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ABSTRACT

Described herein are methods and compositions relating to
amplifying nucleic acid. In certain embodiments, the inven-
tion provides methods for labeling and amplifying a nucleic
acid molecule.
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METHODS AND COMPOSITIONS FOR CLONAL
AMPLIFICATION OF NUCLEIC ACID

RELATED APPLICATION

[0001] This application claims the benefit of the filing date
of U.S. Provisional Application No. 60/573,719 filed May
20, 2004 and entitled “Methods and Compositions for
Clonal Amplification of Nucleic Acid” by Mostafa Ronaghi
and Foad Mashayekhi. The entire teachings of the refer-
enced Provisional Application are incorporated herein by
reference.

FUNDING

[0002] Work described herein was funded, in whole or in
part, by National Institutes of Health Grant Number
2POIHGO00205. The United States government has certain
rights in the invention.

BACKGROUND

[0003] The essence of biology is an understanding of all of
the species and their biological mechanisms. Speciation and
biological function are primarily determined by the organ-
ism’s DNA sequence. The development of vastly improved
DNA sequence determination for personalized medicine and
ecological studies could complete the revolution initiated by
the Human Genome Project.

[0004] The Human Genome Project was markedly accel-
erated during the last several years and was completed with
blistering speed. The complete nucleotide sequence of the
human genome was completed in approximately 13 years
(Collins et al., 2003) and the genome was published in 2003
(Wwle(f).genome.gov/ 11006929). There are currently over
3x10 nucleotides in public databases (www.ncbi.nlm.nih-
.gov/genbank/genbankstats), and genome sequences of over
185 organisms have been fully sequenced, as well as parts of
the genomes of over 100,000 taxonomic species (www.in-
tegratedgenomics.com/gold).

[0005] The Human Genome Project was essentially
accomplished by a reduction in the cost of DNA sequencing
by three orders of magnitude. To reduce the cost by another
two or three orders of magnitude, a highly integrated plat-
form will be needed. Although the Human Genome Project
took gel-based Sanger sequencing and achieved a decrease
in cost and increase in throughput by over three orders of
magnitude, the project was unable to develop any competi-
tive alternative technology for genome sequencing.

[0006] Large bacterial genomes and genomes from com-
plex organisms are often fragmented in two steps in order to
simplify the assembly process. After constructing large-
insert libraries, each clone is further fragmented and smaller
libraries are prepared for bi-directional shotgun sequencing.
Although the material cost of creating libraries is minimal,
the process has proven to be laborious for large-scale
genome sequencing. Therefore, alternative strategies need to
be developed.

SUMMARY

[0007] The present invention provides a method of label-
ing and amplifying a nucleic acid molecule. In certain
embodiments, the subject invention provides a method of
labeling and amplifying a nucleic acid molecule, comprising
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attaching a unique primer to the nucleic acid molecule to be
amplified and amplifying said labeled nucleic acid molecule.
In certain embodiments, the unique primer is an adapter
comprising a unique barcode. In additional embodiments,
the unique primer is attached to the nucleic acid molecule by
ligating the adapter comprising a unique barcode to the
nucleic acid molecule. In further embodiments, the unique
barcode comprises a unique sequence of five nucleotides. In
yet other embodiments, the unique primer identifies a source
of nucleic acid. In additional embodiments, the unique
barcode identifies a source of nucleic acid. In certain
embodiments, the source of nucleic acid is selected from the
group consisting of: a BAC clone, a bacterium, and a tissue
sample. In other embodiments, the labeled nucleic acid
molecule is amplified by a sequencing-by-synthesis method.
In certain embodiments, the labeled nucleic acid molecule is
amplified by a method selected from the group consisting of:
massively parallel signature sequencing, BEAM, and polony
technology.

[0008] The invention additionally relates to a method of
amplifying a nucleic acid molecule, comprising (a) labeling
the nucleic acid molecule with a unique primer; (b) hybrid-
izing said nucleic acid molecule to one or more anti-primers
immobilized on a solid surface; (c) incubating the solid
surface of (b) with polymerase and nucleotides under con-
ditions permitting extension of said one or more anti-
primers; (d) incubating the solid surface of (¢) under con-
ditions permitting denaturing of the nucleic acid molecules
from the extended anti-primers; removing the supernatant;
incubating the solid surface with polymerase, labeled nucle-
otides, and one or more oligonucleotides that hybridize to
the immobilized extended anti-primers of (c), under condi-
tions permitting extension of said hybridized oligonucle-
otides; and identifying said solid surfaces comprising the
extended hybridized oligonucleotides; (e) immobilizing
additional anti-primers on the solid surfaces of (d); and (f)
incubating the solid surfaces of (¢) with polymerase, nucle-
otides, and one or more oligonucleotides that hybridize to
the immobilized anti-primers of (e), under conditions per-
mitting extension of said hybridized oligonucleotides,
wherein the nucleic acid molecule is thereby amplified. An
“anti-primer” is an oligonucleotide that hybridizes to a
unique primer of the subject invention. In certain embodi-
ments, an anti-primer will be complementary, in whole or in
part, to a unique primer of the subject invention. In certain
embodiments, a unique primer is an adapter comprising a
unique barcode. In further embodiments, the unique barcode
comprises a unique sequence of five nucleotides. In addi-
tional embodiments, invention further relates to (g) sequenc-
ing the immobilized amplified nucleic acid molecules of (f).
In certain embodiments of the invention, the nucleic acid
molecules are sequenced by pyrosequencing. In further
embodiments, the unique primer identifies a source of
nucleic acid. In other embodiments, the unique barcode
identifies a source of nucleic acid. In certain embodiments,
the source of nucleic acid is selected from the group con-
sisting of: a BAC clone, a bacterium, and a tissue sample. In
certain embodiments, the solid surface is a bead. In certain
further embodiments, the bead is selected from the group
consisting of: a magnetic bead and a Sepharose bead.

