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(57) ABSTRACT 

The present invention provides methods and compositions for 
detecting and correcting errors in nucleic acid amplification 
processes, and methods for using the same. In particular, 
barcode amplification errors are detected and corrected Such 
that integrity in Sample assignment is maintained. The meth 
ods are compatible with high throughput sequencing tech 
niques as Some of the barcodes are based upon Hamming 
codes, thereby allowing self-correction for single bit errors. 
Some methods and compositions of the invention allow char 
acterization (e.g., sequencing) of a plurality of nucleic acid 
samples simultaneously within a single sequencing reaction. 
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FIGURE 1A 
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FIGURE 1B and FIGURE 1C 
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FIGURE 2 
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METHODS AND COMPOSITIONS FOR 
USINGERROR-DETECTING AND/OR 
ERROR-CORRECTING BARCODES IN 

NUCLECACIDAMPLIFICATION PROCESS 

STATEMENT REGARDING FEDERALLY 
FUNDED RESEARCH This invention was made 

with government Support under Grant Nos. 
T32GMO65103 and P01DK078669 awarded by the 
National Institutes of Health. The government has 

certain rights in the invention. 

FIELD OF THE INVENTION 

0001. The present invention relates to nucleic acid 
sequencing. In particular, the invention relates to methods and 
compositions for detecting errors and correcting Such errors 
during nucleic acid amplification Such that accurate sample 
identification may be maintained. The combination of the 
methods and compositions described herein allow character 
ization of a plurality of nucleic acid samples simultaneously 
when using high throughput amplification and/or sequencing 
technologies. 

BACKGROUND OF THE INVENTION 

0002 DNA barcodes were first developed as a tool for 
species-level identifications. Consequently, there is a rapidly 
growing database of these short sequences from a wide vari 
ety of taxa. Correlations have also been drawn between the 
nucleotide content of the short DNA barcode sequences and 
the genomes from which they are derived. Consequently, 
short nucleotide sequences can reliably track information 
about the composition of the entire genome. Min et al... 
“DNA barcodes provide a quick preview of mitochondrial 
genome composition”. PLoS One 203):e325 (2007). 
0003. In the past several years, microarray technologies 
based on whole genome analysis have been applied to the 
study of gene expression and/or amplification. Microarrays 
arose out of the development of large-scale sequencing 
approaches and generate a far greater Volume of data than the 
data representing the sequences themselves. Ghosh.D., "High 
throughput and global approaches to gene expression' Comb 
Chem High Throughput Screen 3:411-20 (2000). The current 
state of development of microarray expression and/or ampli 
fication has overshadowed conventional sequencing methods 
and the associated approaches to manage and analyze the 
information they generate. 
0004 What is needed in the art is an efficient, low cost 
method for tracking and identifying specific nucleic acids 
during polymerase chain reaction amplification that is com 
patible with conventional high throughput data generation 
technology. 

SUMMARY OF THE INVENTION 

0005. The present invention relates to nucleic acid 
sequencing. In particular, the invention relates to methods and 
compositions for detecting errors and correcting Such errors 
during nucleic acid amplification Such that accurate sample 
identification may be maintained. The combination of the 
methods and compositions described herein allow character 
ization of a plurality of nucleic acid samples simultaneously 
when using high throughput amplification and/or sequencing 
technologies. 

Dec. 23, 2010 

0006. In one embodiment, the present invention contem 
plates methods and compositions comprising primers encod 
ing error-correcting sequence tags and/or error-detecting 
sequence tags (i.e., for example, error-correcting barcodes 
and/or error-detecting barcodes). 
0007. In one embodiment, the present invention contem 
plates a pyrosequencing compatible primer comprising a first 
region containing a unique error-detecting/correcting ham 
ming barcode. In one embodiment, the primer further com 
prises a second region complementary to a bacterial 16S 
rRNA gene. In one embodiment, the barcode is attached to the 
3' end of the primer. In one embodiment, the barcode is 
attached to the 5' end of the primer. In one embodiment, the 
barcode is attached to the 3' end and the 5' end of the primer. 
0008. In one embodiment, the present invention contem 
plates a method of assigning sequence data to individual 
samples from a mixture of samples, comprising: a) providing: 
i) a pyrosequencing compatible primer comprising a first 
region containing a unique error-detecting/correcting bar 
code and a second region complementary to a target nucleic 
acid molecule and, and ii) a target nucleic acid molecule, b) 
amplifying said target nucleic acid molecule with said primer, 
c) pooling a plurality of said amplification product, and d) 
pyrosequencing said pooled amplification products to deter 
mine their respective nucleotide sequences. In one embodi 
ment, the plurality of amplification products are pooled in 
equimolar ratios. In one embodiment, the unique error-de 
tecting/correcting barcode is a Hamming code. In one 
embodiment, the target nucleic acid molecule comprises a 
portion of the 16S rRNA gene. In one embodiment, the bar 
code is attached to the 3' end of the primer. In one embodi 
ment, the barcode is attached to the 5' end of the primer. In one 
embodiment, the barcode is attached to the 3' end and the 5' 
end of the primer. In one embodiment, the method further 
comprises identifying amplification products with unique 
barcode sequence errors. In one embodiment, the composi 
tions are used in parallel sequencing runs, wherein a plurality 
of sequencing assays are performed simultaneously. In one 
embodiment, the sequencing assay comprises pyrosequenc 
ing wherein nucleic acid sequences from many samples may 
be characterized simultaneously in a nucleic acid amplifica 
tion process. In one embodiment, the method further com 
prising correcting the unique barcode sequence of amplifica 
tion products containing correctable unique barcode 
sequence errors. In one embodiment, the method further com 
prises discarding the nucleotide sequence of amplification 
products containing non-correctable unique barcode 
sequence errors. In one embodiment, the method further com 
prises aligning the nucleotide sequences of said amplification 
products to generate a phylogenetic tree. 
0009. In one embodiment, the present invention contem 
plates a method comprising: a) providing: i) a plurality of 
samples comprising nucleic acid sequences: i) a plurality of 
primers error correcting and/or error-detecting sequence tags 
(i.e., for example, barcodes), wherein said primers are at 
least partially complementary to said nucleic acid sequences: 
ii) a parallel sequencing technique (i.e., for example, pyrose 
quencing) capable of simultaneously characterizing said 
nucleic acid sequences from said plurality of samples; b) 
amplifying said plurality of nucleic acid samples using said 
plurality of primers; and c) analyzing said sequence tags of 
said amplified nucleic acids. In one embodiment, the 
sequence tag identifies a sample assignment thereby identi 
fying one of said samples from which said nucleic acid was 
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derived. In one embodiment, the sequence tag identifies the 
presence of an error in said nucleic acid, thereby establishing 
a probability that said sample assignment is incorrect. In one 
embodiment, the sequence tag identifies the absence of any 
error in said nucleic acid, thereby establishing a probability 
that said sample assignment is correct. 

