to generate a population of oligonucleotides that 
range from 50 to 500 bp, or 50 to 700 bp. In another 
preferred embodiment, the DNase I digestion is performed 
at a temperature of 10° C.-37° C. In yet another preferred 
embodiment, the digested DNA fragments are 50 bp to 700 
bp in length. 

[0052] Mechanical Fragmentation 

[0053] Another preferred method for nucleic acid frag 
mentation is mechanical fragmentation. Mechanical frag 
mentation methods include sonication and nebuliZation, and 
use of HydroShear, HPLC, and French Press devices. Soni 
cation may be performed by a tube containing DNA in a 
suitable buffer (i.e., 10 mM Tris, 0.1 mM EDTA) and 
sonicating for a varying number of 10 second bursts using 
maXimum output and continuous poWer Sonicators are com 
mercially available from, e.g., MisoniX Inc. (Farmingdale, 
NY), and can be used essentially as described by Bankier 
and Barrell (Bankier, A. T., Weston, K. M., and Barrell, B. 
G., “Random cloning and sequencing by the M13/dideoXy 
nucleotide chain termination method”, Meth. EnZymol. 155, 
51-93 (1987). For sonication, it is preferred to maintain the 
nucleic acid at a uniform temperature by keeping the sample 
on ice. Constant temperature conditions, at 0° C. for 
eXample, are preferred to maintain an even fragment distri 
bution. The optimal conditions for sonication may be deter 
mined empirically for a given DNA sample before prepara 
tive sonication is performed. For eXample, aliquots of DNA 
can be treated for different times under sonication and the 
siZe and quality of DNA can be analyZed by PAGE. Once 
optimal sonication conditions are determined, the remaining 
DNA can be sonicated according to those pre-determined 
conditions. 

[0054] Another preferred method for nucleic acid frag 
mentation is treatment by nebuliZers (e.g., protocols, and 
hardWare available from GeneMachines, San Carlos, Calif. 
Also see U.S. Pat. Nos. 5,506,100 and 5,610,010). In nebu 
liZation, hydrodynamic shearing forces are used to fragment 
DNA strands. For eXample, DNA in a aqueous solution can 
be passed through a tube With an abrupt contraction. As the 
solution approaches the contraction, the ?uid accelerates to 
maintain the volumetric ?oW rate through the smaller area of 
the contraction. During this acceleration, drag forces stretch 
the DNA until it snaps. Optionally, the DNA solution can be 
passed several times (e.g., 15 to 20 cycles) through the 
contraction until the fragments are too short for further 
shearing. By adjusting the contraction and the How rate of 
the ?uid, the siZe of the ?nal DNA fragment may be 
determined. SoftWare for controlling and monitoring reac 
tion conditions is available to alloW automation of the 
nebuliZing process. As another advantage, there are no 
special buffer requirements for nebuliZation. For eXample, 
DNA may be suspended in various solutions including, but 
not limited to, Water, Tris buffer, Tris-EDTA buffer, and 
Tris-EDTA With up to 0.5 M NaCl. 
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[0055] Polishing 
[0056] Polishing digestion of genomic DNA (gDNA) tem 
plates With DNase I in the presence of Mn2+ produces 
fragments of DNA that are either blunt-ended or have 
protruding termini With one or tWo nucleotides in length. 
Similarly, fragmentation of DNA by mechanical means 
provides a combination of fragments With blunt-ends or 
overhanging ends. These DNA fragments, Whether gener 
ated enZymatically or mechanically, may be “polished” 
using the procedure described beloW. 

[0057] Polishing (also called end repair) refers to the 
conversion of non-blunt ended DNA into blunt ended DNA. 
In one method, polishing may be performed by treatment 
With a single strand-speci?c exonuclease, such as BAL32 
nuclease or Mung Bean nuclease. Generally, the nuclease 
should be calibrated prior to use. 

[0058] In one embodiment, blunt ends are created With Pfu 
DNA polymerase. In other embodiments, blunt ends are 
created With other DNA polymerases such as T4 DNA 
polymerase or KlenoW DNApolymerase. Pfu “polishing” or 
blunt ending can be used to increase the amount of blunt 
ended species generated folloWing genomic template diges 
tion With DNase I. Pfu DNA polymerase ?lls in 5‘ over 
hangs. Additionally, Pfu DNA polymerase exhibits 3‘Q5‘ 
exonuclease activity. Thus, the enZyme can be used to 
remove single and double nucleotide extensions to further 
increase the amount of blunt-ended DNA fragments avail 
able for adaptor ligation (see, e.g., Costa, G. L. and M. P. 
Weiner. 1994a. Protocols for cloning and analysis of blunt 
ended PCR-generated DNA fragments. PCR Methods Appl 
3(5):S95; Costa, G. L.,A. Grafsky and M. P. Weiner. 1994b. 
Cloning and analysis of PCR-generated DNA fragments. 
PCR MethodsAppl 3(6):338; Costa, G. L. and M. P. Weiner. 
1994c. Polishing With T4 or Pfu polymerase increases the 
ef?ciency of cloning of PCR products. Nucleic Acids Res. 
22(12):2423). 
[0059] Adaptor Ligation 

[0060] FolloWing fragmentation and blunt ending of the 
DNA library, universal adaptor sequences can be added to 
each DNA fragment. In various embodiments of the inven 
tion, the universal adaptors are designed to include: 1) a set 
of unique PCR priming regions that are typically 10-20 bp 
in length (any suitable siZe may be used) located adjacent to; 
2) a set of unique sequencing priming regions that are 
typically 10-20 bp in length (any suitable siZe may be used) 
optionally folloWed by; 3) a unique discriminating key 
sequence (e.g., 1-12 bp in length) including a combination 
of at least one of each of the four deoxyribonucleotides (i.e., 
A, C, G, T). In a preferred embodiment, the discriminating 
key sequence is 4 bases in length. In another embodiment, 
the discriminating key sequence may be combinations of 1-4 
bases. In another embodiment, the key sequence includes 
one of each of the four nucleotides. In certain embodiments, 
the key sequence includes one or more ribonucleotides, e.g., 
U. 