[0009] The present invention additionally relates to a
nucleic acid molecule attached to a solid surface and com-
prising a unique primer. In certain embodiments, the unique
primer is an adapter that comprises a unique barcode. In
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further embodiments, the unique barcode comprises a
unique sequence of five nucleotides. In additional embodi-
ments, the solid surface is a bead.

[0010] In additional embodiments, the present invention
relates to a solid surface comprising one or more nucleic
acid molecules prepared by a method comprising: (a) label-
ing the nucleic acid molecule with a unique primer; (b)
hybridizing said nucleic acid molecule to one or more
anti-primers immobilized on a solid surface; (c) incubating
the solid surface of (b) with polymerase and nucleotides
under conditions permitting extension of said one or more
anti-primers; (d) incubating the solid surface of (c¢) under
conditions permitting denaturing of the nucleic acid mol-
ecules from the immobilized extended anti-primers; remov-
ing the supernatant; incubating the solid surface with poly-
merase, labeled nucleotides, and one or more
oligonucleotides that hybridize to the extended anti-primers
of (c), under conditions permitting extension of said hybrid-
ized oligonucleotides; and identifying said solid surfaces
comprising the extended hybridized oligonucleotides; (e)
immobilizing additional anti-primers on the solid surfaces of
(d); and () incubating the solid surfaces of (e) with poly-
merase, nucleotides, and one or more oligonucleotides that
hybridize to the immobilized anti-primers of (e), under
conditions permitting extension of said hybridized oligo-
nucleotides, wherein the nucleic acid molecule is thereby
amplified.

[0011] In further embodiments, the present invention
relates to a kit comprising: (a) a unique primer; (b) a solid
surface comprising immobilized anti-primers thereon; (c)
oligonucleotides that hybridize to the immobilized anti-
primers of (b); and (d) instructions for amplifying a nucleic
acid molecule. In certain embodiments, the unique primer of
(a) is an adapter comprising a unique barcode. In additional
embodiments, the unique barcode comprises a unique
sequence of five nucleotides. In further embodiments, the
instructions of (d) include instructions for amplifying a
nucleic acid molecule according to a method comprising: (a)
labeling the nucleic acid molecule with a unique primer; (b)
hybridizing said nucleic acid molecule to one or more
anti-primers immobilized on a solid surface; (c) incubating
the solid surface of (b) with polymerase and nucleotides
under conditions permitting extension of said one or more
anti-primers; (d) incubating the solid surface of (c¢) under
conditions permitting denaturing of the nucleic acid mol-
ecules from the extended anti-primers; removing the super-
natant; incubating the solid surface with polymerase, labeled
nucleotides, and one or more oligonucleotides that hybridize
to the immobilized extended anti-primers of (c), under
conditions permitting extension of said hybridized oligo-
nucleotides; and identifying said solid surfaces comprising
the extended hybridized oligonucleotides; (¢) immobilizing
additional anti-primers on the solid surfaces of (d); and (f)
incubating the solid surfaces of (e) with polymerase, nucle-
otides, and one or more oligonucleotides that hybridize to
the immobilized anti-primers of (e), under conditions per-
mitting extension of said hybridized oligonucleotides,
wherein the nucleic acid molecule is thereby amplified.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a schematic relating to barcoded clonal
amplification.

[0013]
tion.

FIG. 2 is a schematic relating to clonal amplifica-
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DETAILED DESCRIPTION OF THE
INVENTION

[0014] Described herein are methods for labelling nucleic
acid molecules for clonal amplification and identification.
The present invention relates to labelling nucleic acid mol-
ecules with a nucleic acid barcode, which enables easy
identification of the nucleic acid after amplification and
sequencing of the barcoded nucleic acid molecule. The
present invention also relates to barcodes, which are nucleic
acid tags that may be ligated to a nucleic acid molecule that
is to be amplified and, in certain embodiments, sequenced.
In certain preferred embodiments, the barcodes of the
present invention comprise five nucleotides, preferably in a
uniquely identifiable sequence.

