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(57) Abstract: The identification of mutations that are present in a small frac­
tion of DNA templates is essential for progress in several areas of biomedical 
research. Though massively parallel sequencing instruments are in principle 
well-suited to this task, the error rates in such instruments are generally too 
high to allow confident identification ofrare variants. We here describe an ap­
proach that can substantially increase the sensitivity of massively parallel se­
quencing instruments for this purpose. One example of this approach, called 
"Safe-SeqS" for (Safe-Sequencing System) includes (i) assignment of a unique 
identifier (UID) to each template molecule; (ii) amplification of each uniquely 
tagged template molecule to create DID-families; and (iii) redundant sequen­
cing of the amplification products. PCR fragments with the same UID are 
truly mutant ("super-mutants") if 2::95% of them contain the identical muta­
tion. We illustrate the utility of this approach for determining the fidelity of a 
polymerase, the accuracy of oligonucleotides synthesized in vitro, and the pre­
valence of mutations in the nuclear and mitochondrial genomes of normal 
cells. 

TEMPUS EX1006



WO 2012/14 2213 A2 1111111111111111 IIIIII IIIII IIIII IIIII IIII I II Ill lllll lllll lllll lllll lllll llll 1111111111111111111 

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ, 
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, 
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, 
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, 
LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, 
SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

Published: 

without international search report and to be republished 
upon receipt of that report (Rule 48.2(g)) 

with sequence listing part of description (Rule 5.2(a)) 



WO 2012/142213 PCT/0S2012/033207 

SAFE SEQUENCING SYSTE~I 

[01] This invention was made using support from the National Institutes of Health, grants 

CA62924, CA43460, and CA57345. Certain rights to the invention are retained by the 

U.S. govemrnent under the terms of the grant. 

TECHNICAL F"IELD OF THE INVENTION 

[02j This invention is related to the area of nucleic acid sequencing. In particular, it relates to 

manipulative and analytic steps for analyzing and verifying the products of low 

frequency events. 

BACKGROUND OF THE INVENTION 

[03l Genetic mutations underlie many aspects of life and death - through evolution and 

disease, respectively. Accordingly, their measurement is critical to several fields of 

research. Luria and Delbriick's classic fluctuation analysis is a prototypic example of the 

insights into biological processes that can be gained simply by counting the number of 

mutations in carefully controlled experiments (1 ). Counting de novo mutations in 

humans, not present in their parents, have similarly led to new insights into the rate at 

which our species can evolve (2, 3 ). Similarly, counting genetic or epigenetic changes in 

tumors can inform fundamental issues in cancer biology (4). Mutations lie at the core of 

current problems in managing patients with viral diseases such as Ai DS and hepatitis by 

virtue of the dmg-resistance they can cause (5, 6). Detection of such mutations, 

particularly at a stage prior to their becoming dominant in the population, \.Viii likely be 

essential to optimize therapy. Detection of donor DNA in the blood of organ transplant 

patients is an important indicator of graft rejection and detection of fetal DNA m 

maternal plasma can be used for prenatal diagnosis in a non-invasive fashion (7, 8). In 

neoplastic diseases, \.vhich are all driven by somatic mutations, the applications of rare 

rnutant detection are manifold; they can be used to help identify residual disease at 

surgical margins or in lymph nodes, to follow the course of therapy when assessed in 
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plasma, and perhaps to identify patients with early, surgically curable disease v,.rhen 

evaluated in stool, sputum, plasma, and other bodily fluids (9-1 l ). 

[04j These examples highlight the importance of identifying rare mutations for both basic and 

clinical research. Accordingly, innovative ways to assess them have been devised over 

the years. The first methods involved biologic assays based on prototrophy, resistance to 

viral infection or drugs, or biochemical assays (1, 12-18). Molecular cloning and 

sequencing provided a new dimension to the field, as it allmved the type of mutation, 

rather than simply its presence, to he identified (19-24). Some of the most powerful of 

these newer methods are based on Digital PCR, in which individual molecules are 

assessed one-by-one (25). Digital PCR is conceptually identical to the analysis of 

individual clones of bacteria, cells, or virus, but is performed entirely in vitro with 

defined, inanimate reagents. Several implementations of Digital PCR have been 

described, including the analysis of molecules arrayed in multi-well plates, in polonies, in 

microfluidic devices, and in water-in-oil emulsions (25-30). In each of these 

technologies, mutant templates are identified through their binding to oligonucleotides 

specific for the potentially mutant base. 

[OSl J'vlassively parallel sequencing represents a particularly powerful form of Digital PCR in 

that hundreds of millions of template molecules can be analyzed one-by-one. It has the 

advantage over conventional Digital PCR methods in that multiple bases can he queried 

sequentially and easily in an automated fashion. However, massively parallel sequencing 

cannot generally be used to detect rare variants because of the high error rate associated 

with the sequencing process. For example, with the cornrnonly used Hlumina sequencing 

instruments, this error rate varies from ~"1%)(31, 32) to N0.05% (33, 34), depending on 

factors such as the read length (35), use of improved base calling algorithms (36-38) and 

the type of variants detected (39). Some of these errors presumably result from mutations 

introduced during template preparation, during the pre-amplification steps required for 

library preparation and during further solid-phase amplification on the instrument itself 

Other errors are due to base mis-incorporation during sequencing and base-calling errors. 
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Advances in base-calling can enhance confidence (e.g .. (36-39)), but instrument-based 

errors are still limiting, particularly in clinical samples wherein the mutation prevalence 

can be 0.01 %1 or less (11). In the work described belmv, we show how templates can be 

prepared and the sequencing data obtained from them can be more reliably inte111reted, so 

that relatively rare mutations can be identified with commercially available instruments. 

[06] There is a continuing need in the art to improve the sensitivity and accuracy of sequence 

detenninations for investigative, clinical, forensic, and genealogical purposes. 

SUMMARY OF THE INVENTION 

[07j According to one aspect of the invention a method analyzes nucleic acid sequences. A 

_l,!nique identifier (UID) nucleic acid sequence is attached to a first end of each of a 

plurality of analyte nucleic acid fragments to form uniquely identified analyte nucleic 

acid fragments. Nucleotide sequence of a uniquely identified analyte nucleic acid 

fragment is redundantly determined, wherein determined nucleotide sequences which 

share a UID form a family of members. A nucleotide sequence is identified as accurately 

representing an analyte nucleic acid fragment when at least l ?-~) of members of the family 

contain the sequence. 

[08j According to another aspect of the invention a method analyzes nucleic acid sequences. 

A unique identifier sequence (UID) is attached to a first end of each of a plurality of 

analyte DNA fragments using at least two cycles of amplification v,.rith first and second 

primers to form uniquely identified analyte DNA fragments. The UIDs are in excess of 

the analyte DNA fragments during amplification. The first primers comprise a first 

segment complementary to a desired amplicon; a second segment containing the UID; 

and a third segment containing a universal priming site for subsequent amplification. 

The second primers comprise a universal priming site for subsequent amplification. Each 

cycle of amplification attaches one universal priming site to a strand. The uniquely 

identified analyte DNA fragments are amplified to form a family of uniquely identified 
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analyte DNA fragments from each uniquely identified analyte DNA fragment. 

Nucleotide sequences of a plurality of members of the family are determined. 

[09! Another aspect of the invention is a method to analyze DNi\ using endogenous unique 

identifier sequences (UIDs ). Fragmented analyte DNA is obtained comprising fragments 

of 30 to 2000 bases, inclusive. Each end of a fragment forms an endogenous UID for the 

fragment. Adapter oligonucleotides are attached to ends of the fragrnents to form 

adapted fragments. Fragments representing one or more selected genes are optionally 

enriched by means of capturing a subset of the fragments using capture oligonucleotides 

complementary to selected genes in the analyte DNA or by amplifying fragments 

complementary to selected genes. The adapted fragments are amplified using primers 

complementary to the adapter oligonucleotides to form families of adapted fragments. 