[0061] In one embodiment of the invention, each unique 
universal adaptor is forty-four bp (44 bp) in length, although 
any suitable siZe may be used. In a preferred embodiment 
the universal adaptors are ligated, using T4 DNA ligase, onto 
each end of the DNA fragment to generate a total nucleotide 
addition of 88 bp to each DNA fragment, although any 
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suitable siZe may be used. Different universal adaptors can 
be speci?cally designed for each DNA library preparation 
and therefore provide a unique identi?er for each organism. 
For example, different library preparations can employ dif 
ferent key sequences. It is understood that the siZe and 
sequence of the universal adaptors may be modi?ed as 
Would be apparent to one of skill in the art. Thus, the 
adaptors for use With the invention are not limited to the siZe 
and sequence described herein. 

[0062] For example, to prepare tWo distinct universal 
adaptors (i.e., “?rst” and “second”), single-stranded oligo 
nucleotides may be ordered from a commercial vendor (e. g., 
Integrated DNA Technologies, IA or Operon Technologies, 
CA). In certain embodiments of the invention, all of the ?rst 
adaptors for a library share one nucleotide sequence, includ 
ing a PCR priming sequence, sequencing primer sequence, 
and discriminating key sequence, While all of the second 
adaptors share another nucleotide sequence. In another 
embodiment, the universal adaptor oligonucleotide 
sequences are modi?ed during synthesis With one or more 
phosphorothioate linkages in place of phosphodiester link 
ages. For example, adaptor oligonucleotides can include tWo 
or three phosphorothioate linkages at both the 5‘ and 3‘ ends, 
or at one end. Unmodi?ed oligonucleotides are typically 
subject to rapid degradation by contaminating nucleases that 
catalyZe the hydrolytic cleavage of the phosphodiester link 
age betWeen nucleotide bases. One simple and Widely used 
nuclease-resistant chemistry available for use in oligonucle 
otide applications is the phosphorothioate modi?cation. In 
phosphorothioates, a sulfur atom replaces a non-bridging 
oxygen in the oligonucleotide backbone making it resistant 
to all forms of nuclease digestion (i.e. resistant to both 
endonuclease and exonuclease digestion). Each oligonucle 
otide is HPLC-puri?ed to ensure there are no contaminating 
or spurious oligonucleotide sequences in the synthetic oli 
gonucleotide preparation. 
[0063] The universal adaptors are designed to alloW direc 
tional ligation to the fragmented DNA. Each set of double 
stranded universal adaptors is designed With a PCR priming 
region that includes non-complementary 5‘ four-base over 
hangs Which are unable to ligate to each other or to the 
blunt-ended DNA fragment. Thus, binding occurs betWeen 
the 3‘ end of the adaptor and the 5‘ end of the DNA fragment 
or betWeen the 3‘ end of the DNA fragment and the 5‘ end 
of the adaptor. Double-stranded universal adaptor sequences 
are generated using single-stranded oligonucleotides that are 
designed With sequences that alloW primarily complimen 
tary oligonucleotides to anneal, and to prevent cross-hybrid 
iZation betWeen tWo non-complimentary oligonucleotides. 

[0064] In one embodiment, 95% of the universal adaptors 
are formed from the annealing of complimentary oligonucle 
otides. In a preferred embodiment, 97% of the universal 
adaptors are formed from the annealing of complimentary 
oligonucleotides. In a more preferred embodiment, 99% of 
the universal adaptors are formed from the annealing of 
complimentary oligonucleotides. In a most preferred 
embodiment, 100% of the universal adaptors are formed 
from the annealing of complimentary oligonucleotides. 
Exemplary methods of primer design to minimiZe cross 
hybridiZation betWeen the primers and spurious target 
sequences are provided in Example 2. 

[0065] In certain aspects of the invention, an overhanging 
nucleotide (e.g., T) is added to the blunt 3‘ ends of the ?rst 
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and second adaptors. In parallel, a polymerase is used to add 
an overhanging nucleotide (e. g., A) to the blunt 5‘ ends of the 
template DNA. The overhanging nucleotides of the adaptors 
and template are complementary to alloW more ef?cient 
adaptor ligation. 
[0066] In other aspects, a plasmid capture system is used 
in accordance With the disclosed methods. For example, the 
double stranded universal adaptors can be inserted into a 
plasmid. The adaptor region can include the folloWing 
sequences, in order: Restriction Site(s), PCR Primer 
Sequence 1, Sequencing Primer Sequence 1, Key Sequence 
1, Restriction Site(s), Key Sequence 2, Sequencing Primer 
Sequence 2, PCR Priming Sequence 2, and Restriction 
Site(s). In one approach, the plasmid is digested With one or 
more restriction enZymes that cut betWeen Key Sequence 1 
and Key Sequence 2. The fragmented template DNA is 
ligated betWeen Key Sequence 1 and Key Sequence 2. The 
ligated construct is then digested to cut after PCR Priming 
Sequence 2. The digested end next to PCR Priming 
Sequence 2 is ?lled in With biotinylated nucleotides. The 
biotinylated construct is digested to cut prior to PCR Primer 
Sequence 1. The Adaptor-DNA fragment-Adaptor-biotin 
segment is excised and isolated, e.g., by binding to a 
streptavidin magnetic bead. Other embodiments of the plas 
mid capture system are also possible through application of 
knoWn cloning techniques. These embodiments are also 
encompassed by the invention. 