DEFINITIONS 

0010. The term “parity bit as used herein, refers to any bit 
that is added to a bit-coded string (i.e., for example, a series of 
“ones' and Zeros') to ensure that the number of bits with the 
value one in a set of bits is even or odd. Parity bits are used as 
the simplest form of error detecting code. For example, two 
variants of parity bits may include, but are not limited to, an 
even parity bit and an odd parity bit. When using even parity, 
the parity bit is set to 1 if the number of ones in a given set of 
bits (not including the parity bit) is odd, making the entire set 
of bits (including the parity bit) even. When using odd parity, 
the parity bit is set to 1 if the number of ones in a given set of 
bits (not including the parity bit) is even, making the entire set 
of bits (including the parity bit) odd. In other words, an even 
parity bit will be set to “1” if the number of 1's--1 is even, and 
an odd parity bit will be set to “1” if the number of 1's--1 is 
odd. 
0011. The term “parallel sequencing technique' as used 
herein, refers to any method capable of sequencing multiple 
templates at one time (i.e., for example, simultaneously). 
Usually, such techniques are performed by immobilizing 
either a template or primer on a solid support (i.e., for 
example, a microarray) configured to support a high through 
put process. Pyrosequencing is compatible with most paral 
lel, or massively parallel, sequencing technologies. Fuller C. 
W., “Rapid parallel nucleic acid analysis’ U.S. Pat. No. 
7.264,934 (herein incorporated by reference). 
0012. The term "pyrosequencing as used herein, refers to 
any pyrophosphate-based nucleic acid sequencing method. 
Hyman U.S. Pat. No. 4,971,903 (herein incorporated by ref 
erence). This technique is based on the observation that pyro 
phosphate (PPi) is released upon incorporation of the next 
correct nucleotide 3' of the primer sequence. For example, 
when only one of the four nucleotides (i.e., for example, A, T, 
G, C) is introduced into the reactionata time, PPi is generated 
only when the correct nucleotide is introduced. Thus, the 
production of PPi reveals the identity of the next correct base. 
Using this process in an iterative fashion results in the iden 
tification of the template nucleotide sequence. Pyrosequenc 
ing is compatible with most high throughput sequencing tech 
niques, such as using template carrying microbeads deposited 
in microfabricated picoliter-sized reaction wells. Margulies 
et al., Nature E-Pub 31 Jul. 2005. 
0013 The term “simultaneously as used herein refers to 
any two or more processes that are occurring more or less at 
the same time. It is not intended that each process begin and 
end precisely together, but only that their respective durations 
overlap. 
0014. The term "pyrosequencing compatible primer' as 
used herein, refers to any primer, or primer pair, that is 
capable of Supporting nucleic acid amplification using any 
pyrosequencing technology. 
0015 The term “unique error-detecting/correcting Ham 
ming barcode' or "Hamming sequence tag as used herein, 
refers to any nucleic acid barcode having a unique sequence 
identified by the concepts and algorithms associated with 
Hamming codes (infra). 
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0016. The term “Hamming code” as used herein, refers an 
arithmetic process that identifies unique binary codes based 
upon inherent redundancy that are capable of correcting 
single bit errors. For example, a Hamming code can be 
matched with a nucleic acid barcode in order to screen for 
single nucleotide errors occurring during nucleic acid ampli 
fication. The identification of a single nucleotide error by 
using a Hamming code, thereby allows for the correction of 
the nucleic acid barcode. 
0017. The term “sample assignment as used herein, 
refers to any established relationship between the source of a 
specific nucleotide and an attached barcode. For example, 
when a unique barcode is cross-referenced with a specific 
geographic location as to where the nucleotide was obtained, 
the nucleotide has a sample assignment of that specific geo 
graphic location. 
0018. The term “equimolar ratios' as used herein, refers to 
any mixture comprising at least two components, wherein the 
concentration of each component is the same. 
0019. The term “amplification products” as used herein, 
refers to any nucleotide produced by the replication and/or 
amplification of DNA or RNA. For example, mRNA may be 
amplified into cDNA by reverse transcriptase. Alternative, a 
DNA template may undergo amplification of at least one of its 
strands during a polymerase chain reaction (PCR) thereby 
producing amplification products whose composition is 
dependent upon the primer pair. 
0020. The term “unique barcode sequence error as used 
herein, refers to any alteration in a barcode nucleic acid 
sequence occurring during amplification. 
0021. The term “correctable unique barcode sequence 
error” as used herein, refers to any single biterror occurring in 
a barcode nucleic acid sequence during amplification. 
0022. The term “uncorrectable unique barcode sequence 
error” as used herein, refers to any biterror that is greater than 
an single bit error (i.e., for example, a two bit, three bit, four 
bit etc) error occurring during amplification. 
0023 The term “discarding as used herein, refers to any 
process that does not rely on a barcode nucleic acid sequence 
comprising an uncorrectable unique barcode sequence error. 
Such an error results in an improper sample assignment for 
the coded nucleic acid thereby resulting in a mis-classifica 
tion. 
0024. The term “phylogenetic tree' as used herein, refers 
to any diagram or other similar representation showing the 
evolutionary relationships among various biological species 
or other entities that are known to have a common ancestor. 
For example, a phylogenetic tree may comprise nodes with 
descendants representing the most recent common ancestor 
of the descendants, and the edge lengths in some trees may 
correspond to time estimates. 
0025. The term “sample as used herein is used in its 
broadest sense and includes environmental and biological 
samples. Environmental samples include material from the 
environment Such as soil and water. Biological samples may 
be animal, including, human, fluid (e.g., blood, plasma and 
serum), Solid (e.g., stool), tissue, liquid foods (e.g., milk), and 
Solid foods (e.g., vegetables). For example, a pulmonary 
sample may be collected by bronchoalveolar lavage (BAL) 
which comprises fluid and cells derived from lung tissues. A 
biological sample may comprise a cell, tissue extract, body 
fluid, chromosomes or extrachromosomal elements isolated 
from a cell, genomic DNA (in solution or bound to a solid 
support such as for Southern blot analysis), RNA (in solution 
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or bound to a solid support such as for Northern blot analysis), 
cDNA (in solution or bound to a solid support) and the like. 
0026. The term “affinity” as used herein, refers to any 
attractive force between Substances or particles that causes 
them to enter into and remain in chemical combination. For 
example, an inhibitor compound that has a high affinity for a 
receptor will provide greater efficacy in preventing the recep 
tor from interacting with its natural ligands, than an inhibitor 
with a low affinity. 
0027. The term “derived from as used herein, refers to the 
Source of a compound or sequence. In one respect, a com 
pound or sequence may be derived from an organism or 
particular species. In another respect, a compound or 
sequence may be derived from a larger complex or sequence. 
“Nucleic acid sequence” and “nucleotide sequence” as used 
herein refer to an oligonucleotide or polynucleotide, and frag 
ments or portions thereof, and to DNA or RNA of genomic or 
synthetic origin which may be single- or double-stranded, and 
represent the sense or antisense Strand. 
0028. The term “an isolated nucleic acid', as used herein, 
refers to any nucleic acid molecule that has been removed 
from its natural state (e.g., removed from a cell and is, in a 
preferred embodiment, free of other genomic nucleic acid). 
0029. The terms “amino acid sequence” and “polypeptide 
sequence' as used herein, are interchangeable and to refer to 
a sequence of amino acids. 
0030. As used herein the term “portion” or “region' when 
in reference to a protein (as in “a portion or region of a given 
protein') refers to fragments of that protein. The fragments 
may range in size from four amino acid residues to the entire 
amino acid sequence minus one amino acid. 
0031. The term “portion” or “region” when used in refer 
ence to a nucleotide sequence refers to fragments of that 
nucleotide sequence. The fragments may range in size from 5 
nucleotide residues to the entire nucleotide sequence minus 
one nucleic acid residue. 
0032. The term “functionally equivalent codon’, as used 
herein, refers to different codons that encode the same amino 
acid. This phenomenon is often referred to as “degeneracy” of 
the genetic code. For example, six different codons encode 
the amino acid arginine. 
0033. A “variant' of a protein is defined as an amino acid 
sequence which differs by one or more amino acids from a 
polypeptide sequence or any homolog of the polypeptide 
sequence. The variant may have "conservative' changes, 
wherein a Substituted amino acid has similar structural or 
chemical properties, e.g., replacement of leucine with isoleu 
cine. More rarely, a variant may have “nonconservative' 
changes, e.g., replacement of a glycine with a tryptophan. 
Similar minor variations may also include amino acid dele 
tions or insertions (i.e., additions), or both. Guidance in deter 
mining which and how many amino acid residues may be 
substituted, inserted or deleted without abolishing biological 
or immunological activity may be found using computer pro 
grams including, but not limited to, DNAStar(R) software. 
0034. A “variant of a nucleotide is defined as a novel 
nucleotide sequence which differs from a reference oligo 
nucleotide by having deletions, insertions and Substitutions. 
These may be detected using a variety of methods (e.g., 
sequencing, hybridization assays etc.). 
0035. A "deletion' is defined as a change in either nucle 
otide or amino acid sequence in which one or more nucle 
otides or amino acid residues, respectively, are absent. 
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0036 An “insertion” or “addition' is that change in a 
nucleotide or amino acid sequence which has resulted in the 
addition of one or more nucleotides or amino acid residues. 
0037 A“substitution' results from the replacement of one 
or more nucleotides oramino acids by different nucleotides or 
amino acids, respectively. 
0038. The term "derivative' as used herein, refers to any 
chemical modification of a nucleic acid or an amino acid. 
Illustrative of such modifications would be replacement of 
hydrogen by an alkyl, acyl, or amino group. For example, a 
nucleic acid derivative would encode a polypeptide which 
retains essential biological characteristics. 
0039. As used herein, the terms “complementary” or 
“complementarity’ are used in reference to “polynucle 
otides' and "oligonucleotides' (which are interchangeable 
terms that refer to a sequence of nucleotides) related by the 
base-pairing rules. For example, the sequence “C-A-G-T' is 
complementary to the sequence “G-T-C-A. Complementar 
ity can be “partial” or “total.” “Partial’ complementarity is 
where one or more nucleic acid bases is not matched accord 
ing to the base pairing rules. “Total or “complete' comple 
mentarity between nucleic acids is where each and every 
nucleic acid base is matched with another base under the base 
pairing rules. The degree of complementarity between 
nucleic acid strands has significant effects on the efficiency 
and strength of hybridization between nucleic acid strands. 
This is of particular importance in amplification reactions, as 
well as detection methods which depend upon binding 
between nucleic acids. 
0040. The terms “homology' and “homologous' as used 
herein in reference to nucleotide sequences refer to a degree 
of complementarity with other nucleotide sequences. There 
may be partial homology or complete homology (i.e., iden 
tity). A nucleotide sequence which is partially complemen 
tary, i.e., 'Substantially homologous.” to a nucleic acid 
sequence is one that at least partially inhibits a completely 
complementary sequence from hybridizing to a target nucleic 
acid sequence. The inhibition of hybridization of the com 
pletely complementary sequence to the target sequence may 
be examined using a hybridization assay (Southern or North 
ern blot, solution hybridization and the like) under conditions 
of low stringency. A substantially homologous sequence or 
probe will compete for and inhibit the binding (i.e., the 
hybridization) of a completely homologous sequence to a 
target sequence under conditions of low stringency. This is 
not to say that conditions of low stringency are Such that 
non-specific binding is permitted; low stringency conditions 
require that the binding of two sequences to one another be a 
specific (i.e., selective) interaction. The absence of non-spe 
cific binding may be tested by the use of a second target 
sequence which lacks even a partial degree of complementa 
rity (e.g., less than about 30% identity); in the absence of 
non-specific binding the probe will not hybridize to the sec 
ond non-complementary target. 
0041. The terms “homology' and “homologous' as used 
herein in reference to amino acid sequences refer to the 
degree of identity of the primary structure between two amino 
acid sequences. Such a degree of identity may be directed a 
portion of each amino acid sequence, or to the entire length of 
the amino acid sequence. Two or more amino acid sequences 
that are “substantially homologous' may have at least 50% 
identity, preferably at least 75% identity, more preferably at 
least 85% identity, most preferably at least 95%, or 100% 
identity. 
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0042. An oligonucleotide sequence which is a “homolog” 
is defined hereinas an oligonucleotide sequence which exhib 
its greater than or equal to 50% identity to a sequence, when 
sequences having a length of 100 bp or larger are compared. 
0043. Low stringency conditions comprise conditions 
equivalent to binding or hybridization at 42°C. in a solution 
consisting of 5xSSPE (43.8 g/l NaCl, 6.9 g/l NaHPOHO 
and 1.85 g/l EDTA, pH adjusted to 7.4 with NaOH), 0.1% 
SDS, 5xDenhardt's reagent 50xDenhardt's contains per 500 
ml: 5 g Ficol (Type 400, Pharmacia), 5 g BSA (Fraction V: 
Sigma)} and 100 g/ml denatured salmon sperm DNA fol 
lowed by washing in a solution comprising 5xSSPE, 0.1% 
SDS at 42° C. when a probe of about 500 nucleotides in 
length. is employed. Numerous equivalent conditions may 
also be employed to comprise low Stringency conditions; 
factors such as the length and nature (DNA, RNA, base com 
position) of the probe and nature of the target (DNA, RNA, 
base composition, present in Solution or immobilized, etc.) 
and the concentration of the salts and other components (e.g., 
the presence or absence of formamide, dextran Sulfate, poly 
ethylene glycol), as well as components of the hybridization 
Solution may be varied to generate conditions of low strin 
gency hybridization different from, but equivalent to, the 
above listed conditions. In addition, conditions which pro 
mote hybridization under conditions of high Stringency (e.g., 
increasing the temperature of the hybridization and/or wash 
steps, the use of formamide in the hybridization solution, etc.) 
may also be used. 
0044 As used herein, the term “hybridization” is used in 
reference to the pairing of complementary nucleic acids using 
any process by which a strand of nucleic acid joins with a 
complementary strand through base pairing to form a hybrid 
ization complex. Hybridization and the strength of hybridiza 
tion (i.e., the strength of the association between the nucleic 
acids) is impacted by Such factors as the degree of comple 
mentarity between the nucleic acids, Stringency of the condi 
tions involved, the T of the formed hybrid, and the G:C ratio 
within the nucleic acids. 
0045. As used herein the term “hybridization complex' 
refers to a complex formed between two nucleic acid 
sequences by virtue of the formation of hydrogen bounds 
between complementary G and C bases and between comple 
mentary A and T bases; these hydrogen bonds may be further 
stabilized by base Stacking interactions. The two complemen 
tary nucleic acid sequences hydrogen bond in an antiparallel 
configuration. A hybridization complex may be formed in 
Solution (e.g., Cot or Rot analysis) or between one nucleic 
acid sequence present in Solution and another nucleic acid 
sequence immobilized to a solid Support (e.g., a nylon mem 
brane or a nitrocellulose filter as employed in Southern and 
Northern blotting, dot blotting or a glass slideas employed in 
in situ hybridization, including FISH (fluorescent in situ 
hybridization)). 
0046. As used herein, the term “T” is used in reference to 
the “melting temperature.” The melting temperature is the 
temperature at which a population of double-stranded nucleic 
acid molecules becomes half dissociated into single strands. 
As indicated by standard references, a simple estimate of the 
T value may be calculated by the equation: T81.5+0.41 
(% G+C), when a nucleic acid is in aqueous Solution at 1M 
NaCl. Anderson et al., “Quantitative Filter Hybridization” In: 
Nucleic Acid Hybridization (1985). More sophisticated com 
putations take structural, as well as sequence characteristics, 
into account for the calculation of T. 
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0047. As used herein, the term “stringency’ is used in 
reference to the conditions oftemperature, ionic strength, and 
the presence of other compounds Such as organic solvents, 
under which nucleic acid hybridizations are conducted. 
"Stringency' typically occurs in a range from about T, to 
about 20° C. to 25°C. below T. A “stringent hybridization” 
can be used to identify or detect identical polynucleotide 
sequences or to identify or detect similar or related polynucle 
otide sequences. For example, when fragments are employed 
in hybridization reactions under stringent conditions the 
hybridization of fragments which contain unique sequences 
(i.e., regions which are either non-homologous to or which 
contain less than about 50% homology or complementarity 
are favored. Alternatively, when conditions of “weak” or 
“low” stringency are used hybridization may occur with 
nucleic acids that are derived from organisms that are geneti 
cally diverse (i.e., for example, the frequency of complemen 
tary sequences is usually low between Such organisms). 
0048. As used herein, the term “amplifiable nucleic acid 

is used in reference to nucleic acids which may be amplified 
by any amplification method. It is contemplated that “ampli 
fiable nucleic acid' will usually comprise “sample template.” 
0049. As used herein, the term “sample template” refers to 
nucleic acid originating from a sample which is analyzed for 
the presence of a target sequence of interest. In contrast, 
“background template' is used in reference to nucleic acid 
other than sample template which may or may not be present 
in a sample. Background template is most often inadvertent. 
It may be the result of carryover, or it may be due to the 
presence of nucleic acid contaminants sought to be purified 
away from the sample. For example, nucleic acids from 
organisms other than those to be detected may be present as 
background in a test sample. 
0050 Amplification' is defined as the production of addi 
tional copies of a nucleic acid sequence and is generally 
carried out using polymerase chain reaction. Dieffenbach C. 
W. and G. S. Dveksler (1995) In: PCR Primer, a Laboratory 
Manual, Cold Spring Harbor Press, Plainview, N.Y. 
0051. As used herein, the term “polymerase chain reac 
tion” (“PCR) refers to the method of K. B. Mullis U.S. Pat. 
Nos. 4,683,195 and 4,683.202, herein incorporated by refer 
ence, which describe a method for increasing the concentra 
tion of a segment of a target sequence in a mixture of genomic 
DNA without cloning or purification. The length of the ampli 
fied segment of the desired target sequence is determined by 
the relative positions of two oligonucleotide primers with 
respect to each other, and therefore, this length is a control 
lable parameter. By virtue of the repeating aspect of the 
process, the method is referred to as the “polymerase chain 
reaction' (hereinafter "PCR). Because the desired amplified 
segments of the target sequence become the predominant 
sequences (in terms of concentration) in the mixture, they are 
said to be “PCR amplified”. With PCR, it is possible to 
amplify a single copy of a specific target sequence in genomic 
DNA to a level detectable by several different methodologies 
(e.g., hybridization with a labeled probe; incorporation of 
biotinylated primers followed by avidin-enzyme conjugate 
detection; incorporation of 'P-labeled deoxynucleotide 
triphosphates, such as dCTP or dATP, into the amplified seg 
ment). In addition to genomic DNA, any oligonucleotide 
sequence can be amplified with the appropriate set of primer 
molecules. In particular, the amplified segments created by 
the PCR process itselfare, themselves, efficient templates for 
subsequent PCR amplifications. 
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0052. As used herein, the term “primer' refers to an oli 
gonucleotide, whether occurring naturally as in a purified 
restriction digest or produced synthetically, which is capable 
of acting as a point of initiation of synthesis when placed 
under conditions in which synthesis of a primer extension 
product which is complementary to a nucleic acid strand is 
induced, (i.e., in the presence of nucleotides and an inducing 
agent such as DNA polymerase and at a suitable temperature 
and pH). The primer is preferably single stranded for maxi 
mum efficiency in amplification, but may alternatively be 
double stranded. If double stranded, the primer is first treated 
to separate its strands before being used to prepare extension 
products. Preferably, the primer is an oligodeoxy-ribonucle 
otide. The primer must be sufficiently long to prime the syn 
thesis of extension products in the presence of the inducing 
agent. The exact lengths of the primers will depend on many 
factors, including temperature, Source of primer and the use 
of the method. 