[0015] In certain embodiments, the subject invention
relates to a nucleic acid molecule that includes an adapter.
An adapter of the invention comprises nucleic acid that
hybridizes to a primer, such as an immobilized primer
described herein. In certain embodiments, the present inven-
tion relates to a nucleic acid molecule that includes a
barcode sequence. For example, in certain embodiments, the
present invention relates to a nucleic acid molecule that
includes an adapter that comprises a barcode sequence. In
certain further embodiments, the invention provides a dis-
tinct barcode sequence such that each member of, e.g., a
Bacterial Artificial Chromosome (BAC) library, can later be
identified if isolated individually or as part of an enriched
population of nucleic acid molecules. For example, a BAC
library may be fragmented into 1000 base pair-long DNA
fragments. The fragmented genomic DNA can then be
saturated with a unique barcode for ligation. Genomic DNA
from one BAC will then carry a unique barcode (e.g., five
nucleotides in a unique sequence) that can later be identified
ecasily, for example, after amplification and sequencing of
the genomic DNA fragment. The barcoded clonal amplifi-
cation described herein can be used to facilitate the sequenc-
ing of a genome. For example, the present invention pro-
vides for easier fragment assembly of genomic DNA
fragments, such as barcoded nucleic acid fragments as
described herein that have been amplified and sequenced.

[0016] Genome sequencing can be divided into three
steps: upstream processing including sample preparation,
DNA sequencing, and fragment assembly.

[0017] Prior to sequencing, a genome is usually frag-
mented into smaller pieces. Viral genomes are relatively
small and can often be sequenced in one step of a restriction
digest. However, large bacterial genomes and genomes from
complex organisms are often fragmented in two steps in
order to simplify the assembly process. Genomes are cur-
rently being partially restricted with enzymes into large
fragments of 100-250 kb in size and cloned into Bacterial
Artificial Chromosomes (BACs) and Pl-derived Artificial
Chromosomes (PACs). BAC vectors are preferable for the
construction of genomic libraries mostly due to their smaller
vector size (about 8 kb versus about 15 kb for PACs) which
has a favorable effect on the economies of clone-by-clone
shotgun sequencing. After constructing these large-insert
libraries, each clone is further fragmented and smaller
libraries are prepared for bi-directional shotgun sequencing.
Although the material cost of creating libraries is minimal,
the process has proven to be laborious for large-scale
genome sequencing.

Petitioner [llumina, Inc., EX1029, p. 5



US 2006/0008824 Al

[0018] An alternative strategy is subcloning the large-
insert and smaller genomes onto beads, a process known as
clonal amplification. This process involves chopping the
DNA into small pieces and cloning the chopped DNA onto
beads prior to amplification, producing a unique set of DNA
on each bead. Initially, each bead will carry a single DNA
molecule. After amplification, each bead will contain thou-
sands to millions of identical copies of the DNA molecule.
This amplification is important in order to achieve sufficient
signal for detection.

[0019] Several techniques have been introduced and
tested, most notably polony technology (Mitra and Church,
1999), BEAM by Vogelstein’s group (Dressman et al.,
2003), and a cloning strategy developed for massively
parallel signature sequencing (MPSS) (Brenner et al.,
2000b). 454 Life Sciences, which employs Pyrosequencing
as a technique for genome sequencing, has used a micro-
emulsion technique to clone and amplify (Leamon and al.,
2003) unique DNA fragments onto the beads, a strategy
similar to BEAMing. This technique has been used to
sequence six genomes, one of which is the Adenovirus
genome and has been put in public databases (Sarkis and al.,
2003). All the above-mentioned methods for clonal ampli-
fication may be appropriate for sequencing-by-synthesis.

[0020] Overview of Ultra-Fast DNA Sequencing (UDS):

[0021] With the availability of the human genome
sequence, increasing emphasis has been focused on tech-
nologies for genotyping or resequencing specific areas of the
genome for SNP discovery. Currently, chip-based tech-
niques have dominated this field (Elahi et al., 2004). How-
ever, it is believed that de novo sequencing will be needed
to develop a deeper understanding beyond polygenic factors
that contribute to human diseases. When evaluating a tech-
nology, the following parameters are usually considered: the
throughput, cost per instrument, cost per base, accuracy, and
read-length of individual fragments. Here, we summarize a
set of UDS technologies that have the potential to offer de
novo sequencing fulfilling the above-mentioned criteria
although they are still in relatively early stages of develop-
ment. These technologies include electrophoretic methods,
sequencing-by-hybridization (SBH), sequencing-by-synthe-
sis (SBS), massively parallel signature sequencing (MPSS),
and non-enzymatic single-molecule sequencing methods.

[0022] Electrophoretic Sequencing:

[0023] The well-proven and elegant Sanger DNA
sequencing method (Sanger et al., 1977), which is based on
the electrophoretic separation of DNA fragments with
single-base resolution, is the dominant DNA sequencing
technology and has served the community for 27 years. The
current cost per base is about 0.1 cents for advanced
Genome Centers, however, it ranges from 5 to 20 cents per
base for other laboratories. Typically, 99.99% accuracy can
be achieved with as few as three raw reads covering a given
nucleotide. This technology is currently being miniaturized
and integrated by several groups, including the Mathies
group (Enrich et al.,, 2002) and researchers at the Whitehead
BioMEMS laboratory in collaboration with Network Bio-
Sciences (Koutny and Al., 2000; Paegel et al., 2003).