[0067] One of the tWo adaptors can be linked to a support 
binding moiety. In a preferred embodiment, a 5‘ biotin is 
added to the ?rst universal adaptor to alloW subsequent 
isolation of ssDNA template and noncovalent coupling of 
the universal adaptor to the surface of a solid support that is 
saturated With a biotin-binding protein (e.g., streptavidin, 
NeutrAvidinTM or avidin). Suitable supports include but are 
not limited to magnetic beads, af?nity columns, membranes 
(e.g., PDVF membrane, nitrocellulose, etc.), Which can be 
coated With streptavidin or another member of a binding 
pair. Other linkages are Well knoWn in the art and may be 
used in place of biotin-streptavidin. For example, antibody/ 
antigen-epitope, receptor/ligand and oligonucleotide pairing 
or complimentarity linkages can be used. In one embodi 
ment, the solid support is a bead, preferably a polystyrene 
bead. In one preferred embodiment, the bead has a diameter 
of about 2.8 pm, although any suitable siZe may be used. In 
another preferred embodiment, the bead is a paramagnetic 
bead (e.g., Dynal Biotech, Inc., Lake Success, As used 
herein, this bead is referred to as a “sample prep bead”. 

[0068] Each universal adaptor may be prepared by com 
bining and annealing tWo ssDNA oligonucleotides, one 
containing the sense sequence and the second containing the 
antisense (complementary) sequence. Schematic represen 
tation of the universal adaptor design is depicted in FIG. 2. 

[0069] 
[0070] The universal adaptor ligation results in the forma 
tion of fragmented DNAs With adaptors on each end, 
unbound single adaptors, and adaptor dimers. In a preferred 
embodiment, agarose gel electrophoresis is used as a method 
to separate and isolate the adapted DNA library population 
from the unligated single adaptors and adaptor dimer popu 
lations. In other embodiments, the fragments may be sepa 
rated by siZe exclusion chromatography, ?ltration, sucrose 
sedimentation, or other nucleic acid separation techniques 

Isolation of Ligation Products 
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knoWn to those skilled in the art. The procedure of DNase I 
digestion of DNA typically yields a library population that 
ranges from 50-700 bp. In a preferred embodiment, upon 
conducting agarose gel electrophoresis in the presence of a 
DNA marker, the addition of the 88 bp universal adaptor set 
Will shift the DNA library population to a larger siZe and Will 
result in a migration pro?le in the siZe range of approxi 
mately 130-800 bp; adaptor dimers Will migrate at 88 bp; 
and adaptors not ligated Will migrate at 44 bp. Therefore, 
numerous double-stranded DNA libraries in siZes ranging 
from 200-800 bp can be physically isolated from the agarose 
gel and puri?ed using standard gel extraction techniques. In 
one embodiment, gel isolation of the adapted ligated DNA 
library Will result in the recovery of a library population 
ranging in siZe from 200-500 bp. Other methods of distin 
guishing adaptor-ligated fragments are knoWn to one of skill 
in the art. 

[0071] Nick Repair 

[0072] Because the DNA oligonucleotides used for the 
universal adaptors are not 5‘ phosphorylated, gaps Will be 
present at the 3‘ junctions of the fragmented DNAs folloW 
ing ligase treatment (see FIG. 3A). These “gaps” or “nicks” 
can be ?lled in by using a DNA polymerase enZyme that can 
bind to, strand displace, and extend the nicked DNA frag 
ments. DNA polymerases that lack 3‘Q5‘ exonuclease activ 
ity but exhibit 5‘—>3‘ exonuclease activity have the ability to 
recogniZe nicks, displace the nicked strands, and extend the 
strand in a manner that results in the repair of the nicks and 
in the formation of non-nicked double-stranded DNA (see 
FIG. 3B and 3C) (Hamilton, S. C., J. W. Farchaus and M. 
C. Davis. 2001. DNA polymerases as engines for biotech 
nology. BioTechniques 311370). 
[0073] Several modifying enZymes are utiliZed for the 
nick repair step, including but not limited to polymerases, 
ligases, and kinases. DNA polymerases that can be used in 
the methods of the invention include, for example, E. coli 
DNA polymerase I, T hermoanaerobacter thermohya'rosul 
furicus polymerase I, and bacteriophage phi 29. In a pre 
ferred embodiment, the strand displacing enZyme Bacillus 
stearothermophilus polymerase I (Bst DNA polymerase I) is 
used to repair the nicked dsDNA and results in non-nicked 
dsDNA (see FIG. 3D). In another preferred embodiment, 
the ligase is T4 DNA ligase and the kinase is T4 polynucle 
otide kinase. 