0053 As used herein, the term “probe' refers; to an oli 
gonucleotide (i.e., a sequence of nucleotides), whether occur 
ring naturally as in a purified restriction digest or produced 
synthetically, recombinantly or by PCR amplification, which 
is capable of hybridizing to another oligonucleotide of inter 
est. A probe may be single-stranded or double-stranded. 
Probes are useful in the detection, identification and isolation 
of particular gene sequences. It is contemplated that any 
probe used in the present invention will be labeled with any 
“reporter molecule, so that is detectable in any detection 
system, including, but not limited to enzyme (e.g., ELISA, as 
well as enzyme-based histochemical assays), fluorescent, 
radioactive, and luminescent systems. It is not intended that 
the present invention be limited to any particular detection 
system or label. 
0054 As used herein, the terms “restriction endonu 
cleases” and “restriction enzymes' refer to bacterial 
enzymes, each of which cut double-stranded DNA at or near 
a specific nucleotide sequence. 
0055 DNA molecules are said to have “5' ends' and “3' 
ends' because mononucleotides are reacted to make oligo 
nucleotides in a manner Such that the 5' phosphate of one 
mononucleotide pentose ring is attached to the 3' oxygen of 
its neighbor in one direction via a phosphodiester linkage. 
Therefore, an end of an oligonucleotide is referred to as the 
“5' end if its 5' phosphate is not linked to the 3' oxygen of a 
mononucleotide pentose ring. An end of an oligonucleotide is 
referred to as the '3' end if its 3' oxygen is not linked to a 5' 
phosphate of another mononucleotide pentose ring. As used 
herein, a nucleic acid sequence, even if internal to a larger 
oligonucleotide, also may be said to have 5' and 3' ends. In 
either a linear or circular DNA molecule, discrete elements 
are referred to as being "upstream” or 5' of the “downstream” 
or 3' elements. This terminology reflects the fact that tran 
scription proceeds in a 5' to 3' fashion along the DNA strand. 
The promoter and enhancer elements which direct transcrip 
tion of a linked gene are generally located 5' or upstream of 
the coding region. However, enhancer elements can exert 
their effect even when located 3' of the promoter element and 
the coding region. Transcription termination and polyadeny 
lation signals are located 3' or downstream of the coding 
region. 
0056. As used herein, the term “an oligonucleotide having 
a nucleotide sequence encoding a gene' means a nucleic acid 
sequence comprising the coding region of a gene, i.e. the 
nucleic acid sequence which encodes a gene product. The 
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coding region may be present in a cDNA, genomic DNA or 
RNA form. When present in a DNA form, the oligonucleotide 
may be single-stranded (i.e., the sense strand) or double 
Stranded. Suitable control elements such as enhancers/pro 
moters, splice junctions, polyadenylation signals, etc. may be 
placed in close proximity to the coding region of the gene if 
needed to permit proper initiation of transcription and/or 
correct processing of the primary RNA transcript. Alterna 
tively, the coding region utilized in the expression vectors of 
the present invention may contain endogenous enhancers/ 
promoters, splice junctions, intervening sequences, polyade 
nylation signals, etc. or a combination of both endogenous 
and exogenous control elements. 
0057. As used herein, the term “regulatory element” refers 
to a genetic element which controls some aspect of the 
expression of nucleic acid sequences. For example, a pro 
moter is a regulatory element which facilitates the initiation 
of transcription of an operably linked coding region. Other 
regulatory elements are splicing signals, polyadenylation sig 
nals, termination signals, etc. 
0.058 Transcriptional control signals in eukaryotes com 
prise “promoter” and "enhancer elements. Promoters and 
enhancers consist of short arrays of DNA sequences that 
interact specifically with cellular proteins involved in tran 
scription. Maniatis, T. et al., Science 236:1237 (1987). Pro 
moter and enhancer elements have been isolated from a vari 
ety of eukaryotic sources including genes in plant, yeast, 
insect and mammalian cells and viruses (analogous control 
elements, i.e., promoters, are also found in prokaryotes). The 
selection of a particular promoter and enhancer depends on 
what cell type is to be used to express the protein of interest. 
0059. The presence of “splicing signals’ on an expression 
vector often results in higher levels of expression of the 
recombinant transcript. Splicing signals mediate the removal 
of introns from the primary RNA transcript and consist of a 
splice donor and acceptor site. Sambrook, J. et al., In: 
Molecular Cloning: A Laboratory Manual, 2nd ed., Cold 
Spring Harbor laboratory Press, New York (1989) pp. 16.7- 
16.8. A commonly used splice donor and acceptor site is the 
splice junction from the 16S RNA of SV40. 
0060. The term “polyA site' or “poly A sequence' as used 
herein denotes a DNA sequence which directs both the ter 
mination and polyadenylation of the nascent RNA transcript. 
Efficient polyadenylation of the recombinant transcript is 
desirable as transcripts lacking a poly A tail are unstable and 
are rapidly degraded. The polyA signal utilized in an expres 
sion vector may be "heterologous' or “endogenous.” An 
endogenous poly A signal is one that is found naturally at the 
3' end of the coding region of a given gene in the genome. A 
heterologous poly A signal is one which is isolated from one 
gene and placed 3' of another gene. Efficient expression of 
recombinant DNA sequences in eukaryotic cells involves 
expression of signals directing the efficient termination and 
polyadenylation of the resulting transcript. Transcription ter 
mination signals are generally found downstream of the poly 
adenylation signal and are a few hundred nucleotides in 
length. 
0061. The term “transfection' or “transfected refers to 
the introduction of foreign DNA into a cell. 
0062. As used herein, the terms “nucleic acid molecule 
encoding”, “DNA sequence encoding.” and “DNA encoding 
refer to the order or sequence of deoxyribonucleotides along 
a strand of deoxyribonucleic acid. The order of these deox 
yribonucleotides determines the order of amino acids along 
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the polypeptide (protein) chain. The DNA sequence thus 
codes for the amino acid sequence. 
0063. The term “Southern blot” refers to the analysis of 
DNA on agarose or acrylamide gels to fractionate the DNA 
according to size, followed by transfer and immobilization of 
the DNA from the gel to a solid support, such as nitrocellulose 
or a nylon membrane. The immobilized DNA is then probed 
with a labeled oligodeoxyribonucleotide probe or DNA probe 
to detect DNA species complementary to the probe used. The 
DNA may be cleaved with restriction enzymes prior to elec 
trophoresis. Following electrophoresis, the DNA may be par 
tially depurinated and denatured prior to or during transfer to 
the solid support. Southern blots are a standard tool of 
molecular biologists. J. Sambrook et al. (1989) In: Molecular 
Cloning: A Laboratory Manual, Cold Spring Harbor Press, 
NY. pp 9.31-9.58. 
0064. The term “Northern blot as used herein refers to the 
analysis of RNA by electrophoresis of RNA on agarose gels 
to fractionate the RNA according to size followed by transfer 
of the RNA from the gel to a solid support, such as nitrocel 
lulose or a nylon membrane. The immobilized RNA is then 
probed with a labeled oligodeoxyribonucleotide probe or 
DNA probe to detect RNA species complementary to the 
probe used. Northern blots are a standard tool of molecular 
biologists. J. Sambrook, J. et al. (1989) supra, pp 7.39-7.52. 
0065. The term “reverse Northern blot as used herein 
refers to the analysis of DNA by electrophoresis of DNA on 
agarose gels to fractionate the DNA on the basis of size 
followed by transfer of the fractionated DNA from the gel to 
a solid Support, such as nitrocellulose or a nylon membrane. 
The immobilized DNA is then probed with a labeled oligori 
bonuclotide probe or RNA probe to detect DNA species 
complementary to the ribo probe used. 
0066. As used herein the term “coding region' when used 
in reference to a structural gene refers to the nucleotide 
sequences which encode the amino acids found in the nascent 
polypeptide as a result of translation of a mRNA molecule. 
The coding region is bounded, in eukaryotes, on the 5' side by 
the nucleotide triplet ATG’ which encodes the initiator 
methionine and on the 3' side by one of the three triplets which 
specify stop codons (i.e., TAA, TAG, TGA). 
0067. As used herein, the term “structural gene' refers to 
a DNA sequence coding for RNA or a protein. In contrast, 
“regulatory genes' are structural genes which encode prod 
ucts which control the expression of other genes (e.g., tran 
Scription factors). 
0068. As used herein, the term “gene' means the deoxyri 
bonucleotide sequences comprising the coding region of a 
structural gene and including sequences located adjacent to 
the coding region on both the 5' and 3' ends for a distance of 
about 1 kb on either end such that the gene corresponds to the 
length of the full-length mRNA. The sequences which are 
located 5' of the coding region and which are present on the 
mRNA are referred to as 5' non-translated sequences. The 
sequences which are located 3' or downstream of the coding 
region and which are present on the mRNA are referred to as 
3' non-translated sequences. The term “gene' encompasses 
both cDNA and genomic forms of a gene. A genomic form or 
clone of a gene contains the coding region interrupted with 
non-coding sequences termed “introns' or “intervening 
regions' or “intervening sequences.” Introns are segments of 
a gene which are transcribed into heterogeneous nuclear RNA 
(hnRNA); introns may contain regulatory elements such as 
enhancers. Introns are removed or “spliced out from the 
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nuclear or primary transcript, introns therefore are absent in 
the messenger RNA (mRNA) transcript. The mRNA func 
tions during translation to specify the sequence or order of 
amino acids in a nascent polypeptide. 
0069. In addition to containing introns, genomic forms of 
a gene may also include sequences located on both the 5' and 
3' end of the sequences which are present on the RNA tran 
Script. These sequences are referred to as “flanking 
sequences or regions (these flanking sequences are located 5' 
or 3' to the non-translated sequences present on the mRNA 
transcript). The 5' flanking region may contain regulatory 
sequences such as promoters and enhancers which control or 
influence the transcription of the gene. The 3' flanking region 
may contain sequences which direct the termination of tran 
Scription, posttranscriptional cleavage and polyadenylation. 
0070. The term “label' or “detectable label are used 
herein, to refer to any composition detectable by spectro 
scopic, photochemical, biochemical, immunochemical, elec 
trical, optical or chemical means. Such labels include biotin 
for staining with labeled Streptavidin conjugate, magnetic 
beads (e.g., Dynabeads(R), fluorescent dyes (e.g., fluorescein, 
texas red, rhodamine, green fluorescent protein, and the like), 
radiolabels (e.g., H. 'I, S, ''C, or P), enzymes (e.g., 
horse radish peroxidase, alkaline phosphatase and others 
commonly used in an ELISA), and calorimetric labels such as 
colloidal gold or colored glass or plastic (e.g., polystyrene, 
polypropylene, latex, etc.) beads. Patents teaching the use of 
such labels include, but are not limited to, U.S. Pat. Nos. 
3,817,837; 3,850,752; 3,939,350; 3,996.345; 4.277,437; 
4.275,149; and 4.366.241 (all herein incorporated by refer 
ence). The labels contemplated in the present invention may 
be detected by many methods. For example, radiolabels may 
be detected using photographic film or Scintilation counters, 
fluorescent markers may be detected using a photodetector to 
detect emitted light. Enzymatic labels are typically detected 
by providing the enzyme with a Substrate and detecting, the 
reaction product produced by the action of the enzyme on the 
substrate, and calorimetric labels are detected by simply visu 
alizing the colored label. 
0071. The term “binding as used herein, refers to any 
interaction between an infection control composition and a 
surface. Such as surface is defined as a “binding surface'. 
Binding may be reversible or irreversible. Such binding may 
be, but is not limited to, non-covalent binding, covalent bond 
ing, ionic bonding, Van de Waal forces or friction, and the 
like. An infection control composition is bound to a Surface if 
it is impregnated, incorporated, coated, in Suspension with, in 
solution with, mixed with, etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0072 The file of this patent contains at least one drawing 
executed in color. Copies of this patent with color drawings 
will be provided by the Patent and Trademark Office upon 
request and payment of the necessary fee. 
0073 FIG. 1 presents one embodiment of the concept of 
creating Hamming barcodes 
0074 FIG. 1A: Two representative Hamming hyper 
spheres (blue: center coordinates=(0, 0, 0): red: center coor 
dinates=(1, 1, 1)). 
0075 FIG. 1B: Codeword regions comprising a length of 
16 (or longer) checked by parity bits at positions 0, 1, 2, and 
4: bits that are checked by each position are marked with 1. 
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0076 FIG. 1C: Decoding a “received” codeword contain 
ing the binary value of 3 (0011) (n=7, k=4): Case 1: No errors. 
Case 2: Single-bit error at position 6 that is detected and 
corrected. 
0077 FIG. 2 presents exemplary data showing UniFrac 
clustering of samples from a cystic fibrosis lung, a Guerrero 
Negro microbial mat, air, and North American rivers obtained 
by pyrosequencing with barcodes. 
0078 FIG.3 shows taxonomic distributions of bacteria in 
each of the major sample types in FIG. 2. 