Nucleotide sequence is determined of a plurality of members of a family. Nucleotide 

sequences of the plurality of members of the family are compared. A nucleotide 

sequence is identified as accurately representing an analyte DNA fragment when at least 

a B~ ofrnernbers of the family contain the sequence. 

[JO] Still another aspect of the invention is a composition comprising population of primer 

pairs, wherein each pair comprises a first and second primer for amplifying and 

identifying a gene or gene portion. The first primer comprises a first portion of 10-100 

nucleotides complementary to the gene or gene portion and a second portion of 10 to 100 

nucleotides comprising a site for hybridization to a third primer. The second primer 

cornprises a first portion of 10-100 nucleotides complementary to the gene or gene 

portion and a second portion of 10 to 100 nucleotides comprising a site for hybridization 

to a fourth primer. Interposed between the first portion and the second portion of the 

second primer is a third portion consisting of 2 to 4000 nucleotides forming a unique 

identifier (UID). The unique identifiers in the population have at least 4 different 

sequences. The first and second primers are complementary to opposite strands of the 

gene or gene portion. A kit may comprise the population of primers and the third and 

fomih primers complementary to the second portions of each of the first and second 

pnmers. 

4 

brianbiddinger
Highlight



WO 2012/142213 PCT/0S2012/033207 

[1 l] These and other embodiments which vviil be apparent to those of skill in the art upon 

reading the specification provide the art with tools and methods for sensitively and 

accurately determining nucleic acid features or sequences. 

BRIEF DESCRIPTION OF THE DRA '\VIN GS 

[] 2] Fig. 1. Essential ][lements of Safe-SeqS. ln the first step, each fragment to be analyzed 

is assigned a unique identification (lJID) sequence (metal hatch or stippled bars). In the 

second step, the uniquely tagged fragments are amplified, producing UID-families, each 

member of which has the same UID. A super-mutant is defined as a UID-family in 

which ~95% of family members have the same mutation. 

[13] Fig. 2 . Safe-SeqS with Endogenous UJDs Plus Capture. The sequences of the ends 

of each fragrnent produced by randorn shearing (variously shaded bars) serve as the 

unique identifiers (lJIDs ). These fragments are ligated to adapters ( earth hatched and 

cross hatched bars) so they can subsequently be amplified hy PCR. One uniquely 

identifiable fragment is produced from each strand of the double-stranded template; only 

one strand is shown. Fragments of interest are captured on a solid phase containing 

oligonucleotides complementary to the sequences of interest Following PCR 

amplification to produce DID-families with primers containing 5' "grafting" sequences 

(adhesive filled and light stippled bars), sequencing is perfonned and super-mutants are 

defined as in Fig. 1. 

[14] Fig. 3. Safe-SeqS with Exogenous lJH)s. DNA (sheared or unsheared) is amplified 

with a set of gene-specific primers. One of the primers has a random DNA sequence 

(e.g., a set of 14 N's) that forms the unique identifier (UH); variously shaded bars), 

located 5' to its gene-specific sequence, and both have sequences that permit universal 

amplification in the next step (earth hatched and cross hatched bars). Two UID 

assignment cycles produce two fragments - each with a different UID - from each 

double-stranded template molecule, as shown. Subsequent PCR with universal primers, 

\vhich also contain "grafting" sequences (adhesive filled and light stippled bars), 
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produces UID-families which are directly sequenced. Super-mutants are defined as in the 

legend to Fig. 1. 

[15! Figs. 4A-4B. Single Base Substitutions Identified by Conventional and Safe-SeqS 

Analysis. The exogenous UlD strategy depicted in Fig. 3 was used to produce PCR 

fragments from the CINNB I gene of three normal, unrelated individuals. Each position 

represents one of 87 possible single base substitutions (3 possible substitutions/base x 29 

bases analyzed). These fragments were sequenced on an Illumina GA IIx instrument and 

analyzed in the conventional manner (Fig. 4A) or with Safo-SeqS (Fig. 4B). Safo-SeqS 

results are displayed on the same scale as conventional analysis for direct comparison; 

the inset is a rnagnified view·. Note that rnost of the variants identified by conventional 

analysis are likely to represent sequencing errors, as indicated hy their high frequency 

relative to Safe-SeqS and their consistency among unrelated samples. 

[16! Fig. 5. Safe-SeqS with endogenous UIDs plus inverse PCR. The sequence of the ends 

of each fragment produced by random shearing serve as unique identifiers (UIDs; 

variously shaded bars). These fragments are ligated to adapters (earth hatched and cross 

hatched bars) as in a standard Illumina library preparation. One uniquely tagged 

fragment is produced frorn each strand of the double-stranded template; only one strand 

is sho;,vn. Follovving circularization with a ligase, inverse PCR is perfonned with gene­

specific primers that also contain 5' "grafting" sequences ( adhesive filled and lightly 

stippled bars). This PCR produces UlD-families which are directly sequenced. Super­

mutants are defined as in Fig. 1. 

[17] Fig. 6A-6B. Single base substitutions position vs. error frequency in oligonudeotides 

synthesized with phosphoramidites and Plmsion. i\ representative portion of the same 

31-base DNA fragment synthesized with phosphoramidites (Fig. 6A) or Phusion 

polymerase (Fig. 6B) was analyzed by Safo-SeqS. The means and standard deviations 

for seven independent experiments of each type are plotted. There \Vas an average of 

1,721 ± 383 and 196 ± 143 SBS super-rnutants identified in the phosphoramidite­

synthesized and Phusion-generated fragments, respectively. The y-axis indicates the 
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fraction of the total errors at the indicated position. Note that the errors in the 

phosphoramidite-synthesized DNA fragment were consistent among the seven replicates, 

as would be expected if the errors were systematically introduced during the synthesis 

itself. In contrast, the en-ors in the Phusion-generated fragments appeared to be 

heterogeneous among samples, as expected from a stochastic process (Luria and 

Delbrnck, Genetics 28: 491-511, 1943). 

[18] Fig. 7. lHD-fam.ily member distribution. The exogenous UID strategy depicted in Fig. 

3 was used to produce PCR fragments from a region of CTNNBJ from three nom1al, 

unrelated individuals (Table 2B); a representative example of the UH)-families with -:S 

300 members (99%1 of total UID-families) generated from one individual is shown. The 

y-axis indicates the number of different UID-families that contained the number of 

family members shown on the x-axis. 

DETAJLED DESCRJPT[ON OF TJH[ INV:ENTJON 

[19] The inventors have developed an approach, called "Safo-SeqS" (from Safe-Sequencing 

System). In one embodiment it involves two basic steps (Fig. 1). The first is the 

assignment of a Unique Identifier (UID) to each nucleic acid ternplate molecule to be 

analyzed. The second is the arnplification of each uniquely tagged ternplate, so that 

many daughter molecules with the identical sequence are generated ( defined as a UI D­

fami ly). ff a mutation pre-existed in the template molecule used for amplification, that 

mutation should be present in a certain proportion, or even all, of daughter molecules 

containing that 1.JI D (barring any subsequent replication or sequencing errors). A UID­

family in which every family member ( or a certain predetermined proportion) has an 

identical mutation is called a "super-mutant." rv1utations not occurring in the original 

ternplates, such as those occurring during the arnplification steps or through errors in 

base-calling, should not give rise to super-mutants, i.e., vvill not be present at the pre­

determined frequency in a UH) family. ln other embodiments, amplification is not 

necessary. 
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[20] The approach can be ernployed for any purpose ,vhere a very high level of accuracy and 

sensitivity is required from sequence data. As shown below, the approach can be used to 

assess the fidelity of a polymerase, the accuracy of in vitro synthesized nucleic acid 

synthesis, and the prevalence of mutations in nuclear or mitochondrial nucleic acids of 

normal cells. The approach may be used to detect and/or quantify mosaicsm and somatic 

mutations. 