[0074] Isolation of Single-Stranded DNA 

[0075] FolloWing the generation of non-nicked dsDNA, 
ssDNAs comprising both the ?rst and second adaptor mol 
ecules may be isolated. Double-stranded DNA libraries Will 
have adaptors bound in the folloWing con?gurations: 

[0076] Universal Adaptor A—DNA fragment—Uni 
versal Adaptor A 

[0077] Universal Adaptor B—DNA fragment—Uni 
versal Adaptor A* 

[0078] Universal Adaptor A—DNA fragment—Uni 
versal Adaptor B* 

[0079] Universal Adaptor B—DNA fragment—Uni 
versal Adaptor B 

[0080] “A” and “B” correspond to the ?rst and second 
adaptors. The desired populations are designated With aster 
isks. 
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[0081] Preferably, the universal adaptors are designed 
such that only one universal adaptor has a 5‘ biotin moiety. 
For example, if universal adaptor B has a 5‘ biotin moiety, 
streptavidin-coated sample prep beads can be used to bind 
all double-stranded DNA library species With universal 
adaptor B. Genomic library populations that contain tWo 
universal adaptor A species Will not contain a 5‘ biotin 
moiety and Will not bind to streptavidin-containing sample 
prep beads and thus can be Washed aWay. The only species 
that Will remain attached to beads are those With universal 
adaptors A and B and those With tWo universal adaptor B 
sequences. 

[0082] DNA species With tWo universal adaptor B 
sequences (i.e., biotin moieties at each 5‘ end) Will be bound 
to streptavidin-coated sample prep beads at each end, as 
each strand comprised in the double strand Will be bound. 
Double-stranded DNA species With a universal adaptor A 
and a universal adaptor B Will contain a single 5‘ biotin 
moiety and thus Will be bound to streptavidin-coated beads 
at only one end. Where the sample prep beads are magnetic, 
the beads Will remain coupled to a solid support When 
magnetiZed. Accordingly, in the presence of a loW-salt 
(“melt” or denaturing) solution, only those DNA fragments 
that contain a single universal adaptor A and a single 
universal adaptor B sequence Will release the complemen 
tary unbound strand. This single-stranded DNA population 
attached to beads may be collected and quantitated by, for 
example, pyrophosphate sequencing, real-time quantitative 
PCR, agarose gel electrophoresis, ?uorescent dye binding 
assay (PicoGreen®; Molecular Probes, Inc., Eugene, Oreg.), 
or capillary gel electrophoresis. 

[0083] In one embodiment, ssDNA libraries that are cre 
ated according to the methods of the invention are quanti 
tated to calculate the number of molecules per unit volume. 
For example, the molecules can be annealed to a solid 
support that includes oligonucleotide capture primers that 
are complementary to the PCR priming regions of the 
universal adaptor ends of the ssDNA species. 

[0084] In certain embodiments, beads comprising capture 
primers annealed to ssDNA library molecules can be trans 
ferred to a thermocycler to alloW PCR ampli?cation. Clonal 
populations of single species of single stranded DNA cap 
tured on DNA beads may then sequenced. In one embodi 
ment, the solid support is a bead, preferably a sepharose 
bead. As used herein, this bead is referred to as a “DNA 
capture bead”. 

[0085] The beads used herein may be of any convenient 
siZe and fabricated from any number of knoWn materials. 
Example of such materials include: inorganics, natural poly 
mers, and synthetic polymers. Speci?c examples of these 
materials include: cellulose, cellulose derivatives, acrylic 
resins, glass; silica gels, polystyrene, gelatin, polyvinyl 
pyrrolidone, co-polymers of vinyl and acrylamide, polysty 
rene cross-linked With divinylbenZene or the like (see, 
Merri?eld Biochemistry 1964, 3, 1385-1390), polyacryla 
mides, latex gels, polystyrene, dextran, rubber, silicon, plas 
tics, nitrocellulose, celluloses, natural sponges, silica gels, 
glass, metals plastic, cellulose, cross-linked dextrans (e.g., 
SephadexTM) and agarose gel (SepharoseTM) and solid phase 
supports knoWn to those of skill in the art. In one embodi 
ment, the diameter of the DNA capture bead is 20-70 pm. In 
a preferred embodiment, the diameter of the DNA capture 
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bead is 20-50 pm. In a more preferred embodiment, the 
diameter of the DNA capture bead is about 30 pm. 

[0086] In one aspect, the invention includes a method for 
generating a library of solid supports comprising: (a) pre 
paring a population of ssDNA templates according to the 
methods disclosed herein; (b) attaching each DNA template 
to a solid support such that there is one molecule of DNAper 
solid support; (c) amplifying the population of single 
stranded templates such that the ampli?cation generates a 
clonal population of each DNA fragment on each solid 
support; (d) sequencing clonal populations of the ssDNA 
templates. 
[0087] In one embodiment, the solid support is a DNA 
capture bead. In another embodiment, the DNA is genomic 
DNA, cDNA, or reverse transcripts of RNA (e.g., viral 
RNA). The DNA may be attached to the solid support, for 
example, via a biotin-streptavidin linkage, a covalent link 
age, or by complementary oligonucleotide hybridiZation. In 
one embodiment, each DNA template is ligated to a set of 
universal adaptors. In another embodiment, the universal 
adaptor pair comprises a PCR primer sequence, a sequenc 
ing primer sequence, and a discriminating key sequence. 
Single-stranded DNAs With unique ends are isolated and 
then attached to a solid support and exposed to ampli?cation 
techniques for clonal ampli?cation. The DNA may be ampli 
?ed by PCR. In one aspect, the invention provides a library 
attached to solid supports made by the methods described 
herein. 

[0088] The DNAprepared by this method may be used for 
many molecular biological procedures, such as linear exten 
sion, rolling circle ampli?cation, PCR, and sequencing. The 
linkage reaction can be driven, for example, by using a high 
molar ratio of bead to DNA. The capture of single-stranded 
DNA molecules folloWs a Poisson distribution and results in 
subsets of beads having no DNA attached, one molecule of 
DNA attached, or more than one molecule of DNA attached. 
In a preferred embodiment, there is one molecule of DNA 
attached to each bead. In addition, it is possible to include 
additional modi?cations With the adaptors that may be 
useful for further manipulations of the isolated library. 