DETAILED DESCRIPTION OF THE INVENTION 

007.9 The present invention relates to nucleic acid 
sequencing. In particular, the invention relates to methods and 
compositions for detecting errors and correcting Such errors 
during nucleic acid amplification (i.e., for example, a nucleic 
acid barcode) such that accurate sample identification may be 
maintained. The combination of the methods and composi 
tions described herein allow characterization of a plurality of 
nucleic acid samples simultaneously when using high 
throughput amplification and/or sequencing technologies. 
0080. In one embodiment, the present invention contem 
plates a composition comprising a tagged (i.e., for example, a 
Hamming barcode) nucleotide sequence, wherein the nucle 
otide averages between approximately 270 nucleotides and 
1500 nucleotides. In one embodiment, the nucleotide 
sequence is derived from the 16S rRNA gene. Other embodi 
ments provide a tagged nucleotide sequence wherein the tag 
is attached to the 3' or 5' end of the nucleotide sequence. 
Alternatively, some embodiments of the present invention 
contemplate a tagged nucleotide sequence wherein the tag is 
attached to both the 3' and 5' ends of the nucleotide sequence. 
Although it is not necessary to understand the mechanism of 
an invention, it is believed that single end tags may be advan 
tageous for sequencing because variation in the length of 
variable regions in different species may preclude the second 
tag from being read. 
0081. In one embodiment, the present invention contem 
plates a method comprising: a) amplifying a nucleic acid 
sample using a primer comprising a barcode; and b) using the 
barcodes to provide sample assignments to a sample from 
which the nucleic acid was obtained. Although it is not nec 
essary to understand the mechanism of an invention, it is 
believed that such sample assignments can be done with high 
confidence because of the unique error-detecting/correcting 
barcodes that correct amplification mistakes in each respec 
tive sample, thereby maintaining the integrity of the sample 
assignment information. 

I. Conventional Error-Correcting Coding 

0082. The use of error-correction codes has been imple 
mented in many different fields of art. For example, not only 
in biotechnology, but in information media Such as cell 
phones and/or compact disks. R H Morelos-Zaragoza, The 
Art of Error-Correcting Coding. (John Wiley & Sons, Hobo 
ken, N.J., (2006). As discussed below, these conventional 
techniques did not recognize, or employ, the advantages of 
Hamming barcodes (infra). 
I0083. A. Cell Culture Assays 
0084 Quantitative and highly parallel methods for analyz 
ing deletion mutants using barcodes in Saccharomyces cer 
evisiae have been reported. Shoemaker et al., “Quantitative 
Phenotypic Analysis of Yeast Deletion Mutants Using a 
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Highly Parallel Molecular Bar-Coding Strategy' Nature 
Genetics 14(4): 450-456 (1996). This approach uses a PCR 
targeting strategy to generate large numbers of deletion 
strains that are individually labeled with a unique 20-base tag 
sequence that can be detected by hybridization to a high 
density oligonucleotide array. The tags serve as unique iden 
tifiers (molecular barcodes) that allow analysis of large num 
bers of deletion strains simultaneously through selective 
growth conditions. 
I0085 B. Vector Analysis Assays 
I0086 Methods for identifying an mRNA source pool from 
which individual cDNAs were derived have been tried by 
adding unique 6-nucleotide “barcodes' to the 3'-end of each 
mRNA during first-strand cDNA synthesis. Qiu et al., “DNA 
Sequence-Based “Bar Codes' for Tracking the Origins of 
Expressed Sequence Tags From a Maize Library Constructed 
Using Multiple mRNA Sources' Plant Physiology 133: 475 
481 (2003). This method utilized an error-correcting decod 
ing algorithm that identified a source mRNA pool for more 
than 97% of the expressed sequence tags (ESTs) examined. 
Of the 3,684 sequences examined with this decoding algo 
rithm, 3,531 (95.8%) had exact bar code matches, 70 (1.9%) 
had errors in their bar codes that were decodable, and 83 
(2.3%) were not decodable. 
I0087. This prior method relies upon a natural metric for 
designing DNA bar codes known as an "edit metric' where 
the minimal distance between two strands of bar code DNA 
sequences is a single base insertion, deletion, or Substitution 
required to transform one strand into the other. (Gusfield, 
1997). This method produces a higher rate of uncorrectable 
errors than other barcoded libraries, thus requiring bar codes 
that allow for the correction of two errors (i.e., for example, 
being at least five edits apart). To address this problem, it is 
pointed out that lengthening the bar codes by just 2 by (to 8 
bp) would provide 34 unique barcodes (Ashlocket al., 2002). 
Unlike the present invention, these bar codes are located 
within an EST sequence by identifying the vector and poly(T) 
sequences and then determining whether the bases at the 
approximate location of the bar code match any of the bar 
codes used in the construction of the library. 
I0088 C. Pyrosequencing Assays 
I0089 Methods of labeling and amplifying nucleic acid 
molecules with primers comprising unique five-nucleotide 
barcodes have been identified following amplification by 
methods that include pyrosequencing. Ronaghi et al. "Meth 
ods and Compositions for Clonal Amplification of Nucleic 
Acid' United States Patent Application Number 2006/008, 
824 (herein incorporated by reference). The described bar 
coded primers are attached to a solid Surface (i.e., for 
example, a bead) such that specific nucleic acid targets may 
be isolated/immobilized prior to amplification with other 
(non-barcoded) primers. While the resulting PCR product(s) 
include the unique barcode sequence the barcoded PCR prim 
er(s) are not amplified. 
0090 DNA bar codes and pyro sequencing have been used 
to detect minor drug resistance mutations in multidrug-resis 
tant HIV populations. Each primer consisted of the conven 
tional 454 A and 454 B sequences at the 5' ends and the 
HIV-complementary regions at the 3' end separated by a 
4-nucleotide DNA bar code sequence. The results identified a 
variety of minor drug resistance alleles in patient samples and 
demonstrated the feasibility of using pyrosequencing for effi 
cient HIV genotyping. Several controls were included in 
these experiments to allow estimations of the background 
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error rate associated with pyrosequencing. Hoffmann et al., 
“DNA Barcoding and Pyrosequencing to Identify Rare HIV 
Drug Resistance Mutations' Nucleic Acids Research 35(13): 
e91 (2007). 
0091 Pyrosequencing-tailored barcoding approaches 
have been reported that utilize 48 reverse-forward barcode 
pairs that are separated by a cloning linker, and are unique 
with respect to at least 4 nucleotidepositions. Such a configu 
ration was believed to provide uniquely barcoded libraries 
from up to 48 different samples. The barcoded primers were 
each 45-46 nucleotides long and consisted of: i) a forward or 
reverse 454 sequencing primer, ii) a forward or reverse bar 
code and iii) a forward or reverse cloning-linker. Lengthening 
the barcodes and/or increasing the variation(s) in the fixed 
forward and reverse linkers may expand the multiplexing 
capacity of this approach. Parameswaran et al., “A Pyrose 
quencing-Tailored Nucleotide Barcode Design Unveils 
Opportunities For Large-Scale Sample Multiplexing 
Nucleic Acids Research 35(19): e130 (2007). 
0092 Conventional PCR with 5'-nucleotide tagged prim 
ers can generate homologous DNA amplification products 
from multiple specimens that are then Subjected to pyrose 
quencing. Each DNA sequence is Subsequently traced back to 
its individual source through 5"tag-analysis. This approach 
enables the assignment of virtually all the generated DNA 
sequences to the correct Source once sequencing anomalies 
are accounted for. Binladen et al., “The Use of Coded PCR 
Primers Enables High-Throughput Sequencing of Multiple 
Homolog Amplification Products By 454 Parallel Sequenc 
ing PloS ONE 2: e197 (2007). Conventional primers specific 
for 16S mammalian mitochondrial DNA (mtDNA) were 
modified into sixteen unique forward, and sixteen reverse 
primers through the addition of 5'-dinucleotide tags. The 
results indicated a bias in the distribution of the differently 
tagged primers that is dependent on the 5' nucleotide of the 
tag. Specifically, primers 5'-labeled with a cytosine were 
heavily overrepresented among the final sequences, while 
those 5'-labeled with a thymine were strongly underrepre 
sented. A weaker bias was also reported for the distribution of 
sequences sorted by the second nucleotide of the dinucleotide 
tags. In comparison to the dinucleotide tags, the performance 
of tetranucleotide tagged primers was less efficient than pre 
dicted. Although the Small number of tetranucleotide tagged 
primers tested renders statistically Supported comparisons 
difficult, data indicate that overall the rate of sequence miss 
assignment for these primers was lower than for the dinucle 
otide tags. 
0093 Characterization of 141,000 sequences of 16S 
rRNA genes obtained from 100 uncultured gastrointestinal 
bacterial samples from rhesus macaques was performed 
using primers marked with a “unique DNA bar code’. These 
bar codes were represented by distinctive 4 base sequences 
between the 16S rRNA gene complementarity region and the 
pyrosequencing primer binding site. McKenna et al., “The 
Macaque Gut Microbiome In Health, Lentiviral Infection, 
and Chronic Enterocolitis' PloS Pathog. 4(2): e20 (2008). 
The resulting error rate for the barcoding procedure was 
estimated by cataloging all those sequences reads with bar 
codes that were not among those used for labeling. The analy 
sis indicated that only 0.01% of sequences were likely to be 
miscataloged due to errors parsing the bar codes. 
0094 Integration site populations have been characterized 
from gene transfer studies using DNA barcoding and pyrose 
quencing. To sequence all the samples in a single sequencing 
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experiment, primers that contain unique 4-bp barcodes were 
used in the second PCR step. The PCR products were gel 
purified and pooled prior to pyrosequencing. Wang et al., 
“DNA Barcoding and Pyrosequencing to Analyze Adverse 
Events In Therapeutic Gene Transfer Nucleic Acids 
Research 36(9): e49 (2008). 
0.095 454-pyrosequencing based methods have been 
reported for monitoring microbial communities in which the 
hyper-variable region of the 16S rRNA gene is amplified 
using primers that target adjacent conserved regions followed 
by direct sequencing of individual PCR products. Andersson 
et al., “Comparative Analysis of Human Gut Microbiota by 
Barcoded Pyrosequencing, PloS ONE 3(7): e2836 (2008). 
Including a sample-specific four nucleotide barcode 
sequence on one of the primers allows multiple samples to be 
analyzed in parallel on a single 454-pyrosequencing plate. It 
was suggested that the recognized pyrosequencing error rate 
might potentially disturb taxonomic classifications but 
offered not suggestions for using error correcting and/or 
detecting Hamming barcodes. 
(0096 Methods that couple multiplex PCR with sample 
specific DNA barcodes and “next-generation sequencing 
(i.e., for example, pyrosequencing) have been reported to 
enable mutation discovery in candidate genes for multiple 
samples in parallel. The final amplification step of this 
method relies on universal PCR primers tailed with 454 Life 
Sciences A or B at the 5' end, followed by a sample-specific 
DNA sequence and 454 sequencing primerS Such that the first 
few bases indicate from which sample each read originated. 
Varley et al., “Nested Patch PCR Enables Highly Multiplexed 
Mutation Discovery In Candidate Genes' Genome Res. 
18:1844-1850 (2008). While the method was admittedly 
error-prone due to the nature of 454 sequencing, there was no 
Suggestions to use error-correcting and/or detecting Ham 
ming barcodes. 