[21] Fragrnents of nucleic acids may be obtained using a random fragrnent forming technique 

such as mechanical shearing, sonicating, or subjecting nucleic acids to other physical or 

chemical stresses. Fragments may not be strictly random, as some sites may be more 

susceptible to stresses than others. Endonucleases that randomly or specifically fragment 

may also be used to generate fragments. Size of fragments may vary, but desirably will 

be in ranges between 30 and 5,000 basepairs, between 100 and 2,000, between 150 and 

1,000, or v/ithin ranges with different combinations of these endpoints. Nucleic acids 

may be, for example, Rl~A or DNA. Modified fom1s of RNA or DNA may also be used. 

[22] Attachment of an exogenous UID to an analyte nucleic acids fragment may be performed 

by any means knovm in the art, including enzymatic, chemical, or biologic. One means 

employs a polymerase chain reaction. Another means employs a ligase enzyme. The 

enzyme may be mammalian or bacterial, fix example. Ends of fragments may be 

repaired prior to joining using other enzymes such as Klenow Fragment of T4 DNA 

Polymerase. Other enzymes which may be used for attaching are other polymerase 

enzymes. An UID may be added to one or both ends of the fragments. A UID may be 

contained v/ithin a nucleic acid molecule that contains other regions for other intended 

functionality. For example, a universal prirning site rnay be added to permit later 

amplification. Another additional site may be a region of cornplementarity to a pmiicular 

region or gene in the analyte nucleic acids. A UH) may be from 2 to 4,000, from 100 to 

1000, from 4 to 400, bases in length, for example. 

[23] UIDs may be made using random addition of nucleotides to form a short sequence to be 

used as an identifier. At each position of addition, a selection from one of four 
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deoxyribonucleotides may be used. Alternatively a selection from one of three, two, or 

one deoxyribonucleotides may he used. Thus the lJID may be fully random, somewhat 

random, or non-random in certain positions. Another manner of making UIDs utilizes 

pre-determined nucleotides assembled on a chip. In this manner of making, complexity 

is attained in a planned manner. It may be advantageous to attach a UID to each end of a 

fi:·agrnent, increasing the cornplexity of the UID population on fragments. 

[24] A cycle of polymerase chain reaction for adding exogenous UID refers to the thermal 

denaturation of a double stranded molecule, the hybridization of a first primer to a 

resulting single strand, the extension of the primer to form a new second strand 

hybridized to the original single strand. A second cycle refers to the denaturation of the 

new second strand from the original single strand, the hybridization of a second primer to 

the new second strand, and the extension of the second primer to fonn a new third strand, 

hybridized to the nevv second strarnl Multiple cycles may be required to increase 

efficiency, for example, when analyte is dilute or inhibitors are present 

[25] ln the case of endogenous UIDs, adapters can he added to the ends of fragments by 

ligation. Complexity of the analyte fragments can be decreased by a capture step, either 

on a solid phase or in liquid step. Typically the capture step will employ hybridization to 

probes representing a gene or set of genes of interest. If on a solid phase, non-binding 

fragments are separated from binding fragments. Suitable solid phases known in the art 

include filters, membranes, beads, columns, etc. If in a liquid phase, a capture reagent 

can be added which binds to the probes, fix example through a biotin-avidin type 

interaction. After capture, desired fragments can be eluted for further processing. The 

order of adding adapters and capturing is not critical. Another means of reducing the 

complexity of the analyte fragments involves amplification of one or more specific genes 

or regions. One way to accomplish this is to use inverse PCR. Primers can be used 

which are gene-specific, thus enriching while forming libraries. Optionally, the gene­

specific primers can contain grafting sequences for subsequent attachment to a massively 

parallel sequencing platfom1. 

9 

brianbiddinger
Highlight

brianbiddinger
Highlight

brianbiddinger
Highlight



WO 2012/142213 PCT/0S2012/033207 

[26] Because endogenous UIDs provide a limited nmnber of unique possibilities, depending 

on the fragment size and sequencing read length, combinations of both endogenous and 

exogenous UIDs can be used. Introducing additional sequences when amplifying v,.rould 

increase the available UIDs and thereby increase sensitivity. For example, before 

amplification, the template can he split into 96 \.Velis, and 96 different primers could be 

used during the amplification. This v/Ould effectively increase the available UIDs 96-

fold, because up to 96 templates with the same endogenous UID could be distinguished. 

This technique can also be used vvith exogenous UIDs, so that each vvell's primers adds a 

unique, well-specific sequence to the amplification products. This can improve the 

specificity of detection of rare templates. 

[27] Amplification of fragments containing a UID can he performed according to known 

techniques to generate families of fragments. Polymerase chain reaction can be used. 

Other amplification methods can also be used, as is convenient. Inverse PCR may be 

used, as can rolling circle amplification. Amplification of fragments typically is done 

using primers that are complementary to prirning sites that are attached to the fragments 

at the sarne time as the UI Ds. The priming sites are distal to the UIDs, so that 

amplification includes the UIDs. Amplification forms a family of fragments, each 

member of the family sharing the same UID. Because the diversity of UH)s is greatly in 

excess of the diversity of the fragments, each family should derive from a single fragment 

molecule in the analyte. Primers used for the amplification may he chemically modified 

to render them more resistant to exonucleases. One such modification is the use of 

phosphorothioate linkages betvveen one or more 3' nucleotides. Another employs 

boranophosphates. 

[28j Family members are sequenced and compared to identify any divergencies vvithin a 

family. Sequencing is preferably performed on a massively parallel sequencing platfom1, 

many of which are commercially available. If the sequencing platfom1 requires a 

sequence for "grafting," i.e., attachment to the sequencing device, such a sequence can he 

added during addition of UIDs or adapters or separately. A grafting sequence may be 

part of a UID primer, a universal primer, a gene target-specific primer, the amplification 
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primers used for making a family, or separate. Redundant sequencing refers to the 

sequencing of a plurality of members of a single family. 

[29! A threshold can be set for identi(ying a mutation in an analyie. If the "mutation" appears 

in all members of a family, then it derives from the analyte. If it appears in less than all 

members, then it may have been introduced during the analysis. Thresholds for calling a 

mutation may be set, for example, at 1 (Y~, 5 %), 10%), 2m-;,, 301Yo, 40%, 50%, 60%, 70%, 

80%, 90%, 95%, 9T%, 98 ?,~, or 100%. Thresholds will be set based on the number of 

members of a family that are sequenced and the particular purpose and situation. 

[30! Populations of primer pairs are used to attach exogenous UIDs. The first pnmer 

comprises a first portion of l 0-100 nucleotides complementary to the gene or gene 

portion and a second portion of 10 to l 00 nucleotides comprising a site for hybridization 

to a third primer. The second primer comprises a first portion of 10-100 nucleotides 

complernentary to the gene or gene portion and a second portion of l 0 to 100 nucleotides 

comprising a site fi:.)r hybridization to a fourth primer. interposed between the first 

portion and the second portion of the second primer is a third portion consisting of 2 to 

4,000 nucleotides forming a unique identifier (Ui D). The unique identifiers in the 

population have at least 4, at least 16, at least 64, at least 256, at least 1,024, at least 

4,096, at least 16,384, at least 65,536, at least 262,144, at least 1,048,576, at least 

4,194,304, at least 16,777,216, or at least 67,108,864 different sequences. The first and 

second primers are complementary to opposite strands of the gene or gene portion. A kit 

can be rnade containing both the primers for attaching exogenous UIDs as well as 

amplification prirners, i.e .. the third and fourth primers cornplementary to the second 

portions of each of the first and second primers. The third and fourth primers can 

optionally contain additional grafting or indexing sequences. The UID may comprise 

randomly selected sequences, pre-defined nucleotide sequences, or both randomly 

selected sequences and pre-defined nucleotides. ff both, these can be joined together in 

blocks or interspersed. 
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[31] The methods of analysis can be used to quantitate as well as to determine a sequence. 