[0089] Binding Nucleic Acid Template to Capture Beads 

[0090] In certain embodiments of the invention, a single 
stranded nucleic acid template to be ampli?ed is attached to 
a capture bead. The nucleic acid template may be attached 
to the solid support capture bead in any manner knoWn in the 
art. Numerous methods exist in the art for attaching DNA to 
a solid support such as the preferred microscopic bead. 
According to the present invention, covalent chemical 
attachment of the DNA to the bead can be accomplished by 
using standard coupling agents, such as Water-soluble car 
bodiimide, to link the 5‘-phosphate on the DNA to amine 
coated capture beads through a phosphoamidate bond. 
Another alternative is to ?rst couple speci?c oligonucleotide 
linkers to the bead using similar chemistry, and to then use 
DNA ligase to link the DNA to the linker on the bead. Other 
linkage chemistries to join the oligonucleotide to the beads 
include the use of N-hydroxysuccinamide (NHS) and its 
derivatives. In such a method, one end of the oligonucleotide 
may contain a reactive group (such as an amide group) 
Which forms a covalent bond With the solid support, While 
the other end of the linker contains a second reactive group 
that can bond With the oligonucleotide to be immobiliZed. In 
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a preferred embodiment, the oligonucleotide is bound to the 
DNA capture bead by covalent linkage. HoWever, non 
covalent linkages, such as chelation or antigen-antibody 
complexes, may also be used to join the oligonucleotide to 
the bead. 

[0091] Oligonucleotide linkers can be employed Which 
speci?cally hybridiZe to unique sequences at the end of the 
DNA fragment, such as the overlapping end from a restric 
tion enZyme site or the “sticky ends” of bacteriophage 
lambda based cloning vectors, but blunt-end ligations can 
also be used bene?cially. These methods are described in 
detail in US. Pat. No. 5,674,743. It is preferred that any 
method used to immobiliZe the beads Will continue to bind 
the immobiliZed oligonucleotide throughout the steps in the 
methods of the invention. 

[0092] In one embodiment, each capture bead is designed 
to have a plurality of nucleic acid primers that recogniZe 
(i.e., are complementary to) a portion of the nucleic tem 
plate, and the nucleic acid template is thus hybridiZed to the 
capture bead. In the methods described herein, clonal ampli 
?cation of the template species is desired, so it is preferred 
that only one unique nucleic acid template is attached to any 
one capture bead. 

[0093] The beads used herein may be of any convenient 
siZe and fabricated from any number of knoWn materials. 
Example of such materials include: inorganics, natural poly 
mers, and synthetic polymers. Speci?c examples of these 
materials include: cellulose, cellulose derivatives, acrylic 
resins, glass, silica gels, polystyrene, gelatin, polyvinyl 
pyrrolidone, co-polymers of vinyl and acrylamide, polysty 
rene cross-linked With divinylbenZene or the like (as 
described, e.g., in Merri?eld, Biochemistry 1964, 3, 1385 
1390), polyacrylamides, latex gels, polystyrene, dextran, 
rubber, silicon, plastics, nitrocellulose, natural sponges, 
silica gels, control pore glass, metals, cross-linked dextrans 
(e.g., SephadexTM) agarose gel (SepharoseTM), and solid 
phase supports knoWn to those of skill in the art. In a 
preferred embodiment, the capture beads are Sepharose 
beads approximately 25 to 40 pm in diameter. 

[0094] Emulsi?cation 

[0095] For use With the present invention, capture beads 
With or Without attached nucleic acid template may be 
suspended in a heat stable Water-in-oil emulsion. It is 
contemplated that a plurality of the microreactors include 
only one template and one bead. There may be many 
droplets that do not contain a template or Which do not 
contain a bead. LikeWise there may be droplets that contain 
more than one copy of a template. The emulsion may be 
formed according to any suitable method knoWn in the art. 
One method of creating emulsion is described beloW but any 
method for making an emulsion may be used. These meth 
ods are knoWn in the art and include adjuvant methods, 
counter-?oW methods, cross-current methods, rotating drum 
methods, and membrane methods. Furthermore, the siZe of 
the microcapsules may be adjusted by varying the How rate 
and speed of the components. For example, in dropWise 
addition, the siZe of the drops and the total time of delivery 
may be varied. Preferably, the emulsion contains a density of 
about 3,000 beads encapsulated per microliter. 

[0096] Various emulsions that are suitable for biologic 
reactions are referred to in Griffiths and TaW?k, EMBO, 22, 
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pp. 24-35 (2003); Ghadessy et al., Proc. Natl. Acad. Sci. 
USA 98, pp. 4552-4557 (2001); US. Pat. No. 6,489,103 and 
WO 02/22869, each fully incorporated herein by reference. 
It is noted that Grif?ths et al., (US. Pat. No. 6,489,103 and 
WO 99/02671) refers to a method for in vitro sorting of one 
or more genetic elements encoding a gene products having 
a desired activity. This method involves compartmentaliZing 
a gene, expressing the gene, and sorting the compartmen 
taliZed gene based on the expressed product. In contrast to 
the present invention, the microencapsulated sorting method 
of Grif?th is not suitable for parallel analysis of multiple 
microcapsules because their nucleic acid product is not 
anchored and cannot be anchored. Since the nucleic acids of 
Grif?ths are not anchored, they Would be mixed together 
during demulsi?cation. 