[0024] Sequencing-By-Hybridization (SBH):

[0025] SBH was proposed by several groups more than 15
years ago (Bains and Smith, 1988; Drmanac, 1998; Fodor et
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al., 1995; Southern, 1989). The basic principle of SBH is
that differential hybridization of oligonucleotide probes can
be used to decode a target DNA sequence. The most com-
mon approach involves immobilizing the DNA to be
sequenced on a solid support and then performing serial
hybridizations with short probe oligonucleotides (5 to 8
nucleotide long). The extent to which specific probes bind
can be used to infer the unknown sequence. The strategy has
been applied to both genome resequencing and de novo
sequencing (Drmanac and al., 2001; Drmanac, 1998).
Affymetrix and its spin-off Perlegen have used a different
approach to SBH by hybridizing sample DNA to high
density oligonucleotide arrays (Lipshutz and al., 1995). The
current maximum density of Affymetrix arrays is about one
oligonucleotide feature per 5 micron square, where each
feature consists of roughly 100,000 copies of a defined 25
base pair oligonucleotide. For each base pair of a reference
genome to be resequenced, there are four features on the
chip. By hybridizing labeled sample DNA to the chip and
determining which of the four features yields the strongest
signal for each base pair in the reference sequence, a DNA
sample can be rapidly resequenced. Miniaturization, bioin-
formatics, and the availability of a reference human genome
sequence has permitted Perlegen to greatly extend this
approach and develop an oligonucleotide array for rese-
quencing human chromosome 21 (Patil et al., 2001).

[0026] SBH technology possesses a unique set of advan-
tages and challenges. It can be used to obtain an impressive
amount of sequence (>109 bases) from many distinct chro-
mosomes. The primary challenge of SBH is the cross-
hybridization of probes to incorrect targets due to repetitive
elements or chance similarities. These factors render a
substantial fraction of Chromosome 21 (more than 50%)
inaccessible (Patil et al., 2001), and might also contribute to
the 3% false-positive SNP detection rate observed in that
study. It is also worth noting that SBH still requires sample
preparation steps, as the relevant fraction of the genome
must be PCR-amplified prior to hybridization.

[0027] Sequencing-By-Synthesis (SBS):

[0028] SBS methods generally involve enzymatic exten-
sion by polymerase through the iterative addition of nucle-
otides. Each nucleotide addition, called a cycle, only queries
one or a few bases, but thousands or millions of features can
be processed in parallel when the assay is performed in array
format. These array features may be ordered or randomly
dispersed. The progression of the primer strand can be
monitored either by fluorescence using labeled nucleotides
or enzymatically using natural nucleotides. Several groups
reported on SBS using fluorescent nucleotides more than a
decade ago (Metzker et al., 1994). Other groups have made
advances in microfabrication and integration of SBS using
fluorescent nucleotides. Most notable is the work performed
by Quake’s (Braslavsky et al., 2003) and Church’s (Mitra et
al., 2003; Mitra and Church, 1999) groups. Pyrosequencing
is another SBS-based technique which was developed
recently (Ronaghi, 2001; Ronaghi et al., 1996; Ronaghi et
al., 1998). All of the above-mentioned SBS methods require
an amplification step prior to sequencing in order to achieve
the required signal fidelity.

[0029] Several groups have worked on developing single-
molecule DNA sequencing techniques based on SBS, most
notably Solexa (www.solexa.com), Genovoxx (wWww.geno-
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voxx.de), Nanofluidics (Levene and al., 2003) (in collabo-
ration with Craighead’s group), and Helicos (Braslavsky et
al., 2003) (in collaboration with Quake’s group). With
respect to the ease and reliability of detecting extension
events, SBS methods that sequence amplified molecules
have an obvious advantage over single-molecule methods.

[0030] Massively Parallel Signature Sequencing (MPSS):

[0031] This method relies on cycles of restriction diges-
tion and ligation (Brenner et al., 2000a). In MPSS, array
features are sequenced at each cycle by employing a type 11
restriction enzyme to cleave within a target sequence, leav-
ing a four base-pair overhang. Sequence-specific ligation of
a fluorescent linker is then used to query the identity of the
overhang. The achievable 8 to 16 bp read-lengths (which
involves 3 to 4 cycles) are adequate for many purposes
(Brenner et al., 2000a), but not for whole-genome sequenc-
ing.

[0032] Non-Enzymatic Single-Molecule DNA Sequenc-
ing:

[0033] Another UDS single-molecule approach is nanop-
ore sequencing (Deamer and Akeson, 2000; Deamer and
Branton, 2002; Li et al., 2003). As DNA passes through a
nanopore, different base-pairs obstruct the pore to varying
degrees, resulting in fluctuations in the electrical conduc-
tance of the pore. The pore conductance can therefore be
measured and used to infer the DNA sequence. The accuracy
of base-calling ranges from 60% for single events to 99.9%
for 15 events (Winters-Hilt et al., 2003). However, the
method has thus far been limited to the terminal base-pairs
of a specific type of hairpin. This method has a great deal of
long-term potential for extraordinarily rapid sequencing
with little to no sample preparation. However, it is likely that
significant pore engineering will be necessary before we can
achieve a single-base resolution. Rather than engineering a
pore to probe single nucleotides, Visigen (http:/www.visi-
genbio.com/tech.html) and Li-Cor (Williams, 2001) are
attempting to engineer DNA polymerases or fluorescent
nucleotides to provide real-time, base-specific signals while
synthesizing DNA at its natural pace.