II. Calculation Of Hamming Code Resolution 
0097. One class of error-correcting codes that use redun 
dancy and standard linear algebra techniques has been 
referred to as a Hamming code. Hamming R. W., Bell System 
Technical Journal 29:147 (1950). Other encoding schemes 
similar to Hamming codes include Golay codes. Briefly, 
Hamming codes, like other error-correcting codes, are based 
on the principle of redundancy and are constructed by adding 
redundant parity bits to data that is to be transmitted over a 
noisy medium. Such error-correcting codes encode sample 
identifiers with redundant parity bits, and “transmit these 
sample identifiers as codewords. Although it is not necessary 
to understand the mechanism of an invention, it is believed 
that if each nucleotide base is encoded by two (2) bits, then an 
eight (8) nucleotide base codeword would comprise sixteen 
(16) bits of information for transmission. 
0.098 Hamming codes may be represented by a subset of 
the possible codewords that are chosen from the center of 
multidimensional spheres (i.e., for example, hyperspheres) in 
a binary subspace. Single bit errors may fall within hyper 
spheres associated with a specific codeword and can thus be 
corrected. On the other hand, double bit errors that do not 
associate with a specific codeword can be detected, but not 
corrected. Consider a first hypersphere centered at coordi 
nates (0, 0, 0) (i.e., for example, using an X-y-Z coordinate 
system), wherein any single-bit error can be corrected by 
falling within a radius of 1 from the center coordinates; i.e., 
for example, single bit errors having the coordinates of (0, 0, 
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O); (0, 1, 0); (0, 0, 1); (1,0,0), or (1,1,0). Likewise, a second 
hypersphere may be constructed wherein single-biterrors can 
be corrected by falling within a radius of 1 of its center 
coordinates (1,1,1) (i.e., for example, (1,1,1); (1,0,1); (0,1, 
O); or (0, 1, 1). See, FIG. 1A (first hypersphere-blue; second 
hypersphere-red). 
0099 Codeword regions comprising a length of 16 or 
more bits may be checked by parity bits at positions 0, 1, 2, 
and 4, wherein the bits that are checked by each position are 
marked with 1. See, FIG. 1B. Consequently, a “received 
codeword containing a binary value of 3 (0.011) (n=7, k=4) 
may be decoded for possible correction. The first case con 
tains no errors; the second contains a single-bit error at posi 
tion 6 that is detected and corrected. See, FIG.3. Note that this 
is an example of a Hamming error-correcting code: the 
method claims all error-detecting and error-correcting codes. 
0100 For example, let n be the total number of bits in the 
codeword being transmitted, and k be the number of bits of 
information to be transmitted. Hamming codes use n-kbits of 
redundancy, and because not all 2' possible codewords are 
used, there are 2 valid, error-correcting codewords is 2 that 
form a k-dimensional Subspace. The Hamming distance is 
defined as the number of bits that differ between two vectors 
in this subspace, and the relevant parameter for error-correc 
tion is the minimum Hamming distance. Next, let t be the 
radius of a sphere in this subspace where any change within 
this sphere can be corrected. The error-correcting capability 
is the largest radius Such that all Hamming spheres are dis 
joint: t floor((d-1)/2), where d is the minimum Ham 
ming distance. Thus, the minimum Hamming distance 
between codewords needed to correct a single error is 3. 
0101. In one embodiment, the present invention contem 
plates a barcode that uses Hamming codes to encode sample 
identifiers as DNA translations of each binary codeword 
using 2 bits/base. For example, 8-base codewords (n=16) use 
11 bits for sample identifiers (k=11), and 5 bits of redundancy 
(n-k=5). There are thus 2'-2048 possible 8-base code 
words. Alternatively, a 4-base barcodes can encode up to 16 
codewords, thereby generating 67 million 16-base code 
words. One can easily using increasing base lengths to pro 
vide ready scalability. 

III. Error-Correction Hamming Codes in Pyrosequencing 
0102 Pyrosequencing may improve sequencing by elimi 
nating the laborious step of producing clone libraries and 
generating hundreds of thousands of sequences in a single 
run. Margulies et al., Nature 437(7057):376 (2005). These 
improvements may include, for example, the ability to assess 
global microbial community diversity Huber et al., Science 
318(5847):97 (2007); Roesch et al., ISME J 1:283 (2007): 
Sogin et al., Proc Natl AcadSci USA 103:12115 (2006). In 
one embodiment, the present invention contemplates a 
method comprising pyrosequencing amplified nucleic acids 
containing Hamming barcoded error-correcting and/or error 
detecting primers. In one embodiment, the method further 
comprises estimating the total sequencing error rate. In one 
embodiment, the method further comprises eliminating 
sample mis-assignment of the nucleic acid. 
0103) In one embodiment, the present invention contem 
plates a method comprising amplifying nucleic acids. In one 
embodiment, the amplification method may further comprise 
steps including, but not limited to, sequencing genes, detect 
ing alleles, or diagnosing a medical condition. Further, a 
nucleic acid amplification method may comprise detecting 
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and/or correcting nucleotide sequence errors as a research 
tool for understanding of microbial habitats. 
0104. The presently disclosed methods have several 
advantages over conventionally used pyrosequencing meth 
ods currently in use including, but not limited to: 1) the ability 
to detect and correct errors in the barcodes to eliminate pos 
sible mis-assignment; 2) the barcodes only require 8 nucle 
otides, which is important when read lengths are limited; and 
3) the ability to tag only one end of the sequence (i.e., for 
example, tagging the reverse primer) is useful since variation 
in the length of variable regions in different species may 
preclude a second tag from being read. 
0105 Conventional culture-independent 16S rRNA 
based analysis of microbial community composition through 
pyrosequencing has been limited by the expense of each 
individual run, and by the difficulty of splitting a single plate 
across multiple runs. N. R. Pace, Science 276(5313): 734 
(1997). Several reports have suggested that a barcode (i.e., a 
unique tag) may be added to each primer before PCR ampli 
fication. Binladen et al., PLoS ONE 2 (2), e197 (2007): Hoff 
mann et al., Nucleic Acids Res 35 (13), e91 (2007); and 
Parameswaran et al., Nucleic Acids Res 35 (19), e130 (2007). 
In one embodiment, the present invention contemplates a 
method comprising amplifying each sample with a known 
tagged primer, wherein the Subsequent sequencing can be 
performed on an equimolar mixture of PCR-amplified DNA 
from each sample, thereby allowing the sequences to be 
assigned to samples based on the unique barcode. 
0106 Disadvantages of such conventional pyrosequenc 
ing barcoding methods (Supra) include, but are not limited to: 
i) sequencing only twenty-five samples in a single pyrose 
quencing run; ii) a limited number of usable unique barcodes; 
or iii) an ability to detect sequencing errors that change 
sample assignment and/or identification. Although it is not 
necessary to understand the mechanism of an invention, it is 
believed that overcoming these disadvantages by using 
pyrosequencing in conjunction with Hamming barcodes will 
create a highly robust method that maintains an error-free 
sample assignment code. For example, because the 5' end of 
the read is generally considered more error-prone than other 
nucleotide regions the presently disclosed invention is 
believed to solve this problem. Huse et al., Genome Biol 
8:R143 (2007). 
0107 A. Identifying Nucleic Acid Sequences Tagged with 
Bar Codes 
0108. In one embodiment, the present invention contem 
plates an improved method for culture-independent 16S 
rRNA pyrosequencing analysis that reduces both cost and 
error rate by processing more than 25 samples in a single 
pyrosequencing run. PCR amplification of each sample with 
unique barcode tagged primers prior to pyrosequencing per 
mits an assignment of sequence data to individual samples 
from equimolar mixtures of PCR-amplified DNA. 
0109. In one embodiment, the present invention contem 
plates a barcode based on error-correcting Hamming codes 
that use a minimum amount of redundancy and are imple 
mented using standard linear algebraic techniques. In addi 
tion to increasing the numbers of unique barcodes available, 
error-correcting barcodes are able to detect and/or correct 
sequencing errors. Although it is not necessary to understand 
the mechanism of an invention, it is believed that such 
sequencing errors occurring within a barcode are sufficient to 
change sample identification assignments. This technique is 
readily scalable, for example while an 8-base barcode upon 
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which the present primers were created provide 2.048 pos 
sible combinations, a 4-base barcode would provide 16 pos- TABLE 1 - continued 
sible combinations, and a 16-basebarcode would provide 67 
million possible combinations. Representative 8-Nucleotide Base 

Error- Correcting Barcodes And 
0110. In one embodiment, the present invention contem- Representative Primer Sequence 
plates using a Hamming code analysis to identify an 8-base 
barcode scheme using the nucleotides including but not lim- Barcode Primer 
ited to, adenosine (A), thymidine (T), cytosine (C), or guano SEO ID NO : 29 GCCTCCCGTAGGAGT 
sine (G) (i.e., for example, at least 1544 barcodes). See, Table SEQ ID NO: 30 
1. AACGATGG GCCTCCCTCGCGCCATCAGAACGATGGCATGCT 

SEO ID NO : 31 GCCTCCCGTAGGAGT 
TABLE 1. SEQ ID NO: 32 

Representative 8-Nucleotide Base AACGCCAT GCCTCCCTCGCGCCATCAGAACGCCATCATGCT 
Error-Correcting Barcodes And SEQ ID NO: 33 GCCTCCCGTAGGAGT 
Representative Primer Sequence SEQ ID NO: 34 