[0097] The emulsion is preferably generated by adding 
beads to an ampli?cation solution. As used herein, the term 
“ampli?cation solution” means the suf?cient mixture of 
reagents that is necessary to perform ampli?cation of tem 
plate DNA. One example of an ampli?cation solution, a 
PCR ampli?cation solution, is provided in the Examples 
beloW. It Will be appreciated that various modi?cations may 
be made to the ampli?cation solution based on the type of 
ampli?cation being performed and Whether the template 
DNA is attached to the beads or provided in solution. In one 
embodiment, the mixture of beads and ampli?cation solu 
tion is added dropWise into a spinning mixture of biocom 
patible oil (e.g., light mineral oil, Sigma) and alloWed to 
emulsify. In another embodiment, the beads and ampli?ca 
tion solution are added dropWise into a cross-?oW of bio 
compatible oil. The oil used may be supplemented With one 
or more biocompatible emulsion stabiliZers. These emulsion 
stabiliZers may include Atlox 4912, Span 80, and other 
recogniZed and commercially available suitable stabiliZers. 
In preferred aspects, the emulsion is heat stable to alloW 
thermal cycling, e.g., to at least 94° C., at least 95° C., or at 
least 96° C. Preferably, the droplets formed range in siZe 
from about 5 microns to about 500 microns, more preferably 
from about 10 microns to about 350 microns, even more 
preferably from about 50 to 250 microns, and most prefer 
ably from about 100 microns to about 200 microns. Advan 
tageously, cross-?oW ?uid mixing alloWs for control of the 
droplet formation, and uniformity of droplet siZe. We note 
that smaller Water droplets not containing beads may be 
present in the emulsion. 

[0098] The microreactors should be sufficiently large to 
encompass sufficient ampli?cation reagents for the degree of 
ampli?cation required. HoWever, the microreactors should 
be suf?ciently small so that a population of microreactors, 
each containing a member of a DNA library, can be ampli 
?ed by conventional laboratory equipment, e.g., PCR ther 
mocycling equipment, test tubes, incubators and the like. 
Notably, the use of microreactors alloWs ampli?cation of 
complex mixtures of templates (e. g., genomic DNA samples 
or Whole cell RNA) Without intermixing of sequences, or 
domination by one or more templates (e.g., PCR selection 
bias; see, Wagner et al., 1994, SuZuki and Giovannoni, 1996; 
Chandler et al., 1997, F012 and Cavanaugh, 1998). 

[0099] With the limitations described above, the optimal 
siZe of a microreactor may be on average 100 to 200 microns 
in diameter. Microreactors of this siZe Would alloW ampli 
?cation of a DNA library comprising about 600,000 mem 
bers in a suspension of microreactors of less than 10 ml in 
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volume. For example, if PCR is the chosen ampli?cation 
method, 10 ml of microreactors Would ?t into 96 tubes of a 
regular thermocycler With 96 tube capacity. In a preferred 
embodiment, the suspension of 600,000 microreactors 
Would have a volume of less than 1 ml. Asuspension of less 
than 1 ml may be ampli?ed in about 10 tubes of a conven 
tional PCR thermocycler. In a most preferred embodiment, 
the suspension of 600,000 microreactors Would have a 
volume of less than 0.5 ml. 

[0100] Another embodiment of the invention is directed to 
a method of performing nucleic acid ampli?cation With a 
template and a bead, but Without attachment of the template 
to the bead. In one aspect, the bead may comprise a linker 
molecule that can bind the ampli?ed nucleic acid after 
ampli?cation. For example, the linker may be a linker that 
can be activated. Such linkers are Well knoWn and include 
temperature sensitive or salt sensitive binding pairs such as 
streptavidin/biotin and antibodies/antigen. The template 
nucleic acid may be encapsulated With a bead and ampli?ed. 
FolloWing ampli?cation, the ampli?ed nucleic acid may be 
linked to the beads, e.g., by adjustments in temperature or 
salt concentration. 

[0101] Ampli?cation 

[0102] The template nucleic acid may be ampli?ed, While 
attached or unattached to beads, by any suitable method of 
ampli?cation including transcription-based ampli?cation 
systems (KWoh D. et al., Proc. Natl. Acad Sci. (U.S.A.) 
86:1173 (1989); Gingeras T. R. et al., WO 88/10315; Davey, 
C. et al., EP Publication No. 329,822; Miller, H. I. et al., WO 
89/06700), “RACE” (Frohman, M. A., In: PCR Protocols: A 
Guide to Methods and Applications, Academic Press, NY 
(1990)) and one-sided PCR (Ohara, O. et al., Proc. Natl. 
Acad. Sci. (U.S.A.) 865673-5677 (1989)). Still other meth 
ods such as di-oligonucleotide ampli?cation, isothermal 
ampli?cation (Walker, G. T. et al., Proc. Natl. Acad. Sci. 
(U.S.A.) 89:392-396 (1992)), Nucleic Acid Sequence Based 
Ampli?cation (NASBA; see, e.g., Deiman B et al., 2002, 
Mol Biotechnol. 20(2):163-79), Whole-genome ampli?ca 
tion (see, e.g., HaWkins T L et al., 2002, Curr Opin Bio 
technol. 13(l):65-7), strand-displacement ampli?cation (see, 
e.g.,Andras S C, 2001, Mol Biotechnol. 19(l):29-44), rolling 
circle ampli?cation (revieWed in US. Pat. No. 5,714,320), 
and other Well knoWn techniques may be used in accordance 
With the present invention. In certain aspects, a nucleic acid 
template is ampli?ed after encapsulation With a bead in a 
microreactor. Alternatively, a nucleic acid template is ampli 
?ed after distribution onto a multiWell surface, e.g., a 
PicoTiter plate. 