For example, the relative abundance of two analyte DNA fragments may be compared. 

[32! The results described below in the examples demonstrate that the Safo-SeqS approach 

can substantially improve the accuracy of massively parallel sequencing (Tables l and 2). 

It can be implemented through either endogenous or exogenously introduced UIDs and 

can be applied to virtually any sample preparation workflow or sequencing platfom1. As 

demonstrated here, the approach can easily be used to identify rare rnutants in a 

population of DNA templates, to measure polymerase error rates, and to judge the 

reliability of oligonucleotide syntheses. One of the advantages of the strategy is that it 

yields the number of templates analyzed as v,.rell as the fraction of templates containing 

variant bases. Previously described in vitro methods for the detection of small numbers 

of template molecules ( e.g., (29, 50}) allow the fraction of mutant templates to be 

determined but cannot determine the number of mutant and normal templates in the 

original sample. 

[33! It is of interest to compare Safo-SeqS to other approaches for reducing errors in next­

generation sequencing. As mentioned above, in the background of the invention, 

sophisticated algorithms to increase the accuracy of base-calling have been developed 

(e.g., (36-39)). These can certainly reduce false positive calls, hut their sensitivity is still 

lirnited by artifactual rnutations occurring during the PCR steps required for library 

preparation as well as by (a reduced number of) base-calling em.n·s. For example, the 

algorithm employed in the current study used very stringent criteria for base-calling and 

was applied to short read-lengths, but was still unable to reduce the error rate to less than 

an average of 2.0 x 10-4 errors/bp. This error frequency is at least as low as those reported 

\.Vith other algorithms. To improve sensitivity further, these base-calling improvements 

can be used together with Safe-SeqS. Travers et al. have described another pmverfol 

strategy for reducing errors ( 51 ). vVith this technology, both strands of each template 

rnolecule are sequenced redundantly afrer a number of preparative enzyrnatic steps. 

However, this approach can only be performed on a specific instrument. Moreover, for 
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many clinical applications, there are relatively few template molecules in the initial 

sample and evaluation of nearly all of them is required to obtain the requisite sensitivity. 

The approach described here with exogenously introduced UIDs (Fig. 3) fulfills this 

requirement by coupling the UID assignment step with a subsequent amplification in 

which fow molecules are lost. Our endogenous UID approaches (Fig. 2 and Fig. 5) and 

the one described by Travers et al. are not ideally suited for this pm1Jose because of the 

inevitable losses of ternplate rnolecules during the ligation and other preparative steps. 

[34] How do we know that the mutations identified by conventional analyses in the cun-ent 

study represent artifacts rather than true mutations in the original templates? Strong 

evidence suppo1iing this is provided by the observation that the 1nutation prevalence in 

all but one experiment was similar -- 2.0 x 10-4 to 2.4 x 10-4 rnutations/bp (Tables l and 

2). The exception was the experiment with oligonucleotides synthesized from 

phosphoramidites, in which the error of the synthetic process was apparently higher than 

the error rate of conventional Illumina analysis when used with stringent base-calling 

criteria. In contrast, the mutation prevalence of Safe-SeqS varied much more, from 0.0 to 

1 .4 x 10-5 mutations/bp, depending on the template and experiment. Moreover, the 

mutation prevalence measured by Safe-SeqS in the most controlled experiment, in v,'hich 

polymerase fidelity ;,vas measured (Table 2A), was almost identical to that predicted from 

previous experiments in which polymerase fidelity ;,vas measured by biological assays. 

Our measurements of mutation prevalence in the DNA from normal cells are consistent 

with some previous experimental data. However, estimates of these prevalences vary 

widely and may depend on cell type and sequence analyzed (see SI text). We therefore 

cannot be certain that the fo"v mutations revealed by Safe-SeqS represented errors 

occurring during the sequencing process rather than true mutations present in the original 

DNA templates. Potential sources of en-or in the Safo-SeqS process are described in the 

SI text. 

[35] Another potential application of Safo-SeqS is the minimization of PCR contamination, a 

serious problem for clinical laboratories. \Vith endogenous or exogenous UID 
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assignment, the UIDs of mutant templates can simply be compared to those identified in 

prior experiments; the probability that the same mutation from two independent samples 

\.Vould have the same UID in different experiments is negligible when mutations are 

infrequent. Additionally, with exogenous UIDs, a control experiment with the same 

template but without the UID assigning PCR cycles (Fig. 3) can ensure that no DNA 

contamination is present in that ternplate preparation; no template should be amplified in 

the absence of UID assignment cycles and thus no PCR product of the proper size should 

be observed. 

[36l Like all techniques, Safe-SeqS has limitations. For example, we have demonstrated that 

the exogenous UIDs strategy can be used to analyze a single amplicon in depth. This 

technology may not be applicable to situations wherein multiple amplicons must be 

analyzed from a sample containing a limited number of templates. Multiplexing in the 

UID assignment cycles (Fig. 3) may provide a solution to this challenge. A second 

limitation is that the efficiency of amplification in the UID assignment cycles is critical 

for the success of the method. Clinical samples may contain inhibitors that reduce the 

efficiency of this step. This problem can presumably be overcorne by performing more 

than tv,.ro cycles in the UH) assignment PCR step (Fig. 3), though this would complicate 

the determination of the number of templates analyzed. The specificity of Safe-SeqS is 

currently limited by the fidelity of the polymerase used in the lJID assignment PCR step, 

i.e., 8.8 x 10-7 mutations/hp in its current implementation \.Vith two cycles. Increasing the 

number of cycles in the UID assignment PCR step to five would decrease the overall 

specificity to ~2 x 1 o-6 mutations/hp. However, this specificity can be increased by 

requiring more than one super-mutant for mutation identification -- the probability of 

introducing the same artifactual rnutation twice or three times would be exceedingly lmv 

([2 x 10-6
] 

2 or [2 x 10-6
] 

3
, respectively). ln sum, there are several simple ways to 

perform Safe-SeqS variations and analysis variations to realize the needs of specific 

experiments. 
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[37] Luria and Delbruck, in their classic paper in 1943, vvrote that their "prediction cannot be 

verified directly, because what we observe, when we count the number of resistant 

bacteria in a culture, is not the number of mutations which have occurred but the number 

of resistant bacteria \.Vhich have arisen by multiplication of those which mutated, the 

amount of multiplication depending on how far back the mutation occurred." The Safe­

SeqS procedure described here can verify such predictions because the number as well as 

the time of occmTence of each mutation can be estimated from the data, as noted in the 

experiments on polymerase fidelity. In addition to templates generated by polyrnerases 

in vitro, the same approach can be applied to DNA frorn bacteria, viruses, and 

mammalian cells. We therefore expect that this strategy will provide definitive answers 

to a variety of important biomedical questions. 

[38] The above disclosure generally describes the present invention. AJl references disclosed 

herein are expressly incorporated by reference. A more complete understanding can be 

obtained by reference to the following specific examples which are provided herein for 

purposes of illustration only, and are not intended to lirnit the scope of the invention. 

EXAlVlPLE 1-- Endogenous ll lDs. 

[39] UIDs, sometimes called barcodes or indexes, can be assigned to nucleic acid fragments in 

many ways. These include the introduction of exogenous sequences through PCR ( 40, 

41) or ligation (42, 43). Even more simply, rnndornly sheared genornic DNA inherently 

contains lHDs consisting of the sequences of the tvvo ends of each sheared fragment (Fig. 