[0034] Pyrosequencing:

[0035] Pyrosequencing relies on the real-time detection of
inorganic pyrophosphate (PPi) released on successful incor-
poration of nucleotides during DNA synthesis. PPi is imme-
diately converted to adenosine triphosphate (ATP) by ATP
sulfurylase, and the level of ATP generated is detected via
luciferase-producing photons. Unused ATP and deoxynucle-
otides are washed in the three-enzyme system of Pyrose-
quencing (Ronaghi et al., 1996) and degraded in the four-
enzyme system of Pyrosequencing (Ronaghi et al., 1998) by
the nucleotide-degrading enzyme apyrase. The presence or
absence of PPi, and therefore the incorporation or nonin-
corporation of each nucleotide added, is ultimately assessed
on the basis of whether or not photons are detected.

[0036] There is a minimal time lapse between these
events, and the conditions of the reaction are such that
iterative addition of nucleotides and PPi detection are pos-
sible. Prior to the start of the Pyrosequencing reactions, an
amplicon is generated by PCR in which one of the primers
is biotinylated at its 5' terminus. The biotinylated double-
stranded DNA PCR products are then linked to a solid
surface coated with streptavidin and denatured. The two
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strands are separated, and the strand bound to the solid
surface is usually used as the template. After hybridizing a
sequencing primer to this strand, DNA synthesis under
Pyrosequencing conditions can commence.

[0037] In Pyrosequencing, 1 pmol of DNA template mol-
ecules can generate the same number of ATP molecules per
nucleotide incorporated, which, in turn, can generate more
than 6x109 photons at a wavelength of 560 nm. This amount
of light is easily detected by a photodiode, photomultiplier
tube, or charge-coupled device (CCD) camera.

Experimental Design And Methods:

[0038] The procedure for the standard Pyrosequencing
reaction comprises in vitro amplification, template prepara-
tion, and Pyrosequencing. For highly parallel genome
sequencing the amplification step will be rate-limiting. To
circumvent this rate limiting step, clonal amplification is
proposed, in a step where large numbers of DNA are clonally
amplified on a single bead.

[0039] The subject invention relates to a labelling strategy,
which will allow multiplexing the sequencing of a large
number of clones within a single chamber. This labelling
step can also be applied to the strategies described above and
by others (Brenner et al., 2000b; Dressman et al., 2003,
Leamon and al., 2003; Mitra and Church, 1999). Described
herein is a strategy to clonally amplify a unique DNA on a
solid surface such as magnetic beads.

[0040] Preparation of Beads Carrying Single P1 Molecule:

[0041] P1isa30-base long general oligonucleotide, which
can be any unique sequence such as, e.g., 5'-TTTTTTTTG-
CAAATGTTATCGAGGTCCGGC, that has two biotin mol-
ecules at the 5' end. Two biotin molecules permit efficient
immobilization and also allow use of a higher temperature
without being detached from the streptavidin molecule
(Dressman et al., 2003). The ratio of magnetic beads to P1
primers is designed to be large so that most beads that
capture a primer molecule will capture exactly one. The
solution will be saturated with fluorescently labeled anti-P1
(seen as P1 bar in FIG. 1), which will allow isolation of all
beads carrying P1 and recycling of the remaining beads.

[0042] Preparation of Unique Adapters:

[0043] The adapters are double stranded oligonucleotides.
For example, adapters will be synthesized on the order of
100 unique adapters. The coding strand of the adapter carries
the same sequence as P1 followed by a unique sequence of
five nucleotides (red part of the oligonucleotide). For the
complementary strand of the adapter, 100 different coding
strands will be synthesized. Synthesis of non-coding strands
starts with five unique nucleotides (complementary to the
one chosen for the coding strands) followed by the comple-
mentary sequence of P1 (shown as P1 bar in FIG. 1). The
5" end of the latter strand will be phosphorylated. Both
strands are mixed together in 100 different tubes to make
100 different adapters.

[0044] Preparation of Genomic DNA for Clonal Amplifi-
cation:

[0045] The BAC library will be nebulized to roughly 1000
bp-long DNA fragments. The fragmented DNA from each
BAC will then be end repaired and gel purification will be
used to select DNA fragment sizes between 800-1200 nucle-
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otides long. Next, the fragmented genomic DNA will be
saturated with one of the unique adapters for ligation. At this
step, the adapters can simply be ligated from one end (the
end carrying phosphorylated 5'-end). Genomic DNA carry-
ing adapters will be gel purified from non-ligated adapters.
Now, all genomic DNA from one BAC will carry a unique
barcode (a unique sequence of 5 nucleotides) that can later
be identified easily in from the read.

[0046] Single Molecule Capture of Genomic DNA on
Bead and Extension:

[0047] Since the beads selected previously have a single
attached P1 primer, they can only capture a single DNA
fragment. Therefore, we saturate the beads with denatured
genomic DNA for hybridization overnight. Though there are
two capture sites on each DNA fragment, at least 10 cycles
of extension are performed (each cycle comprises denatur-
ation, hybridization, and extension) with polymerase and
nucleotides present; therefore, all captured DNA fragments
should be extended. After these extension cycles, all the
magnetic beads are isolated and washed.