[0103] In a preferred embodiment, DNA ampli?cation is 
performed by PCR. PCR according to the present invention 
may be performed by encapsulating the target nucleic acid 
With a PCR solution comprising all the necessary reagents 
for PCR. Then, PCR may be accomplished by exposing the 
emulsion to any suitable thermocycling regimen knoWn in 
the art. In a preferred embodiment, 30 to 50 cycles, prefer 
ably about 40 cycles, of ampli?cation are performed. It is 
desirable, but not necessary, that folloWing the ampli?cation 
procedure there be one or more hybridiZation and extension 
cycles folloWing the cycles of ampli?cation. In a preferred 
embodiment, 10 to 30 cycles, preferably about 25 cycles, of 
hybridiZation and extension are performed (e.g., as 
described in the examples). Routinely, the template DNA is 
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ampli?ed until typically at least 10,000 to 50,000,000 copies 
are immobiliZed on each bead. It is recogniZed that for 
nucleic acid detection applications, feWer copies of template 
are required. For nucleic acid sequencing applications We 
prefer that at least tWo million to ?fty million copies, 
preferably about ten million to thirty million copies of the 
template DNA are immobiliZed on each bead. The skilled 
artisan Will recogniZe that the siZe of bead (and capture site 
thereon) determines hoW many captive primers can be 
bound (and thus hoW many ampli?ed templates may be 
captured onto each bead). 
[0104] In one aspect, the invention encompasses a method 
for clonally isolating a library comprising a plurality of 
single stranded DNA molecules comprising: a) fragmenting 
large template DNA molecules to generate a plurality of 
fragmented DNA molecules; b) attaching a ?rst or second 
universal double stranded adaptor to a ?rst end of each 
fragmented DNA molecule and a ?rst or second universal 
adaptor to a second end of each fragmented DNA molecule 
to form a mixture of adaptor ligated DNA molecules; c) 
isolating a plurality of single stranded DNA molecules each 
comprising a ?rst single stranded universal adaptor and a 
second single stranded universal adaptor to obtain a library; 
and d) delivering the single stranded DNA molecules into 
reactors such that a plurality of the reactors include one 
DNA molecule, thereby clonally isolating the library. 
[0105] In another aspect, the invention encompasses a 
method for generating a library comprising a plurality of 
single stranded DNA molecules, comprising: a) fragmenting 
large or Whole genomic template DNA molecules to gener 
ate a plurality of fragmented DNA molecules; b) ligating a 
?rst universal double stranded adaptor or a second universal 
adaptor to a ?rst end of each fragmented DNA molecule and 
a ?rst universal adaptor or second universal adaptor to a 
second end of each fragmented DNA molecule to produce a 
mixture of adaptor ligated DNA molecules, Wherein the ?rst 
universal adaptor contains a moiety that binds to a solid 
support; c) attaching to a solid support those DNAmolecules 
comprising a ?rst double stranded universal adaptor; d) 
Washing aWay adaptor ligated DNA molecules Which have 
not attached to the solid support; e) strand separating those 
adaptor ligated DNA molecules that are attached to the solid 
support to release a plurality of single stranded DNA mol 
ecules comprising a ?rst single stranded universal adaptor at 
one end and a second single stranded adaptor at the other 
end; and f) isolating the single stranded DNA molecules, 
thereby generating a library. In speci?c aspects, can be 
accomplished by: i) delivering the single stranded DNA 
molecules onto a location on a reactor array; or ii) delivering 
the single stranded DNA molecules into droplets in a Water 
in-oil emulsion. According to these methods, the ?rst uni 
versal double stranded adaptor or the second universal 
adaptor can be attached to the fragmented DNA molecules 
by ligation. For example, DNA ligase may be used. These 
methods can further include a step of repairing single 
stranded nicks in the mixture of adaptor ligated DNA 
molecules using DNA repair and modifying enZymes, such 
as a polymerase, ligase, kinase, or combinations thereof. As 
particular examples, the enZymes can include Bacillus 
stearothermophilus polymerase I, T4 ligase, and T4 poly 
nucleotide kinase. The template DNA for these methods can 
comprise genomic DNA, cDNA, plasmid DNA, cosmid 
DNA, arti?cial chromosome DNA, synthetic DNA, 
phasemid DNA, phagemid DNA, or reverse transcripts. 
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Fragmenting may be performed by enzymatic, chemical, or 
mechanical means. For example, DNase I enZyme can be 
used in a digestion performed at a temperature of 10-37° C. 
for 1-2 minutes. Alternatively, a restriction enZyme may be 
used. The mechanical means can be a nebuliZer, French 
Press, sonicator, or a HydroShear. 

[0106] For use With these methods, the fragmented DNA 
molecules can be 50 bp to 700 bp in length. The compatible 
ends can be blunt ends, or the compatible ends can include 
an A or T overhang. Blunt ends can be created With an 
enZyme such as Pfu polymerase, T4 DNA polymerase, and 
KlenoW fragments. The ?rst or second double stranded 
universal adaptor may comprise one or more phosphorothio 
ate linkages, and may be attached to a biotin moiety. In 
addition, the ?rst double stranded universal adaptors or the 
second double stranded universal adaptors or both double 
stranded universal adaptors may comprise a discriminating 
key sequence. For example, the discriminating key sequence 
is 3-12 nucleotides in length and comprise at least one 
nucleotide selected from the group consisting of A, G, C, U, 
and T. The ?rst and second double stranded universal 
adaptor may comprise a PCR priming sequence and a 
sequencing primer sequence. In various aspects, the PCR 
priming sequence is 10-20 base pairs in length, and the 
sequencing primer sequence is 10-20 base pairs in length. In 
addition, the PCR priming sequence and the sequencing 
primer sequence may overlap. 