2 and Fig. 5 ). Paired-end sequencing of these fragments yields UID-families that can he 

analyzed as described above. To employ such endogenous UIDs in Safe-SeqS, we used 

two separate approaches: one designed to evaluate many genes simultaneously and the 

other designed to evaluate a single gene fragment in depth (Fig. 2 and Fig. 5 

respectively). 
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[40] For the evaluation of multiple genes, we ligated standard lllmnina sequencing adapters to 

the ends of sheared DNA fragments to produce a standard sequencing library, then 

captured genes of interest on a solid phase ( 44). In this experiment, a library made from 

the DNA of ·"15,000 normal cells was used, and 2,594 bp from six genes were targeted 

for capture. After excluding known single nucleotide polymorphisms, 25,563 apparent 

mutations, corresponding to 2.4 x 104 ± mutations/bp, were also identified (Table 1). 

Based on previous analyses of mutation rates in human cells, at least 90% of these 

apparent mutations ,vere likely to represent mutations introduced during template and 

library preparation or base-calling em.n·s. Note that the error rate determined here (2.4 x 

1 Cr4 mutations/hp) is considerably lower than usually reported in experiments using the 

Illumina instrument because we used very stringent criteria for base calling. 

Table 1. Safe-SeqS with Endogenous lTIDs 

Conventional Analysis 
High quality hp 
rvkan high quality bp read depth 
Mutations identified 
Mutations/bp 

Safe-SeqS Analysis 
High quality bp 
Mean high quality bp read depth 
UID-families 
Average # of mern bers1UID-farnily 
Median# of members/UID-family 
Super-mutants identified 
Super-nrntants/bp 

Capture 
106,958,863 

38,620x 
25,563 

2.4E-04 

106,958,863 
38,620x 
69,505 

40 
19 
8 

3.SE-06 

Inverse PCR 
l ,04 l ,346,645 
2,085,600x 

234,352 
2.3E-04 

1,041,346,645 
2,085,600x 

1,057 
21,688 

4 
0 

0.0 

[41] \Vith Safe-SeqS analysis of the sarne data, we determined that 69,505 original template 

molecules vvere assessed in this experirnent (i.e., 69,505 UID-farnilies, vvitb an average of 

40 members per family, were identified, Table 1 ). Ail of the polymorphic variants 

identified by conventional analysis were also identified by Safe-SeqS. However, only 8 

super-mutants were observed among these families, corresponding to 3 .5 x 1 o-6 
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mutations/bp. Thus Safe-SeqS decreased the presumptive sequencing errors hy at least 

70-fold. 

[42! Safe-SeqS analysis can also detem1ine \.Vhich strand of a template is mutated, thus an 

additional criteria for calling mutations could require that the mutation appears in only 

one or in both strands of the originally double stranded template. Massively parallel 

sequencers are able to obtain sequence information from both ends of a template in two 

sequential reads. (This type of sequencing experiment is called a "paired end" rnn on the 

lllumina platform, but similar experiments can be done on other sequencing platforms 

where they may be called by another name.) The tv,.ro strands of a double stranded 

template can he differentiated by the observed orientation of the sequences and the order 

in \.Vhich they appear when sequence information is obtained from both ends. For 

example, a UID strand pair could consist of the following two groups of sequences when 

each end of a template is sequenced in sequential reads: 1) A sequence in the sense 

orientation that begins at position 100 of chromosome 2 in the first read follovved by a 

sequence in the antisense orientation that begins at position 400 of cbromosorne 2 in the 

second read; and 2) A sequence in the antisense orientation that begins at position 400 of 

chromosome 2 in the first read fi)liowed by a sequence in the sense orientation that 

begins at position 100 of chromosome 2 in the second read. In the capture experiment 

described above, 42,222 of 69,505 UIDs (representing 21, l 11 original double stranded 

molecules) in the region of interest represented UID strand pairs. These 42,222 UIDs 

encompassed 1,417,838 bases in the region of interest. \Vhen allowing a mutation to 

only occur within UID strand pairs (whether in one or both strands), tvvo super-mutants 

were observed, yielding a 1nutation rate of 1.4 x 10-6 super-mutants;1)p. When requiring 

that a mutation occur in only one strand of a UH) strand pair, only one super-mutant was 

observed, yielding a mutation rate of 7.1 x 1 Cr7 super-mutants/bp. When requiring that a 

mutation occur in both strands of a UID strand pair, only one super-mutant was observed, 

yielding a mutation rate of 7.1 x 10-7 super-mutants/bp. Thus, requiring that mutations 

occur in only one or in both strands of templates can further increase the specificity of 

Safo-SeqS. 
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[43l A strategy employing endogenous UlDs was also used to reduce false positive mutations 

upon deep sequencing of a single region of interest. In this case, a library prepared as 

described above from - l ,750 normal cells was used as template for inverse PCR 

employing primers complementary to a gene of interest, so the PCR products could be 

directly used for sequencing (Fig. 5). \Vith conventional analysis, an average of 2.3 x 10-
4 mutations/bp were observed, similar to that observed in the capture experiment (Table 

1). Given that only 1,057 independent molecules from normal cells were assessed in this 

experiment, as detem1ined through Safe-SeqS analysis, all mutations observed with 

conventional analysis likely represented false positives (Table 1 ). With Safe-SeqS 

analysis of the same data, no super-mutants were identified at any position. 

EXAJVIPLE 2 --Exogenous UIDs. 

[44l Though the results described above show that Safe-SeqS can increase the reliability of 

massively parallel sequencing, the number of different molecules that can be examined 

using endogenous 1.JIDs is limited. For fragments sheared to an average size of 150 bp 

(range 125-175), 36 base paired-end sequencing can evaluate a maximum of -7,200 

different molecules containing a specific mutation (2 reads x 2 orientations x 36 

bases/read x 50 base variation on either end of the fragment). In practice, the actual 

number of UI Ds is smal !er because the shearing process is not entirely random. 

[45] To make more efficient use of the original templates, we developed a Safe-SeqS strategy 

that employed a minimum number of enzymatic steps. This strategy also permitted the 

use of degraded or damaged DNA, such as found in clinical specimens or after bisulfite­

treatment for the examination of cytosine methylation ( 45). As depicted in Fig. 3, this 

strategy employs tvvo sets of PCR prirners. The first set is synthesized \vith standard 

phosphoramidite precursors and contained sequences complementary to the gene of 

interest on the 3' end and different tails at the 5' ends of both the fonvard and reverse 

primers. The different tails allowed universal amplification in the next step. Finally, there 
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was a stretch of 12 to 14 random nucleotides between the tail and the sequence-specific 

nucleotides in the forward primer ( 40). The random nucleotides form the UIDs. An 

equivalent way to assign UIDs to fragments, not used in this study, would employ 10,000 

forward primers and 10,000 reverse primers synthesized on a microarray. Each of these 

20,000 primers would have gene-specific primers at their 3'-ends and one of 10,000 

specific, predetermined, non-overlapping lHD sequences at their 5'-ends, allowing for 

108 (i.e., [10'1]2) possible UID combinations. In either case, two cycles of PCR are 

performed with the primers and a high-fidelity polymerase, producing a uniquely tagged, 

double-stranded DNA fragment from each of the two strands of each original template 

molecule (Fig. 3). The residual, unused lHD assignment primers are removed by 

digestion with a single-strand specific exonuclease, without further purification, and two 

new primers are added. Alternatively or in addition to such digestion, one can use a 

silica column that selectively retains larger-sized fragments or one can use solid phase 

reversible immobilization (SPRI) beads under conditions that selectively retain larger 

fragments to elirninate srnailer, non-specific, amplification artifacts. This purification 

may potentially help in reducing primer-dimer accumulation in later steps. The new 

primers, complementary to the tails introduced in the lJID assignment cycles, contain 

grafting sequences at their 5' ends, permitting solid-phase amplification on the lilumina 

instrnment, and phosphorothioate residues at their 3' ends to make them resistant to any 

remaining exonuclease. Following 25 additional cycles of PCR, the products are loaded 

on the Illumina instrument As shown below, this strategy allowed us to evaluate the 

rnajority of input fragrnents and \Vas used for several illustrative experiments. 