[0048] Labeling of Captured DNA:

[0049] Isolated beads from the previous step will be
treated with alkali to denature the DNA and then the
supernatant is removed. Anti-P1 is added together with
polymerase and nucleotides. The nucleotides contain a small
proportion of labeled nucleotides (labeled dUTP), which
allows us to label the captured DNA and later subject it to
flow cytometry for isolation.

[0050] Saturation of Beads with Biotinylated P1:

[0051] Biotinylated P1 is added to all isolated beads to
saturate the beads with immobilized P1. All beads are
isolated, and the leftovers are removed.

[0052] Clonal Amplification on Microfluidic Chambers:

[0053] The microfluidic chambers will be filled with iso-
lated beads. Anti-P1 primer is added together with the PCR
solution and cycles of amplification are performed to extend
all P1 primers. After amplification, all the left-over sub-
strates are removed and beads are treated with alkali to
remove the non-biotinylated strand. Anti-P1 may then be
added to perform, e.g., Pyrosequencing.

[0054] Sepharose beads can also be used instead of mag-
netic beads. In certain embodiments of the invention,
Streptavidin-coated Sepharose beads may be used. For
example, Sepharose beads that can be used include version
1.1 of the integrated chip on a PCR machine from MJ
Research. The well geometry of this platform is similar to
the one from 454 Corporation (Leamon and al., 2003). For
clonal amplification using magnetic beads, version 1.2 of the
integrated chip may be used, which has almost 6 times
smaller wells. The same PCR conditions can be applied.

[0055] Clonal Amplification Using Plasmid DNA:

[0056] In certain embodiments, the methods of the inven-
tion may additionally be applied to a plasmid that is chopped
with a shearing machine to 100-nucleotide long DNA. The
shearing machine provides very homogenous fragment size
down to 50 bases. The chopped plasmid DNA will be ligated
to adapters and gel purified. Subsequently fragments will be
cloned onto 30 um Streptavidin-coated Sepharose beads and
the above-mentioned process will be followed. The beads
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will then be loaded into the microfluidic chip with 35 um
well sizes bundled with the 128-feature CMOS chip.
Clonally amplified DNA on beads will be subjected to
complete extension having all four nucleotides present with
all Pyrosequencing reagents. The efficiency will be mea-
sured by quantifying the light signal generated from Pyrose-
quencing extension reaction. The clonal amplification strat-
egy of the present invention may be applied to different
lengths of DNA fragments up to 2000 nucleotides long.
After clonal amplification, cyclic Pyrosequencing can be
performed to deduce the sequence and assemble plasmid
DNA. This step will indicate the predicted coverage in
sequencing that is enough for accurate sequence determina-
tion. In addition, the efficiency of clonal amplification can be
monitored and PCR performed in designed format.

[0057] Development of Assembly Methodology and Soft-
ware Assembly:

[0058] The Pyrosequencing array will produce a large
number of reads, each of which is prefixed by a pentamer
that uniquely identifies the BAC clone source of the read
within the array. With this information the reads can be
separated into separate “clones”. A whole-genome assembly
methodology may comprise the following:

[0059] (1): Assemble the reads from each clone separately
to obtain a set of contigs per clone. (2): Identify all pairwise
overlaps between clone assemblies; filter out ones likely to
be repeat-induced and obtain a set of unique overlaps. (3):
Construct the overlap graph of contigs in clone assemblies,
and perform sequencing-error correction. (4): Merge and
extend contigs using the overlap graph, and use a merge
operation between adjacent clones for further repeat reso-
lution.

[0060] The principle of the subject methodology is that
within short windows, the majority of the genome contains
few or no high fidelity repeats that are longer than one read
length. Therefore, sufficient shotgun sequencing from within
the window will lead to a correct and gap-free assembly. To
cluster reads within short windows, the following strategy
may be followed: (A) in (1) above, reads are clustered within
windows of one clone length; (1) will lead to reasonably
contiguous assemblies of the majority of a mammalian
genome. (B) In (4), reads are clustered into even shorter
windows defined by successive BAC clone ends. The quality
of assembly produced by the above procedure will depend
on the following key parameters: the depth of clone cover-
age of the genome, the depth of shotgun sequence coverage
of each clone, the read length, and the sequencing error rate.
To assess assembly quality, computational simulations of
sequencing may be performed as well as assembling
genomes of varying size and repeat content and under
different parameter settings. To develop such an assembly
technique, Arachne (Batzoglou et al., 2002; Batzoglou et al.,
2000; Jaffe et al., 2003) may be used as a module. Arachne
is publicly available in source code and has been used
successfully to assemble several genomes including the
mouse (Mouse Genome Sequencing Consortium 2002).

[0061] The subject invention can also be used for expres-
sion or RNA profiling. For example, total RNA molecules
can be extracted from a sample, such as a bacterial sample.
Biotinylated oligo dT primers or biotinylated random hex-
amers are used to amplify the RNA molecules. In certain
embodiments, biotinylated random pentamers, heptamers,
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or octamers may be used. After amplification, the cDNA
molecules are immobilized on a solid support. Enzymatic
restriction can be performed to generate overhang ends onto
which an adapter can be ligated. For multiplex analysis,
different samples may be ligated with adapters containing a
unique tag, such as a nucleic acid barcode as described
herein. The fragments are then detached and the same
process for clonal amplification can be performed as for
genome sequencing as described above. In certain embodi-
ments, the subject invention relates to a method of clonal
amplification for nucleic acid isolated from a bacterial
sample. For example, described herein is a strategy to
clonally amplify a unique bacterial nucleic acid on a solid
surface such as magnetic beads.