Barcode Primer AACGCCTA GCCTCCCTCGCGCCATCAGAACGCCTACATGCT 
SEO ID NO: 35 GCCTCCCGTAGGAGT 

AACCAACC GCTCCCTCGCGCCATCAGAACCAACCCATGCTC SEQ ID NO: 36 
SEO ID NO: 1 GCCTCCCGTAGGAGT 

SEO ID NO: 2 AACGCGAA GCCTCCCTCGCGCCATCAGAACGCGAACATGCT 
SEO ID NO : 37 GCCTCCCGTAGGAGT 

AACCAAGG GCCTCCCTCGCGCCATCAGAACCAAGGCATGCT SEQ ID NO: 38 
SEO ID NO: 3 GCCTCCCGTAGGAGT 

SEO ID NO: 4 AACGCGTT GCCTCCCTCGCGCCATCAGAACGCGTTCATGCT 
SEO ID NO: 39 GCCTCCCGTAGGAGT 

AACCATCG GCCTCCCTCGCGCCATCAGAACCATCGCATGCT SEQ ID NO: 40 
SEO ID NO: 5 GCCTCCCGTAGGAGT 

SEO ID NO: 6 AACGGCAA GCCTCCCTCGCGCCATCAGAACGGCAACATGCT 
SEO ID NO: 41 GCCTCCCGTAGGAGT 

AACCATGC GCCTCCCTCGCGCCATCAGAACCATGCCATGCT SEQ ID NO: 42 
SEQ ID NO: 7 GCCTCCCGTAGGAGT 

SEO ID NO: 8 AACGGCTT GCCTCCCTCGCGCCATCAGAACGGCTTCATGCT 
SEO ID NO : 43 GCCTCCCGTAGGAGT 

AACCGCAT GCCTCCCTCGCGCCATCAGAACCGCATCATGCT SEQ ID NO: 44 
SEO ID NO: 9 GCCTCCCGTAGGAGT 

SEO ID NO: 10 AACGTACC GCCTCCCTCGCGCCATCAGAACGTACCCATGCT 
SEO ID NO: 45 GCCTCCCGTAGGAGT 

AACCGCTA GCCTCCCTCGCGCCATCAGAACCGCTACATGCT SEQ ID NO: 46 
SEO ID NO : 11 GCCTCCCGTAGGAGT 

SEO ID NO: 12 AACGTAGG GCCTCCCTCGCGCCATCAGAACGTAGGCATGCT 
SEO ID NO: 47 CTCCCGTAGGAGT 

AACCGGAA GCCTCCCTCGCGCCATCAGAACCGGAACATGCT SEQ ID NO: 48 
SEO ID NO : 13 GCCTCCCGTAGGAGT 

SEO ID NO: 14 AACGTTCG GCCTCCCTCGCGCCATCAGAACGTTCGCATGCT 
SEO ID NO: 49 GCCTCCCGTAGGAGT 

AACCGGTT GCCTCCCTCGCGCCATCAGAACCGGTTCATGCT SEO ID NO : 50 
SEO ID NO: 15 GCCTCCCGTAGGAGT 

SEO ID NO: 16 AACGTTGC GCCTCCCTCGCGCCATCAGAACGTTGCCATGCT 
SEO ID NO: 51 GCCTCCCGTAGGAGT 

AACCTACG GCCTCCCTCGCGCCATCAGAACCTACGCATGCT SEO ID NO : 52 
SEO ID NO: 17 GCCTCCCGTAGGAGT 

SEO ID NO: 18 AAGCAACG GCCTCCCTCGCGCCATCAGAAGCAACGCATGCT 
SEO ID NO: 53 GCCTCCCGTAGGAGT 

AACCTAGC GCCTCCCTCGCGCCATCAGAACCTAGCCATGCT SEQ ID NO: 54 
SEO ID NO : 19 GCCTCCCGTAGGAGT 

SEO ID NO: 2O AAGCAAGC GCCTCCCTCGCGCCATCAGAAGCAAGCCATGCT 
SEO ID NO: 55 GCCTCCCGTAGGAGT 

AACCTTCC GCCTCCCTCGCGCCATCAGAACCTTCCCATGCT SEO ID NO: 56 
SEO ID NO: 21 GCCTCCCGTAGGAGT 

SEO ID NO: 22 AAGCATCC GCCTCCCTCGCGCCATCAGAAGCATCCCATGCT 
SEO ID NO: 57 GCCTCCCGTAGGAGT 

AACCTTGG GCCTCCCTCGCGCCATCAGAACCTTGGCATGCT SEO ID NO: 58 
SEO ID NO: 23 GCCTCCCGTAGGAGT 

SEO ID NO: 24 AAGCATGG GCCTCCCTCGCGCCATCAGAAGCATGGCATGCT 
SEO ID NO. 59 GCCTCCCGTAGGAGT 

AACGAACG GCCTCCCTCGCGCCATCAGAACGAACGCATGCT SEQ ID NO: 60 
SEO ID NO: 25 GCCTCCCGTAGGAGT 

SEO ID NO: 26 AAGCCGAA GCCTCCCTCGCGCCATCAGAAGCCGAACATGCT 
SEO ID NO : 61 GCCTCCCGTAGGAGT 

AACGAAGC GCCTCCCTCGCGCCATCAGAACGAAGCCATGCT SEQ ID NO: 62 
SEO ID NO: 27 GCCTCCCGTAGGAGT 

SEO ID NO: 28 AAGCCGTT GCCTCCCTCGCGCCATCAGAAGCCGTTCATGCT 
SEO ID NO: 63 GCCTCCCGTAGGAGT 

AACGATCC GCCTCCCTCGCGCCATCAGAACGATCCCATGCT SEQ ID NO: 64 
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TABLE 1 - continued TABLE 1 - continued 

Representative 8-Nucleotide Base Representative 8-Nucleotide Base 
Error-Correcting Barcodes And Error- Correcting Barcodes And 
Representative Primer Sequence Representative Primer Sequence 

Barcode Primer Barcode Primer 

ACACCACA GCCTCCCTCGCGCCATCAGACACCACACATGCT ACAGCAGA GCCTCCCTCGCGCCATCAGACAGCAGACATGCT 
SEO ID NO: 133 GCCTCCCGTAGGAGT SEO ID NO: 167 GCCTCCCGTAGGAGT 

SEO ID NO: 134 SEQ ID NO: 168 

ACACCAGT GCCTCCCTCGCGCCATCAGACACCAGTCATGCT ACAGCTCA GCCTCCCTCGCGCCATCAGACAGCTCACATGCT 
SEO ID NO: 135 GCCTCCCGTAGGAGT SEQ ID NO: 169 GCCTCCCGTAGGAGT 

SEO ID NO: 136 SEO ID NO: 17 O 

ACAC CTCT GCCTCCCTCGCGCCATCAGACAC CTCTCATGCT ACAGCTGT GCCTCCCTCGCGCCATCAGACAGCTGTCATGCT 
SEO ID NO : 137 GCCTCCCGTAGGAGT SEO ID NO: 171 GCCTCCCGTAGGAGT 

SEO ID NO: 138 SEO ID NO: 172 

ACACCTGA GCCTCCCTCGCGCCATCAGACACCTGACATGCT ACAGGACA GCCTCCCTCGCGCCATCAGACAGGACACATGCT 
SEO ID NO: 139 GCCTCCCGTAGGAGT SEO ID NO: 173 GCCTCCCGTAGGAGT 

SEO ID NO: 140 SEO ID NO: 174 

ACACGACT GCCTCCCTCGCGCCATCAGACACGACTCATGCT ACAGGAGT GCCTCCCTCGCGCCATCAGACAGGAGTCATGCT 
SEO ID NO: 141 GCCTCCCGTAGGAGT SEO ID NO: 175 GCCTCCCGTAGGAGT 

SEO ID NO: 142 SEO ID NO: 176 

ACACGAGA GCCTCCCTCGCGCCATCAGACACGAGACATGCT ACAGGTCT GCCTCCCTCGCGCCATCAGACAGGTCTCATGCT 
SEO ID NO: 143 GCCTCCCGTAGGAGT SEO ID NO: 177 GCCTCCCGTAGGAGT 

SEO ID NO: 144 SEO ID NO: 178 

Rii. 45 SEESTCAGACACGTCACATGct ACAGGTGA GCCTCCCTCGCGCCATCAGACAGGTGACATGCT 
SEO ID NO: 146 SEO ID No. 179 GCCTCCCGTAGGAGT 

SEQ ID NO: 18O 

ACACGTGT GCCTCCCTCGCGCCATCAGACACGTGTCATGCT 
SEO ID NO: 147 GCCTCCCGTAGGAGT ACAGTCAC GCCTCCCTCGCGCCATCAGACAGTCACCATGCT 

SEO ID NO: 148 SEO ID NO: 181 GCCTCCCGTAGGAGT 
SEQ ID NO: 182 

ACACTCAG GCCTCCCTCGCGCCATCAGACACTCAGCATGCT 
SEO ID NO: 149 GCCTCCCGTAGGAGT ACAGTCTG GCCTCCCTCGCGCCATCAGACAGTCTGCATGCT 

SEO ID NO: SO SEQ ID NO: 183 GCCTCCCGTAGGAGT 
SEQ ID NO: 184 

ACACTCTC GCCTCCCTCGCGCCATCAGACACTCTCCATGCT 
SEO ID NO: 51 GCCTCCCGTAGGAGT ACAGTGAG GCCTCCCTCGCGCCATCAGACAGTGAGCATGCT 

SEO ID NO: 52 SEO ID NO: 185 GCCTCCCGTAGGAGT 
SEQ ID NO: 186 

ACACTGAC GCCTCCCTCGCGCCATCAGACACTGACCATGCT 

SEO ID NO: 53 GCCTCCCGTAGGAGT ACAGTGTC GCCTCCCTCGCGCCATCAGACAGTGTCCATGCT 
SEO ID NO: 54 SEO ID NO: 187 GCCTCCCGTAGGAGT 

SEQ ID NO: 188 
ACACTGTG GCCTCCCTCGCGCCATCAGACACTGTGCATGCT 
SEO ID NO: 55 GCCTCCCGTAGGAGT ACCAACCA. GCCTCCCTCGCGCCATCAGACCAACCACATGCT 

SEO ID NO: 56 SEQ ID NO: 189 GCCTCCCGTAGGAGT 
SEQ ID NO: 19 O 

ACAGACAG GCCTCCCTCGCGCCATCAGACAGACAGCATGCT 
SEO ID NO: st GCCTCCCGTAGGAGT ACCAACGT GCCTCCCTCGCGCCATCAGACCAACGTCATGCT 

SEO ID NO: 58 SEQ ID NO: 191 GCCTCCCGTAGGAGT 
SEQ ID NO: 192 

ACAGACTC GCCTCCCTCGCGCCATCAGACAGACTCCATGCT 

SEO ID NO: 59 GCCTCCCGTAGGAGT ACCAAGCT GCCTCCCTCGCGCCATCAGACCAAGCTCATGCT 
SEO ID NO: 60 SEQ ID NO: 193 GCCTCCCGTAGGAGT 

SEQ ID NO: 194 
ACAGAGAC GCCTCCCTCGCGCCATCAGACAGAGACCATGCT ACCAAGGA GCCTCCCTCGCGCCATCAGACCAAGGACATGCT 

SEO ID NO: 61 GCCTCCCGTAGGAGT SEO ID NO : 195 GCCTCCCGTAGGAGT 
SEO ID NO: 62 SEQ ID NO: 196 

ACAGAGTG GCCTCCCTCGCGCCATCAGACAGAGTGCATGCT ACCACAAC GCCTCCCTCGCGCCATCAGACCACAACCATGCT 

SEO ID NO: 63 GCCTCCCGTAGGAGT SEO ID NO : 197 GCCTCCCGTAGGAGT 
SEO ID NO: 64 SEQ ID NO: 198 

ACAGCACT GCCTCCCTCGCGCCATCAGACAGCACTCATGCT ACCACATG GCCTCCCTCGCGCCATCAGACCACATGCATGCT 

SEO ID NO: 65 GCCTCCCGTAGGAGT SEO ID NO : 199 GCCTCCCGTAGGAGT 
SEO ID NO: 166 SEQ ID NO: 2OO 
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TABLE 1 - continued TABLE 1 - continued 

Representative 8-Nucleotide Base Representative 8-Nucleotide Base 
Error-Correcting Barcodes And Error- Correcting Barcodes And 
Representative Primer Sequence Representative Primer Sequence 