EXAlVlPLE 3 --Analysis of DNA 11olymernse fidelity. 

[46] Measurement of the error rates of DNA polymerases is essential for their characterization 

and dictates the situations in which these enzymes can be used. \Ve chose to measure the 

error rate of Phusion polymerase, as this polymerase bas one of the lmvest reported error 

frequencies of any commercially available enzyrne and therefore poses a particular 

challenge for an in vitro-based approach. We first amplified a single human DNA 
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template molecule, comprising a segment of an arbitrarily chosen human gene, through 

19 rounds of PCR. The PCR products from these amplifications, in their entirety, were 

used as templates for Safe-SeqS as described in Fig. 3. In seven independent experiments 

of this type, the number of DID-families identified by sequencing v/as 624,678 ± 

421,274, which is consistent with an amplification efficiency of 92 ± 9.6%i per round of 

PCR. 

[47! The error rate of Phusion polymerase, estimated through cloning of PCR products 

encoding ~-galactosidase in plasmid vectors and transformation into bacteria, is reported 

by the manufacturer to be 4.4 x 10·7 errors/bp/PCR cycle. Even ,vith very high stringency 

base-calling, conventional analysis of the lilmnina sequencing data revealed an apparent 

error rate of 9.1 x 10·6 en-ors/bp/PCR cycle, more than an order of rnagnitude higher than 

the reported Phusion polymerase error rate (Table 2A). In contrast, Safe-SeqS of the 

same data revealed an error rate of 4.5 x 1 o-7 errors/bp/PCR cycle, nearly identical to that 

measured for Phusion polymerase in biological assays (Table 2A). The vast majority 

(>99%)) of these errors were single base substitutions (Table 3A), consistent with 

previous data on the mutation spectra created by other prokaryotic DNA polymerases 

(15, 46, 47). 

Table 2A-2C. Safe-SeqS with Exogenous UIDs 

2A. Polvrne.rase Fidelity 
Corrventional analysis of 7 replicates 
High quality hp 
Total mutations identified 
Mutations/hp 
Calculated Phusion Error Rate (errors/hp/cycle) 

Safe-SeqS analysis of 7 replicates 
High quality bp 
UID-families 
rv1emhers/UID-family 

20 

Mean 

996,855,791 
198,638 
2.0E-04 
9.lE-06 

996,855,791 
624,678 

107 

Standard 
Deviation 

64,030,757 
22,515 
J.7E-05 
7.7E-07 

64,030,757 
421,274 
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Total super-mutants identified 
Super-nrntantsibp 
Calculated Phusion Error Rate (errors/h11/cyde) 

2B. CT1V1VBJ mutations in DNA from normal 
human cells 
Conventional analysis of 3 individuals 
High quality bp 
Total mutations identified 
Mutations/hp 

Safe-SeqS analysis of 3 individuals 
High quality bp 
UID-families 
Mern hers/UID-family 
Total super-rnutants identified 
Super-mutants/hp 

2C. 1VIitochondrial nndations in DNA frmn normal 
human cells 
Conventional analysis of 7 individuals 
High quality bp 
Total mutations identified 
Mutations/hp 

Safe-SeqS analysis of 7 individuals 
High quality bp 
DID-families 
M embers/LJ ID-fami i y 
Total super-mutants identified 
Super-mutantsibp 

PCT/0S2012/033207 

197 
9.9E-06 
4.SE-07 

559,334,774 
118,488 
2.tE-04 

559,334,774 
374,553 

68 
99 

9.0E-06 

147,673,456 
30,599 

2.1E-04 

147,673,456 
515,600 

15 
135 

1.4E-05 

143 
2.3E-06 
1.0][-07 

66,600,749 
11,357 

J.6E-05 

66,600,749 
263,105 

38 
78 

3.lE-06 

54,308,546 
12,970 

9.4E-05 

54,308,546 
89,985 

6 
61 

6.8E-06 

Table 3A-C~ :Fraction of Single Base Substitutions, 
Insertions, and Deletions ,vith Exogenous UIDs 

3A. Polvme:rase I1~idelity 
Conventional analysis of 7 replicates 
Total mutations identified 
Fraction of mutations represented by single base 
substitutions 
Fraction of mutations represented by deletions 
Fraction of mutations represented by insertions 

21 

Mean 

198,638 

99% 
10/ 

/0 

0%) 

Standard 
Deviation 

22,515 

0°1;) 

00/ 
/0 

0%) 
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Safe-SeqS analysis of 7 replicates 
Total super-mutants identified 
Fraction of super-mutants represented by single base 
substitutions 
Fraction of super-mutants represented by deletions 
Fraction of super-mutants represented by insertions 

3B. CT1V1VBJ mutations in DNA from normal 
human cells 
Conventional analysis of 3 individuals 
Total mutations identified 
Fraction of mutations represented by single base 
substitutions 
Fraction of mutations represented by deletions 
Fraction of mutations represented hy insertions 

Safe-SeqS analysis of 3 individuals 
Total super-mutants identified 
Fraction of super-mutants represented by single base 
substitutions 
Fraction of super-mutants represented by deletions 
Fraction of super-mutants represented by insertions 

3C. 1VIitochondria1 mutations in DNA f:rmn 
normal human ceHs 
Conventional analysis of 7 individuals 
Total mutations identified 
Fraction of mutations represented by single base 
substitutions 
Fraction of mutations represented by deletions 
Fraction of mutations represented by insertions 

Safo-SeqS analysis of 7 imlivida:mls 
Total super-mutants identified 
Fraction of super-rnutants represented by single base 
substitutions 
Fraction of super-mutants represented by deletions 
Fraction of super-mutants represented by insertions 
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197 143 

991Yo 20/ 
/() 

1% 2% 
0°1;) 0°1;) 

I 18,488 11,357 

97%i 0%) 
3% 0% 
0°1;) 0°1;) 

99 78 

100% 1%) 
0% 1% 
0% 0% 

30,599 12,970 

98% 1%) 
2%) 1%) 

0% 0% 

135 61 

99% 1%) 
1%) 1%) 

0% 0% 
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[48] Safe-SeqS also allowed a determination of the total nmnber of distinct rnutational events 

and an estimation of PCR cycle in v,.rhich the mutation occurred. There v,.rere 19 cycles of 

PCR performed in wells containing a single template molecule in these experiments. If a 

polymerase error occurred in cycle 19, there would be only one super-mutant produced 

(from the strand containing the mutation). If the error occurred in cycle l 8 there should 

be two super-mutants (derived from the mutant strands produced in cycle 19), etc. 

Accordingly, the cycle in which the error occurred is related to the number of super­

rnutants containing that error. The data from seven independent experiments demonstrate 

a relatively consistent number of observed total polymerase errors (2.2 ± 1.1 x 10-6 

distinct mutations/hp), in good agreement with the expected number of observations from 

simulations (1.5 ± 0.21 x Hr6 distinct mutations/bp ). The data also show a highly 

variable timing of occurrence of polymerase errors among experiments (Table 4), as 

predicted from classic fluctuation analysis (1 ). This kind of information is difficult to 

derive using conventional analysis of the same next-generation sequencing data, in part 

because of the prohibitively high apparent mutation rate noted above. 