[0107] In accordance With these methods, the mixture of 
adaptor ligated DNA molecules is separated by a method 
selected from the group consisting of gel electrophoresis, 
?ltration, siZe exclusion chromatography, and sucrose sedi 
mentation. The plurality of single stranded DNA molecules 
may be obtained by a treatment selected from the group 
consisting of loW salt treatment, high pH treatment, and 
chemical denaturation treatment. In further aspects, the 
plurality of single stranded DNA molecules may be attached 
to a DNA capture bead. In addition, the DNA capture bead 
may comprise a component of a binding pair, such as 
avidin/biotin, ligand/receptor, antigen/antibody or comple 
mentary nucleotides. Preferably, the DNA capture bead is a 
paramagnetic bead. 
[0108] The invention also encompasses a method for 
generating a single stranded DNA library attached to solid 
supports comprising: a) generating a plurality of single 
stranded DNA templates; b) attaching each of the plurality 
of ssDNA templates to a solid support; and c) isolating the 
solid supports on Which the single stranded DNA templates 
are attached. 

[0109] The invention further encompasses a method for 
generating a single stranded DNA library attached to solid 
supports comprising: a) fragmenting large template DNA 
molecules to generate a plurality of fragmented DNA mol 
ecules; b) attaching a ?rst or second universal double 
stranded adaptor to a ?rst end of each fragmented DNA 
molecule and a ?rst or second universal adaptor to a second 
end of each fragmented DNA molecule to make a mixture of 
adaptor ligated DNA molecules; c) isolating those single 
stranded DNA molecules Which comprise a ?rst single 
stranded universal adaptor and a second single stranded 
universal adaptor; and d) attaching the isolated single 
stranded molecules from (c) to a solid support. 

[0110] For use With this method, the solid support may be 
a DNA capture bead, and the DNA may be genomic DNA, 
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cDNA, plasmid DNA, cosmid DNA, arti?cial chromosome 
DNA, synthetic DNA, phasemid DNA, or phagemid DNA. 
In certain aspects the DNA is attached to the solid support 
via a binding pair such as avidin/biotin, ligand/receptor, 
antigen/antibody and complementary nucleotides. Also 
encompassed is a library of mobile solid supports made by 
this method. 

[0111] Additionally, the invention comprises a nucleic 
acid molecule comprising a ?rst adaptor, a fragment of 
template DNA, and a second adaptor, Wherein the ?rst 
adaptor and second adaptor each comprise a sequencing 
primer, a PCR primer, and a discriminating key sequence, 
and Wherein the ?rst adaptor and second adaptor, When 
dissociated, do not cross-hybridiZe to each other under 
stringent hybridiZation conditions. In this method, the PCR 
primer may be 10-20 base pairs in length, the sequencing 
primer may be 10-20 base pairs in length, and the discrimi 
nating key sequence may be 3 to 12 base pairs in length. As 
examples, the template DNA can be genomic DNA, cDNA 
plasmid DNA, cosmid DNA, arti?cial chromosome DNA, 
synthetic DNA, phasemid DNA, or phagemid DNA. Pref 
erably, the nucleic acid molecule, When dissociated, has 
minimal cross-hybridization to dissociated template DNA. 

[0112] Also encompassed by the invention is a method for 
preparing single stranded DNA molecules, comprising: a) 
fragmenting large or Whole genomic template DNA mol 
ecules to generate a plurality of fragmented DNA molecules; 
b) ligating a ?rst universal double stranded adaptor or a 
second universal adaptor to a ?rst end of each fragmented 
DNA molecule and a ?rst universal adaptor or second 
universal adaptor to a second end of each fragmented DNA 
molecule to produce a mixture of adaptor ligated DNA 
molecules; c) attaching adaptor ligated DNA molecules 
comprising a ?rst double stranded universal adaptor and a 
second double stranded adaptor to a solid support via one 
strand of the ?rst double stranded universal adaptor; d) 
Washing aWay adaptor ligated DNA molecules Which have 
not attached to the solid support; e) strand separating those 
adaptor ligated DNA molecules that are attached to the solid 
support to release a plurality of single stranded DNA mol 
ecules comprising a ?rst single stranded universal adaptor at 
one end and a second single stranded adaptor at the other 
end; and; and f) isolating the single stranded DNA mol 
ecules. 

[0113] Further encompassed by the invention is a method 
for delivering nucleic acid templates to a plurality of reac 
tion centers comprising the steps of: a) providing a popu 
lation of nucleic acid templates; b) isolating each nucleic 
acid template from the population to a sequestering agent to 
form a population of sequestered nucleic acid templates; and 
c) delivering the population of sequestered nucleic acid 
templates to the plurality of reaction centers Wherein each 
reaction center receives one sequestered nucleic acid. For 
this method, the isolating step may comprise attaching the 
nucleic acid templates to a bead, or encapsulating the nucleic 
acid template in an emulsion of a Water-in-oil emulsion. The 
nucleic acid template may be encapsulated With a bead that 
can bind the nucleic acid. In this method, the delivering step 
may comprise delivering the sequestered nucleic acid to a 
plurality of reaction centers, Wherein each reaction center is 
a Well on a picotiter plate. The method can further compris 
ing the step of attaching the isolated single stranded mol 
ecules each individually to a solid support. 






