Barcode Primer Barcode Primer 

GACAGTCT GCCTCCCTCGCGCCATCAGGACAGTCTCATGCT GACTGTGT GCCTCCCTCGCGCCATCAGGACTGTGTCATGCT 

SEO ID NO : 1329 GCCTCCCGTAGGAGT SEO ID NO : 1363 GCCTCCCGTAGGAGT 
SEO ID NO: 133 O SEQ ID NO: 1364 

GACAGTGA GCCTCCCTCGCGCCATCAGGACAGTGACATGCT GACTTCAG GCCTCCCTCGCGCCATCAGGACTTCAGCATGCT 

SEO ID NO : 1331 GCCTCCCGTAGGAGT SEO ID NO : 1365 GCCTCCCGTAGGAGT 
SEO ID NO: 1332 SEQ ID NO: 1366 

GACATCAC GCCTCCCTCGCGCCATCAGGACATCACCATGCT GACT TOTC GCCTCCCTCGCGCCATCAGGACTTCTCCATGCT 

SEO ID NO : 1333 GCCTCCCGTAGGAGT SEO ID NO : 1367 GCCTCCCGTAGGAGT 
SEO ID NO: 1334 SEQ ID NO: 1368 

GACATCTG GCCTCCCTCGCGCCATCAGGACATCTGCATGCT GACTTGAC GCCTCCCTCGCGCCATCAGGACTTGACCATGCT 

SEO ID NO : 1335 GCCTCCCGTAGGAGT SEO ID NO : 1369 GCCTCCCGTAGGAGT 
SEO ID NO: 1336 SEO ID NO : 1370 

GACATGAG GCCTCCCTCGCGCCATCAGGACATGAGCATGCT GACTTGTG GCCTCCCTCGCGCCATCAGGACTTGTGCATGCT 

SEO ID NO : 1337 GCCTCCCGTAGGAGT SEO ID NO : 1371 GCCTCCCGTAGGAGT 
SEO ID NO: 1338 SEO ID NO : 1372 

GACATGTC GCCTCCCTCGCGCCATCAGGACATGTCCATGCT GAGAACAC GCCTCCCTCGCGCCATCAGGAGAACACCATGCT 

SEO ID NO : 1339 GCCTCCCGTAGGAGT SEO ID NO : 1373 GCCTCCCGTAGGAGT 
SEO ID NO: 134 O SEO ID NO : 1374 

GACTACAC GCCTCCCTCGCGCCATCAGGACTACACCATGCT GAGAACTG GCCTCCCTCGCGCCATCAGGAGAACTGCATGCT 

SEQ ID NO: 1341 GCCTCCCGTAGGAGT SEQ ID NO: 1375 GCCTCCCGTAGGAGT 
SEO ID NO: 1342 SEO ID NO : 1376 

GACTACTG GCCTCCCTCGCGCCATCAGGACTACTGCATGCT GAGAAGAG GCCTCCCTCGCGCCATCAGGAGAAGAGCATGCT 

SEO ID NO : 1343 GCCTCCCGTAGGAGT SEO ID NO : 1377 GCCTCCCGTAGGAGT 
SEO ID NO: 1344 SEO ID NO : 1378 

GACTAGAG GCCTCCCTCGCGCCATCAGGACTAGAGCATGCT GAGAAGTC GCCTCCCTCGCGCCATCAGGAGAAGTCCATGCT 

SEO ID NO : 1345 GCCTCCCGTAGGAGT SEO ID NO : 1379 GCCTCCCGTAGGAGT 
SEO ID NO: 1346 SEQ ID NO: 1380 

GACTAGTC GCCTCCCTCGCGCCATCAGGACTAGTCCATGCT GAGACACA GCCTCCCTCGCGCCATCAGGAGACACACATGCT 

SEO ID NO : 1347 GCCTCCCGTAGGAGT SEO ID NO : 1381 GCCTCCCGTAGGAGT 
SEO ID NO: 1348 SEQ ID NO: 1382 

GACT CACA GCCTCCCTCGCGCCATCAGGACT CACACATGCT GAGACAGT GCCTCCCTCGCGCCATCAGGAGACAGTCATGCT 

SEO ID NO : 1349 GCCTCCCGTAGGAGT SEO ID NO : 1383 GCCTCCCGTAGGAGT 
SEO ID NO: 1350 SEQ ID NO: 1384 

GACTCAGT GCCTCCCTCGCGCCATCAGGACTCAGTCATGCT GAGACTCT GCCTCCCTCGCGCCATCAGGAGACTCTCATGCT 

SEO ID NO : 1351 GCCTCCCGTAGGAGT SEO ID NO : 1385 GCCTCCCGTAGGAGT 
SEO ID NO: 1352 SEQ ID NO: 1386 

GACTCTCT GCCTCCCTCGCGCCATCAGGACTCTCTCATGCT GAGACTGA GCCTCCCTCGCGCCATCAGGAGACTGACATGCT 

SEO ID NO : 1353 GCCTCCCGTAGGAGT SEO ID NO : 1387 GCCTCCCGTAGGAGT 
SEO ID NO: 1354 SEQ ID NO: 1388 

GACTCTGA GCCTCCCTCGCGCCATCAGGACTCTGACATGCT GAGAGACT GCCTCCCTCGCGCCATCAGGAGAGACTCATGCT 

SEO ID NO : 1355 GCCTCCCGTAGGAGT SEO ID NO : 1389 GCCTCCCGTAGGAGT 
SEO ID NO: 1356 SEQ ID NO: 1390 

GACTGACT GCCTCCCTCGCGCCATCAGGACTGACTCATGCT GAGAGAGA GCCTCCCTCGCGCCATCAGGAGAGAGACATGCT 

SEO ID NO : 1357 GCCTCCCGTAGGAGT SEO ID NO : 1391 GCCTCCCGTAGGAGT 
SEO ID NO: 1358 SEQ ID NO: 1392 

GACTGAGA GCCTCCCTCGCGCCATCAGGACTGAGACATGCT GAGAGTCA, GCCTCCCTCGCGCCATCAGGAGAGTCACATGCT 

SEO ID NO : 1359 GCCTCCCGTAGGAGT SEO ID NO : 1393 GCCTCCCGTAGGAGT 
SEO ID NO: 1360 SEQ ID NO: 1394 

GACTGTCA GCCTCCCTCGCGCCATCAGGACTGTCACATGCT GAGAGTGT GCCTCCCTCGCGCCATCAGGAGAGTGTCATGCT 

SEO ID NO : 1361 GCCTCCCGTAGGAGT SEO ID NO : 1395 GCCTCCCGTAGGAGT 
SEO ID NO: 1362 SEQ ID NO: 1396 











































US 2010/0323348 A1 

TABLE 1 - continued 

Representative 8-Nucleotide Base 
Error-Correcting Barcodes And 
Representative Primer Sequence 

Barcode Primer 

TTGCTACC GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.67 GCCTCCCGTAGGAGT 
SEO ID NO: 31.68 

GCTACCCATGCT 

TTGCTAGG GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 3169 GCCTCCCGTAGGAGT 
SEO ID NO : 317 O 

GCTAGGCATGCT 

TTGCTTCG GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.71 GCCTCCCGTAGGAGT 
SEO ID NO : 3172 

GCTTCGCATGCT 

TTGCTTGC GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 3173 GCCTCCCGTAGGAGT 
SEO ID NO : 3174 

GCTTGCCATGCT 

TTGGAACC GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.75 GCCTCCCGTAGGAGT 
SEO ID NO : 3176 

GGAACCCATGCT 

TTGGAAGG GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.77 GCCTCCCGTAGGAGT 
SEO ID NO : 31.78 

GGAAGGCATGCT 

TTGGATCG GCCTCCCTCGCGCCATCAGTT 

SEQ ID NO: 31.79 GCCTCCCGTAGGAGT 
SEO ID NO: 318O 

GGATCGCATGCT 

TTGGATGC GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 3181 GCCTCCCGTAGGAGT 
SEO ID NO: 3182 

GGATGCCATGCT 

TTGGCCAA GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 3183 GCCTCCCGTAGGAGT 
SEO ID NO: 31.84 

GGCCAACATGCT 

TTGGCCTT GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.85 GCCTCCCGTAGGAGT 
SEO ID NO: 3186 

GGCCTTCATGCT 

TTGGCGAT GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.87 GCCTCCCGTAGGAGT 
SEO ID NO: 3.188 

GGCGATCATGCT 

TTGGCGTA GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 3189 GCCTCCCGTAGGAGT 
SEO ID NO: 319 O 

GGCGTACATGCT 

TTGGTACG GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.91 GCCTCCCGTAGGAGT 
SEO ID NO: 3.192 

GGTACGCATGCT 

TTGGTAGC GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 3193 GCCTCCCGTAGGAGT 
SEO ID NO: 31.94 

GGTAGCCATGCT 

TTGGTTCC GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.95 GCCTCCCGTAGGAGT 
SEO ID NO: 31.96 

GGTTCCCATGCT 

TTGGTTGG GCCTCCCTCGCGCCATCAGTT 

SEO ID NO : 31.97 GCCTCCCGTAGGAGT 
SEO ID NO: 31.98 

GGTTGGCATGCT 

In some embodiments, the present invention contemplates a 
method comprising filtering a set of 8 nucleotide base bar 
codes, and using the filtered barcodes for optimizing PCR and 
sequencing performance. In one embodiment, the filtering 
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comprises selecting a barcode comprising a GC content of 
between approximately 40-60%. In one embodiment, the fil 
tering comprises selecting a barcode lacking consecutive 
triple repeats of the same base (i.e., for example, AAA, TTT, 
GGG, CCC). In one embodiment, the filtering comprises 
selecting a barcode lacking perfect self-complementarity or 
complementarity between the 8-basebarcode and the primer. 
Decoding was performed using a Python translation of an 
existing C implementation of Hamming codes. RH Morelos 
Zaragoza, The Art of Error-Correcting Coding. (John Wiley 
& Sons, Hoboken, N.J., 2006); and Example II. 
0111 A. Barcode Validation 
0112 Utility of some embodiments of the present inven 
tion may be illustrated by determining the bacterial compo 
sition of 286 environmental samples by PCR amplifying, 
sequencing, and analyzing 681,688 16S rRNA gene 
sequences from a single sequencing run of the Genome 
Sequencer FLX (454 Life Sciences, Branford, Conn.). In one 
particular embodiment, 286 of the 1544 candidate codewords 
were used to synthesize barcoded PCR primers to use in PCR 
reactions amplifying a region (27F-338R) of the 16S rRNA 
gene that were previously determined to be a Suitable region 
of the 16S rRNA to use for phylogenetic analysis from 
pyrosequencing reads. Wu et al., “Quantitative multiplexing 
analysis of PCR-amplified ribosomal RNA genes by hierar 
chical oligonucleotide primer extension reaction' Nucleic 
Acids Res. 35(11):e82 (2007). 
0113 To test these barcodes a set of 1,544 barcodes from 
the 2.048 possible combinations was chosen based on a 
nucleotide-encoding scheme that provides the largest number 
of valid “candidate' barcodes, and then those results were 
filtered based on optimal PCR and sequencing performance 
criteria. 286 of the 1.544 candidate barcodes were incorpo 
rated into PCR primers that were then used to amplify a 
region of the bacterial 16S rRNA gene in 286 separate envi 
ronmental samples. Purified PCR products from each of the 
286 samples were then quantified and added to a master DNA 
pool in equimolar ratios prior to pyrosequencing. Each of the 
resulting 437.544 sequences was assigned to a sample based 
on its barcode, aligned based on operational taxonomic units 
(OTUs) at 96% identity, assembled into a phylogenetic tree 
and clustered based on similarities in bacterial phylogenetic 
diversity. The results of this clustering correlated perfectly 
with sample type—all lung samples clustered together, as did 
all North American river samples, two African river samples, 
the microbial mat sample, air samples and hot spring samples. 
See, FIGS. 2 and 3. These results demonstrate that the tagged 
barcoding system allows phylogenetic analysis of microbial 
communities from hundreds of samples in a single sequenc 
ing run. 
0114 For each sample, the 16S rRNA gene was amplified 
using the composite forward primer 

(SEQ ID NO: 31.99) 
s' - GCCTTGCCAGCCCGCTCAGTCAGAGTTTGATCCTGGCTCAG-3 : 

the underlined sequence is 454 Life Sciences(R) primer B, and 
the sequence in italics is the broadly conserved bacterial 
primer 27F. A two-base linker sequence (TC) that was not 
observed in >250,000 aligned 16S rRNA sequences was 
inserted between the 454 Life Sciences(R) primer Band 27F to 
help mitigate any effect the composite primer might have on 
PCR efficiency. The reverse primer was 5'-GCCTC 
CCTCGCGCCATCAGNNNNNNNN-CATGCTGCCTC 
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CCGTAGGAGT-3' (SEQ ID NO: 3200): the underlined 
sequence is 454 LifeSciences(R primer A, and the sequence in 
italics is the broad range bacterial primer 338R. 
NNNNNNNN designates the unique eight-basebarcode used 
to tag each PCR product, with CA inserted as a linker 
between the barcode and rRNA primer. Total DNA was 
extracted from samples of a human lung, river water, a Guer 
rero Negro microbial mat, particles filtered from air, and hot 
spring water using a modified bead-beating solvent extraction 
and amplifed by PCR. Dojka et al., Appl Environ Microbiol 
64 (10), 3869 (1998). 
0115 Briefly, PCR reaction conditions were as follows: 8 
ul 2.5X HotMaster PCR Mix (Eppendorf), 0.3 uM each 
primer, and 10-100 ng template DNA in a total reaction vol 
ume of 20 ul. PCR was performed with an Eppendorf Mas 
tercycler: 2 min at 95°C., followed by 30 cycles of 20s at 95° 
C. (denaturing), 20s at 52°C. (annealing) and 60s at 65° C. 
(elongation). Four independent PCR reactions were per 
formed for each sample, along with a no template (water) 
negative control. For each of 286 samples, the four replicate 
PCR reactions were combined, purified with Ampure mag 
netic purification beads (Agencourt), quantified with the 
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) and a 
fluorospectrometer (Nanodrop ND3300), and combined in 
equimolar ratios to create a master DNA pool with a final 
concentration of 21.5 ng/ul, which was sent for pyrosequenc 
ing with primer A at 454 Life Sciences (Branford, Conn). 
Margulies et al., Nature 437(7057):376 (2005); Sogin et al., 
Proc Natl Acad Sci USA 103(32): 12115 (2006). After 
removal of low-quality sequences and trimming of primer 
sequences, 437.544 sequences remained, each representing 
between -240-280 bases of 16S rRNA sequence. The quality 
determination of each sequencing read was based on criteria 
previously described. Huse et al., Genome Biol 8:R143 
(2007). See, Example III. 
0116 Each remaining sequence was assigned to a sample 
based on the barcodes by: 

0117 i) picking Operational Taxonomic Units (OTUs) 
at 96% identity: 

0118 ii) aligning one sequence representing each of the 
25,351 OTUs with NAST. DeSantis et al., Nucleic Acids 
Res34(Web Server Issue), W394 (2006). In comparison, 
a recent study of 202 globally diverse environments 
identified only 21,752 OTUs at the 97% level. Lozupone 
et al., Proc Natl AcadSci USA 104(27): 11436 (2007). 