Table 4A-4G. Observed and Expected Number of :Errors Generated by Phusion 
Polymerase 

4A. Experiment 1 
Mutations represented by 1 super-mutant 
Mutations represented by 2 super-mutants 
Mutations represented by 3 super-mutants 
rvfotations represented by 4 super-mutants 
Mutations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
Mutations represented by 7 super-mutants 
Mutations represented by 8 super-mutants 
Mutations represented by 9 super-mutants 
Mutations represented by 10 super-mutants 
Mutations represented by > l 0 super-mutants 

Distinct mutations 

4B. Experiment 2 
:Mutations represented by 1 super-mutant 

Observed 
10 
8 
4 
4 
2 
2 
0 
() 

2 
0 
,, 
:, 

35 

19 

Kxpected 
(mean± SD) 

* 
19±3.7 
5.8 ± 2.3 
1.3 J: 1.1 
1.8 ± L3 

0.61 ± 0.75 
0.22 ± 0.44 
0.01 ± 0.10 
0.87 :t: 0.86 
0.28 ± 0.51 
0.14 ± 0.38 

1.5 :.-1.-: 2.7 

32 ± 4.2 

23 ± 4.1 
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Mutations represented by 2 super-mutants 
Mutations represented by 3 super-mutants 
Mutations represented by 4 super-mutants 
Mutations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
Mutations represented by 7 super-mutants 
Mutations represented by 8 super-mutants 
Mutations represented by 9 super-mutants 
rvfotations represented by 10 super-mutants 
Mutations represented by> 10 super-mutants 

Distinct mutations 

4C. Experiment 3 
Mutations represented by 1 super-mutant 
Mutations represented by 2 super-mutants 
Mutations represented by 3 super-mutants 
Mutations represented by 4 super-mutants 
Mutations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
rvfotations represented by 7 super-mutants 
Mutations represented by 8 super-mutants 
Mutations represented by 9 super-mutants 
Mutations represented by 10 super-mutants 
Mutations represented by> 10 super-mutants 

Distinct rnutations 

4D. _Experiment 4 
Mutations represented by l super-mutant 
Mutations represented by 2 super-mutants 
Mutations represented by 3 super-mutants 
Mutations represented by 4 super-mutants 
Mutations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
Mutations represented by 7 super-mutants 
Mutations represented by 8 super-mutants 
:Mutations represented by 9 super-mutants 
Mutations represented by 10 super-mutants 
Mutations represented by > l O super-mutants 

Distinct mutations 

24 

5 
4 
7 
2 
1 
3 
J 
1 
0 
9 

5! -

7 
9 
4 
4 
" L 

0 
1 
0 
0 

5 

33 

'7 
I 

8 
'1 
L., 

1 
., 
.) 

2 
l 
2 
2 
() 

1 

29 
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9.5 ±2.8 
2.7 J: 1.6 
2.7 ± 1.7 

0.88 ± 0.94 
0.40 :.r: 0.60 
0.16 ± 0.42 
0.99 ± LO 

0.39 ± 0.68 
0.17 ± 0.43 

1.8 :.r: 3.4 

43 ± 5.1 

17 ± 3.4 
5.4 ± 2.0 
1.2 :.-1.-: 1.1 
1.7 ± 1.4 

0.50 ± 0.70 
0.17 ± 0.45 
0.03 ± 0.17 
0.59 :.r: 0.74 
0.24 ± 0.50 
0.07 ± 0.29 

1..5 J: 2.6 

28 ± 3.7 

15 ± 3.7 
4.1 J: 1.7 

0.70 ± 0.74 
1.5± L3 

0.21 :.r: 0.52 
0.08 ± 0.27 
0.0± 0.0 

0.65 ± 0.77 
0.17 ± 0.43 
0.05 :.-1.-: 0.22 
0.92 ± 2.1 

23 :J:. 3.2 
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4E. Experiment 5 
Mutations represented by 1 super-mutant 
Mutations represented by 2 super-mutants 
rvfotations represented by 3 super-mutants 
Mutations represented by 4 super-mutants 
Mutations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
Mutations represented by 7 super-mutants 
rvfotations represented by 8 super-mutants 
Mutations represented by 9 super-mutants 
Mutations represented by 10 super-mutants 
Mutations represented by> 10 super-mutants 

Distinct mutations 

4F. Experiment 6 
Mutations represented by 1 super-mutant 
Mutations represented by 2 super-mutants 
Mutations represented by 3 super-mutants 
Mutations represented by 4 super-mutants 
rvfotations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
Mutations represented by 7 super-mutants 
Mutations represented by 8 super-mutants 
Mutations represented by 9 super-mutants 
rvfotations represented by 10 super-mutants 
Mutations represented by> 10 super-mutants 

Distinct mutations 

4G. Experiment 7 
Mutations represented by 1 super-mutant 
:Mutations represented by 2 super-mutants 
Mutations represented by 3 super-mutants 
Mutations represented by 4 super-mutants 
Mutations represented by 5 super-mutants 
Mutations represented by 6 super-mutants 
:Mutations represented by 7 super-mutants 
Mutations represented by 8 super-mutants 
Mutations represented by 9 super-mutants 
Mutations represented by 10 super-mutants 
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0 
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1 
0 
0 
2 

18 

8 
2 
() 

0 
l 
() 

0 
0 
0 
0 
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23 ± 4.1 
9.5 ±2.8 
2.7 ± 1.6 
2.7:.-1.--: 1.7 

0.88 ± 0.94 
OAO ± 0.60 
0.16 J: 0.42 
0.99 ± 1.0 

0.39 ± 0.68 
0.17 ± 0.43 

1.8 ± 3.4 

43 ± 5.1 

6.7 :.-I:-: 2.8 
1.5 ± 1.2 

0.10 ± 0.33 
0.60 ± 0.82 
0.07 ± 026 
0.01 :.-I:-: 0.10 
0.0± 0.0 

0.39 ± 0.60 
0.01 :HUO 
0.0± 0.0 
0.50 ± 1.1 

9.9 ± 1.4 

2.9 ± 1.6 
0.61 ± 0.79 
0.04 :.-1.-: 0.24 
0.41 ± 0.59 
0.01 ± 0.10 

0.0 :t: 0.0 
0.0± 0.0 

0.14 ± 0.35 
0.01 ± 0.10 
0.0± 0.0 
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Mutations represented by> 10 super-mutants 0 0.32 ± 0.93 

Distinct mutations 11 4.5 ± 0.62 
*See SI Text for details of the simulations 

EXAMPLE 4 --Analysis of oligonucleotide composition. 

[49! A small number of mistakes during the synthesis of oligonucleotides from 

phoshoramidite precursors are tolerable for most applications, such as routine PCR or 

cloning. However, for synthetic biology, wherein many oligonucleotides must he joined 

together, such mistakes present a major obstacle to success. Clever strategies for making 

the gene construction process rnore efficient have been devised ( 48, 49), but all such 

strategies would benefit from more accurate synthesis of the oligonucleotides thernselves. 

Determining the number of errors in synthesized oligonucleotides is difficult because the 

fraction of oligonucleotides containing errors can be lower than the sensitivity of 

conventional next-generation sequencing analyses. 