[0062] Preparation of Beads Carrying Single U1-Bar Mol-
ecule:

[0063] U1-BAR is a 30-base long general oligonucleotide
having two biotin molecules at the 5' end. Two biotin
molecules permit efficient immobilization and also allow use
of a higher temperature without being detached from the
streptavidin molecule (Dressman et al., 2003). The ratio of
magnetic beads to U1-BAR primers is designed to be large
so that most beads that capture a primer molecule will
capture exactly one. The solution will be saturated with
fluorescent labeled U1 .., ., v1-BAR bar in FIG. 2), which
will allow isolation of all beads carrying U1-BAR and
recycling of the remaining beads.

[0064] Preparation of 16S rDNA for Clonal Amplification:

[0065] Sample containing isolated bacterial DNA from
flora will be used for amplification using Ul and U2
universal primers Ul 5-AGAGTTTGATIITGGCTCAG-3'
(E. coli positions 8 through 27, International Union of
Biochemistry nomenclature) and U2 5'-CGGITACCTTGT-
TACGACTT-3' (Escherichia coli positions 1493 through
1513), respectively. These primers amplify 97% of all bac-
teria available in the databases. Most of the remaining 3% of
bacteria are ones living in environments such as high salt,
hot spring water, etc.

[0066] Single Molecule Capture of 16S rDNA on Bead
and Extension:

[0067] Since the beads selected previously have a single
attached U1-BAR primer, they can only capture a single
DNA fragment. Therefore, the beads are saturated with
denatured 16S rDNA amplicons for hybridization overnight.
After ten extension cycles using U2-bar, all the magnetic
beads are isolated and washed.

[0068] Labeling of Captured DNA:

[0069] Isolated beads from the previous step will be
treated with alkali to denature the DNA and then the
supernatant is removed. Anti-U2-BAR is added together
with polymerase and nucleotides. The nucleotides contain a
small proportion of labeled nucleotides (labeled dUTP),
which allow labeling the captured DNA and later subjecting
it to flow cytometry for isolation.

[0070] Saturation of Beads with Biotinylated U1-BAR:

[0071] Biotinylated U1-BAR is added to all isolated beads
to saturate the beads with immobilized U1-BAR. All beads
are isolated and the leftovers are removed.
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[0072] Clonal Amplification on Microfluidic Chambers:

[0073] The microfluidic chambers will be filled with iso-
lated beads. U2-bar primer is added together with the PCR
solution and cycles of amplification are performed to extend
all U1-BAR primers. After amplification, all the left-over
substrates are removed and beads are treated with alkali to
remove the non-biotinylated strand. U2-bar is added to
perform Pyrosequencing to generate signature sequences of
different bacteria.
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INCORPORATION BY REFERENCE

[0112] All publications and patents mentioned herein are
hereby incorporated by reference in their entirety as if each
individual publication or patent was specifically and indi-
vidually indicated to be incorporated by reference. In case of
conflict, the present application, including any definitions
herein, will control.

[0113] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be
encompassed by the following claims.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 3

<210> SEQ ID NO 1

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Pl primer

<400> SEQUENCE: 1

ttttttttge aaatgttatc gaggtccgge

<210> SEQ ID NO 2

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Ul primer
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: 11, 12

<223> OTHER INFORMATION: n = inosine

<400> SEQUENCE: 2

agagtttgat nntggctcag

<210> SEQ ID NO 3

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: U2 primer
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: 4

<223> OTHER INFORMATION: n = inosine

<400> SEQUENCE: 3

cggntacctt gttacgactt

30

20

20

What is claimed is:

1. A method of labeling and amplifying a nucleic acid
molecule, comprising attaching a unique primer to the
nucleic acid molecule to be amplified and amplifying said
labeled nucleic acid molecule.

2. The method of claim 1, wherein the unique primer is an
adapter comprising a unique barcode.

3. The method of claim 2, wherein the unique primer is
attached to the nucleic acid molecule by ligating the adapter
comprising a unique barcode to the nucleic acid molecule.

4. The method of claim 2, wherein the unique barcode
comprises a unique sequence of five nucleotides.

5. The method of claim 1, wherein the unique primer
identifies a source of nucleic acid.

6. The method of claim 2, wherein the unique barcode
identifies a source of nucleic acid.

7. The method of claim 5 or claim 6, wherein the source
of nucleic acid is selected from the group consisting of: a
BAC clone, a bacterium, and a tissue sample.

8. The method of claim 1, wherein the labeled nucleic acid
molecule is amplified by a sequencing-by-synthesis method.

9. The method of claim 8, wherein the labeled nucleic acid
molecule is amplified by a method selected from the group
consisting of: massively parallel signature sequencing,
BEAM, and polony technology.