0119 iii) building a “relaxed neighborjoining tree with 
clearcut. Sheneman et al., Bioinformatics 22(22):2823 
(2006)., and 

I0120 iv) clustering the samples based on their similari 
ties in bacterial phylogenetic diversity with UniFrac 
LoZupone et al., BMC Bioinformatics 7:371 (2006); and 
LoZupone et al., Appl Environ Microbiol 71 (12):8228 
(2005). 

0121 The clustering correlated perfectly with sample 
types wherein: i) all lung samples clustered together; ii) all 
North American river samples clustered together; iii) all 
microbial mat samples clustered together; iv) all air samples 
clustered together, V) all hot spring samples clustered 
together; and both African river water samples clustered 
together. See, FIG. 2. 
0122) The clustering was further analyzed to identify dis 
tributions of different divisions of bacteria in each of in each 
of the major sample classes. See, FIG. 3. The samples differ 
from one another, for example, the cystic fibrosis lung 
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samples are dominated by Firmicutes and gamma-Proteobac 
teria (mostly Pseudosmona), whereas the Guerrero Negro 
microbial mat is dominated by Bacteroidetes, Proteobacte 
ria, and Chloroflexi. The results indicate that the pyrose 
quencing reads provide data comparable to that obtained by 
traditional approaches. 
I0123 Nineteen DNA samples were analyzed in triplicate 
with three independent barcode primers, and in each case the 
replicate samples clustered together in the UniFrac analysis. 
This suggests that these barcoded primers amplified equiva 
lently in PCR. 1345 sequences (0.3%) had decoding errors, of 
which 1241 (92.2%) could be corrected to valid barcodes. 
0.124. These results directly demonstrated that a tagged 
barcoding strategy can be used to obtain sequences ranging 
from approximately the hundreds to approximately the tens 
of thousands of samples in a single sequencing run. For 
example, nearly the total number of 16S rRNAs determined to 
date by Sanger sequencing can be sequenced in a single run 
using the compositions and methods disclosed herein. Sub 
sequently, a phylogenetic analyses of microbial communities 
may be perform using the pyrosequencing data. 

Experimental 

0.125. The foregoing discussion of the invention has been 
presented for purposes of illustration and description. The 
foregoing is not intended to limit the invention to the form or 
forms disclosed herein. Although the description of the inven 
tion has included description of one or more embodiments 
and certain variations and modifications, other variations and 
modifications are within the scope of the invention, e.g., as 
may be within the skill and knowledge of those in the art, after 
understanding the present disclosure. It is intended to obtain 
rights which include alternative embodiments to the extent 
permitted, including alternate, interchangeable and/or 
equivalent structures, functions, ranges or steps to those 
claimed, whether or not such alternate, interchangeable and/ 
or equivalent structures, functions, ranges or steps are dis 
closed herein, and without intending to publicly dedicate any 
patentable Subject matter. 

Example I 
Generation of Error-Correcting Nucleotide Barcodes 

and Primers 

0.126 For each sample, a 16S rRNA gene was amplified 
using a composite forward primer 

(SEQ ID NO: 31.99) 
s' - GCCTTGCCAGCCCGCTCAGTCAGAGGACCGGCCAG-3' 

wherein the underlined sequence is 454 Life Sciences(R) 
primer B, and the bold sequence is the broadly conserved 
bacterial primer 27F. 
I0127 Next, a two-base linker sequence (TC) was 
inserted that was not observed in D250,000 aligned 16S rRNA 
sequences between the 454 primer Band 27F to help mitigate 
any effect the composite primer might have on PCR effi 
ciency. 
I0128. The reverse primer was 5'-GCCTCCCTCGCGC 
CATCAGNNNNNNNNCA-TGCTGCCF CCCGTAGGAGF. -3' 
(SEQ ID NO: 3200) wherein: i) the underlined sequence is 
454 Life Sciences primer A; ii) the bold sequence is the 
broad-range bacterial primer 338R; iii) the sequence 
NNNNNNNN designates the unique eight-basebarcode used 
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to tag each PCR product; and iv) CA inserted as a linker 
between the barcode and rRNA primer. 
0129. The first 286 barcodes identified in Table 1 were 
used in the collection of data presented herein. 

Example II 

Barcode Identification Decoding Software 
0130. This example presents exemplary software that 
enables Hamming coding/decoding for pyrosequencing 
reads and the associated unit tests. This particular program is 
a command-line application where command-line access 
depends on the operating system, for example: 
0131 Macintosh/Apple OS: Utilities/Terminal: 
(0132 Microsoft Windows: Start/Run then enter “cmd. 
exe' in the dialog box: 
0.133 Linux: Terminal or Shell. 
A Python and Numpy packages, available from python.org 
and numpy. Scipy.org, can be downloaded and installed in 
order to run this software using the Python and the Numpy 
extension module. 

Example III 
Representative PCR Conditions 

0134 PCR reaction conditions were as follows: 8 ul 2.5X 
HotMaster PCR Mix (Eppendorf), 0.3LM each primer, and 
10-100 ng template DNA in a total reaction volume of 20 ul. 
PCR used an Eppendorf Mastercycler: 120 s at 95°C., fol 
lowed by 30 cycles of 20s at 95°C. (denaturing), 20s at 52° 
C. (annealing) and 60s at 65° C. (elongation). 

Example IV 
Processing 454 Reads 

0135 Sequences were processed as previously described. 
Huse et al., Genome Biol 8(7):R143 (2007). In general, the 
basic steps included, but were not limited to: 

0.136 1. The read length distribution was examined, and 
the major peak was identified. Sequences shorter than 
237 nt or longer than 283 nt were dropped which were 
approximately +/-2 standard deviations from the mean 
of the major peak. This step was performed manually, by 
inspection of the histogram. 

0.137 2. Dropped reads with an average quality score 
less than 25. 

0.138. 3. Dropped reads that contained any ambiguous 
characters. 

0.139 4. Split sequence read: first 8 nt provide the bar 
code (“prefix). The remainder of the sequence (“suf 
fix”) is used for downstream analyses. 

0140) 5. Dropped sequences where the suffix does not 
start with the linker and primer sequence CATGCTGC 
CTCCCGTAGGAGT. 

0141 6. Checked whether the barcode is present in the 
list of valid barcodes: 
0.142 a. If valid, remap to original sample id, assign 
unique sequence id to the read. 

0.143 b. If not, try to correct barcode using the Ham 
ming decoder Software in accordance with Example 
II. 
0144 i. If corrected, remap to original sample id, 
assign unique sequence id to the read, and record 
the position and type of the error. 

0145 ii. If not corrected, drop sequence. 
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Example V 

OTU Picking Algorithm 

0146 OTUs were chosen using the following algorithm: 
0147 l. Identify similar sequences using megablast. 
Parameters: E-value 1e-8, minimum coverage 99%, 
minimum pairwise identity 96%. 

0.148 2. Findsets of sequences that are connected to one 
another using BLAST hits at this level. 

0.149 3. Choose OTUs as follows: 
0150 a. Connected components are candidate OTUs. 
0151 b. The candidate OTU is considered valid if the 
average density of connections is above 70% (i.e. if 
70% of the possible pairwise connections between 
sequences in the set exist). If the density is lower than 
this, split up connected component by picking a con 
nected subgraph where the density is above threshold, 
until no sequences remain in the connected compo 
nent. 

0152 4. A representative sequence was chosen from 
each OTU by selecting the sequence with the largest 
number of hits to other sequences in the OTU. Ties were 
broken by choosing one of the longest sequences within 
the OTU at random. 

Example VI 

NAST Alignment and Lane Mask 

0.153 1. The representative set of sequences was 
aligned using NAST with the following parameters: 
0154) a. Minimum alignment length of 200, and 70% 
sequence identity. 

0155 b. The template used was the “core set 
aligned...fasta.imputed' (i.e., for example, as posted 
Aug. 11, 2007 on greengenes.lbl.gov/Download/ 
Sequence Data/Fasta data files/. 

0156 2. The file PH lanemask, as posted Jul.18, 2007 
greengenes.lbl.gov/Download/Sequence Data/lane 
mask in 1s and 0s, was used to screen out hyperVari 
able regions of the sequence. 

Example VII 

Tree Building and UniFrac Clustering 

0157 1. A relaxed neighbor-joining tree was built using 
clearcut, using the Kimura correction but otherwise 
with default comparisons. 

0158 2. Unweighted UniFrac was run using the result 
ing tree and the counts of each sequence in each envi 
ronment. LoZupone et al., Appl Environ Microbiol 
71 (12): 8228 (2005); and Lozupone et al., BMC Bioin 
formatics 7:371 (2006). 

Example VIII 

Taxonomy Assignment 

0159 Taxonomy was assigned using the best BLAST hit 
against Greengeness, using an Evalue cutoff of 1e-10, and the 
Hugenholtz taxonomy. Altschul et al., J Mol Biol 215:403 
(1990); and DeSantis et al., Appl Environ Microbiol 72:5069 
(2006). 
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SEQUENCE LISTING 

The patent application contains a lengthy “Sequence Listing section. A copy of the “Sequence Listing is available in 
electronic form from the USPTO web site (http://seqdata.uspto.gov/?pageRequest=docDetail&DocID=US20100323348A1). 
An electronic copy of the “Sequence Listing will also be available from the USPTO upon request and payment of the 
fee set forth in 37 CFR1.19(b)(3). 

What is claimed is: 
1. A pyrosequencing compatible primer comprising a first 

region containing a unique error-detecting/correcting ham 
ming barcode. 

2. The pyrosequencing compatible primer of claim 1, 
wherein the primer further comprises a second region 
complementary to a bacterial 16S rRNA gene. 

3. A method of assigning sequence data to individual 
samples from a mixture of samples, comprising: 

a) providing: 
i) a pyrosequencing compatible primer comprising a 

first region containing a unique error-detecting/cor 
recting barcode and a second region complementary 
to a target nucleic acid molecule, and 

ii) a target nucleic acid molecule, 
b) amplifying said target nucleic acid molecule with said 

primer, 
c) pooling a plurality of said amplification product, and 
d) pyrosequencing said pooled amplification products to 

determine their respective nucleotide sequences. 
4. The method of claim 3, wherein said plurality of ampli 

fication products are pooled in equimolar ratios. 
5. The method of claim 3, wherein said unique error-de 

tecting/correcting barcode is a Hamming code. 
6. The method of claim3, wherein said target nucleic acid 

molecule comprises a portion of the 16S rRNA gene. 
7. The method of claim 3, further comprising identifying 

amplification products with unique barcode sequence errors. 
8. The method of claim3, further comprising correcting the 

unique barcode sequence of amplification products contain 
ing correctable unique barcode sequence errors. 

9. The method of claim 3, further comprising discarding 
the nucleotide sequence of amplification products containing 
non-correctable unique barcode sequence errors. 

10. The method of claim 3, further comprising step e) 
aligning the nucleotide sequences of said amplification prod 
ucts to generate a phylogenetic tree. 

11. A method comprising: 
a) providing: 

i) a plurality of samples comprising nucleic acid 
Sequences: 

ii) a plurality of primers error correcting or error-detect 
ing sequence tags wherein said primers are at least 
partially complementary to said nucleic acid 
Sequences: 

iii) a parallel sequencing technique capable of simulta 
neously characterizing said nucleic acid sequences 
from said plurality of samples; 

b) amplifying said plurality of nucleic acid samples using 
said plurality of primers; and 

c) analyzing said sequence tags of said amplified nucleic 
acids. 

12. The method of claim 11, wherein said sequence tag 
identifies a sample assignment thereby identifying one of said 
samples from which said nucleic acid was derived. 

13. The method of claim 12, wherein said sequence tag 
identifies the presence of an error in said nucleic acid, thereby 
establishing a probability that said sample assignment is 
incorrect. 

14. The method of claim 12, wherein said sequence tag 
identifies the absence of any error in said nucleic acid, thereby 
establishing a probability that said sample assignment is cor 
rect. 

15. The method of claim 11, wherein said sequence tech 
nique comprises pyrosequencing. 

c c c c c 