10. A method of amplifying a nucleic acid molecule,
comprising

(a) labeling the nucleic acid molecule with a unique
primer;

(b) hybridizing said nucleic acid molecule to one or more
anti-primers immobilized on a solid surface;

(c) incubating the solid surface of (b) with polymerase
and nucleotides under conditions permitting extension
of said one or more anti-primers;

(d) incubating the solid surface of (c¢) under conditions
permitting denaturing of the nucleic acid molecules
from the extended anti-primers; removing the superna-
tant; incubating the solid surface with polymerase,
labeled nucleotides, and one or more oligonucleotides
that hybridize to the immobilized extended anti-prim-
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ers of (¢), under conditions permitting extension of said
hybridized oligonucleotides; and identifying said solid
surfaces comprising the extended hybridized oligo-
nucleotides;

(e) immobilizing additional anti-primers on the solid
surfaces of (d); and

(f) incubating the solid surfaces of (¢) with polymerase,
nucleotides, and one or more oligonucleotides that
hybridize to the immobilized anti-primers of (e), under
conditions permitting extension of said hybridized oli-
gonucleotides, wherein the nucleic acid molecule is
thereby amplified.

11. The method of claim 10, wherein the unique primer of

(a) is an adapter comprising a unique barcode.

12. The method of claim 11, wherein the unique barcode

comprises a unique sequence of five nucleotides.

13. The method of claim 10, further comprising:

(g) sequencing the immobilized amplified nucleic acid
molecules of (f).

14. The method of claim 13, wherein the nucleic acid
molecules are sequenced by pyrosequencing.

15. The method of claim 10, wherein the unique primer
identifies a source of nucleic acid.

16. The method of claim 11, wherein the unique barcode
identifies a source of nucleic acid.

17. The method of claim 15 or claim 16, wherein the
source of nucleic acid is selected from the group consisting
of: a BAC clone, a bacterium, and a tissue sample.

18. The method of claim 10, wherein the solid surface is
a bead.

19. The method of claim 18, wherein the bead is selected
from the group consisting of: a magnetic bead and a
Sepharose bead.

20. A nucleic acid molecule attached to a solid surface and
comprising a unique primer.

21. The method of claim 20, wherein the unique primer is
an adapter that comprises a unique barcode.

22. The method of claim 21, wherein the unique barcode
comprises a unique sequence of five nucleotides.

23. The nucleic acid molecule of claim 20, wherein the
solid surface is a bead.

24. A solid surface comprising one or more nucleic acid
molecules prepared by a method comprising:

(2) labeling the nucleic acid molecule with a unique
primer;

(b) hybridizing said nucleic acid molecule to one or more
anti-primers immobilized on a solid surface;

(c) incubating the solid surface of (b) with polymerase
and nucleotides under conditions permitting extension
of said one or more anti-primers;

(d) incubating the solid surface of (¢) under conditions
permitting denaturing of the nucleic acid molecules
from the extended anti-primers; removing the superna-
tant; incubating the solid surface with polymerase,
labeled nucleotides, and one or more oligonucleotides
that hybridize to the immobilized extended anti-prim-
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ers of (¢), under conditions permitting extension of said
hybridized oligonucleotides; and identifying said solid
surfaces comprising the extended hybridized oligo-
nucleotides;

(e) immobilizing additional anti-primers on the solid
surfaces of (d); and

(f) incubating the solid surfaces of (e) with polymerase,
nucleotides, and one or more oligonucleotides that
hybridize to the immobilized anti-primers of (e), under
conditions permitting extension of said hybridized oli-
gonucleotides, wherein the nucleic acid molecule is
thereby amplified.

25. A kit comprising:

(a) a unique primer;

(b) a solid surface comprising immobilized anti-primers
thereon;

(c) oligonucleotides that hybridize to the immobilized
anti-primers of (b); and

(d) instructions for amplifying a nucleic acid molecule.

26. The kit of claim 25, wherein the unique primer of (a)
is an adapter comprising a unique barcode.

27. The kit of claim 26, wherein the unique barcode
comprises a unique sequence of five nucleotides.

28. The kit of claim 25, wherein the instructions of (d)
include instructions for amplifying a nucleic acid molecule
according to a method comprising:

(a) labeling the nucleic acid molecule with a unique
primer;

(b) hybridizing said nucleic acid molecule to one or more
anti-primers immobilized on a solid surface;

(c) incubating the solid surface of (b) with polymerase
and nucleotides under conditions permitting extension
of said one or more anti-primers;

(d) incubating the solid surface of (c¢) under conditions
permitting denaturing of the nucleic acid molecules
from the extended anti-primers; removing the superna-
tant; incubating the solid surface with polymerase,
labeled nucleotides, and one or more oligonucleotides
that hybridize to the immobilized extended anti-prim-
ers of (¢), under conditions permitting extension of said
hybridized oligonucleotides; and identifying said solid
surfaces comprising the extended hybridized oligo-
nucleotides;

(e) immobilizing additional anti-primers on the solid
surfaces of (d); and

(f) incubating the solid surfaces of (e) with polymerase,
nucleotides, and one or more oligonucleotides that
hybridize to the immobilized anti-primers of (e), under
conditions permitting extension of said hybridized oli-
gonucleotides, wherein the nucleic acid molecule is
thereby amplified.

#* #* #* #* #*
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