[50j To determine whether Safi.~-SeqS could be used for this determination, vve used standard 

phosphoramidite chemistry to synthesize an oligonucleotide containing 31 bases that 

were designed to be identical to that analyzed in the polymerase fidelity experiment 

described above. In the synthetic oligonucleotide, the 31 bases were surrounded by 

sequences complementary to primers that could be used for the UID assignment steps of 

Safo-SeqS (Fig. 3). By performing Safe-SeqS on ~300,000 oligonucleotides, we found 

that there were 8.9 ± 0.28 x 10-4 super-mutants/bp and that these errors occurred 

throughout the oligonucleotides (Fig. 6A). The oligonudeotides contained a large 

number of insertion and deletion enors, representing 8.2 ± 0.63~{1 and 25 ± 1.5(;-·o of the 

total super-mutants, respectively. Importantly, both the position and nature of the enors 

were highly reproducible among seven independent replicates of this experiment 

performed on the same batch of oligonucleotides (Fig. 6A). This nature and distribution 
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of errors had little in common with that of the errors produced by Phusion polymerase 

(Fig. 6 B and Table 5), which were distributed in the expected stochastic pattern among 

replicate experiments. The number of errors in the oligonucleotides synthesized with 

phosphoramidites was ~60 times higher than in the equivalent products synthesized by 

Phusion polymerase. These data, in toto, indicate that the vast majority of errors in the 

frurner were generated during their synthesis rather than during the Safe-SeqS procedure. 
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Table 5. Phosphorarnidite- vs Phusion-Synthesized DNA: Transitions vs Transversions 
Comparison 

Plwsphornmidite, Exp. I Exp. 2 Exp.3 Exp.4 Exp. 5 Exp.6 
Exp. 

Avc:ragt~ 
Standa:rd 

7 Deviation 

Trnnsition super••mutants: 496 509 471 30·· .,0 323 273 470 420 92 

Transversion SUJJer-•mutant.s: 149,1 1499 1521 1154 944 907 1626 1306 298 

p-vahlf:* 3.4E-OS 

Plmsion. 

Transition super-mutants: 63 275 127 5 87 182 103 120 87 

Tran.sversion. super-n1utants: l4 124 77 12 57 191 63 77 63 

-v;Rlue* 0.08 

*p·•Values were calculated using a t\vo-tailed paired t-test 

[51] Does Safe-SeqS preserve the ratio of rnutant:normal sequences in the original templates? 

To address this question, we synthesized two 31-base oligonucleotides of identical 

sequence with the exception of nt 15 (50:50 C/G instead of T) and mixed them at 

nominal mutant/normal fractions of 3.3%) and 0.33%). Through Safe-SeqS analysis of the 

oligonucleotide mixtures, we found that the ratios were 2.8%1 and 0.27?,~, respectively. 

\Ve conclude that the UID assignment and amplification procedures used in Safe-SeqS do 

not greatly alter the proportion of variant sequences and thereby provide a reliable 

estimate of that proportion vvhen unknown. This conclusion is also supported by the 

reproducibility of variant fractions when analyzed in independent Safe-SeqS experirnents 

(Fig. 6A). 

EXAMPLE--5 Analysis of DNA sequences from normal human cells. 

[52] The exogenous UID strategy (Fig. 3) was then used to determine the prevalence of rare 

mutations in a small region of the CTNNBJ gene from "· 100,000 normal human cells 

from three unrelated individuals. Through comparison with the number of UID-families 
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obtained in the Safe-SeqS experiments (Table 2B), we calculated that the majority (78 :_-I:-: 

9.8 %)) of the input fragments were converted into UID-families. There was an average of 

68 members/UID-family, easily fulfilling the required redundancy for Safe-SeqS (Fig. 7). 

Conventional analysis of the Illumina sequencing data revealed an average of 118,488 ± 

11,357 mutations among the ~560 Mb of sequence analyzed per sample, con-esponding to 

an apparent mutation prevalence of2.l ± 0J6 x 10-4 mutations/bp (Table 28). Only an 

average of 99 ± 78 super-mutants were observed in the Safo-SeqS analysis. The vast 

majority (>99%) of super-mutants were single base substitutions and the calculated 

mutation rate was 9.0 J: 3.1 x 10-6 mutations/hp (Table 3B). Safe-SeqS thereby reduced 

the apparent frequency of mutations in genomic DNi\ by at least 24-fold (Fig. 4). 

[53] One possible strategy to increase the specificity of Safe-SeqS is to perfom1 the library 

amplification (and possibly the UID assignment cycles) in multiple V/ells. This can be 

accomplished in as few as 2 or as many as 3 84 V/ells using standard PCR plates, or scaled 

up to many more ;,vells when using a rnicrofluidic device (thousands to millions). When 

perfrurned this vvay, indexing sequences can he introduced into the templates that are 

unique to the wells in which the template is amplified. Rare mutations, thus, should give 

rise to two super-mutants (i.e., one from each strand), both with the same well index 

sequence. \Vhen performing Safe-SeqS with exogenous lJIDs on the CTiVJVBJ templates 

described above and diluted into 10 wells (each well yielding templates amplified with a 

different index sequence), the mutation rate was fmiher reduced from 9.0 ± 3.1 x 10-6 to 

,., ,..., · 1 ,... 10· 5 t · •1-.:'l. 1 :t: .L x super-mu ants/op. Thus, analyzing templates in multiple 

compartrnents-in a manner that yields differentially encoded templates based on the 

compartrnent in \vhicb templates were amplified-may be an additional strategy to 

increase the specificity of Safe-SeqS. 

EXAl'VIPLE 6 --Analysis of DNA sequences from mitochondrial DNA 
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[54] \Ve applied the identical strategy to a short segment of mitochondrial DNA in "~ 1,000 

cells from each of seven unrelated individuals. Conventional analysis of the 1 llumina 

sequencing libraries produced with the Safe-SeqS procedure (Fig. 3) revealed an average 

of 30,599 ± 12,970 mutations among the ·- 150 Mb of sequence analyzed per sample, 

corresponding to an apparent mutation prevalence of 2.1 ± 0.94 x 10-4 mutations/hp 

(Table 2C). Only 135 ± 61 super-mutants V/ere observed in the Safe-SeqS analysis. As 

with the CTNNBJ gene, the vast majority of mutations were single base substitutions, 

though occasional single base deletions \Vere also observed (Table 3C). The calculated 

rnutation rate in the analyzed segment of rntDNA was 1.4 ± 0.68 x 10-5 mutations/hp 

(Table 2C} Tims, Safe-SeqS thereby reduced the apparent frequency of mutations in 

genomic DNA by at least 15-fold. 

EXAMPLE 7 -- Materials and Methods 

[55] Endogenous UIDs. Genomic DNA from human pancreas or cultured lymphoblastoid 

cells was prepared using Qiagen kits. The pancreas DNA was used for the capture 

experiment and the lymphoblastoid cells were used for the inverse PCR experirnent. 

DNA vwis quantified by optical absorbance and with qPCR. DNA was fragmented to an 

average size of -~200 bp by acoustic shearing (Covaris), then end-repaired, A-tailed, and 

ligated to Y-shaped adapters according to standard Illumina protocols. The ends of each 

template molecule provide endogenous UIDs corresponding to their chromosomal 

positions. A.fter PCR-mediated amplification of the libraries with primer sequences 

within the adapters, DNA was captured (1) with a filter containing 2,594 nt 

corresponding to six cancer genes. After capture, 18 cycles of PCR were perfonned to 

ensure sufficient amounts of ternplate for sequencing on an Illurnina GA llx instrument. 

[56] For the inverse PCR experiments (Fig. 5), we ligated custom adapters (IDT, Table 6) 

instead of standard Y-shaped Illumina adapters to sheared cellular DNA. These adapters 

retained the region complementary to the universal sequencing primer but lacked the 

grafting sequences required for hybridization to the Iliumina GA IIx flow cell. The 
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ligated DNA was diluted into 96 wells and the DNA in each column of 8 v,.rells was 

amplified with a unique forvvard primer containing one of 12 index sequences at its 5' end 

plus a standard reverse primer (Table 6). Amplifications were performed using Phusion 

HotStart I (NEB) in 50 uL reactions containing lX Phusion HF buffer, 0.5 mM dNTPs, 

0.5 uM each forward and reverse primer (both 5'-phosphorylated), and lU of Phusion 

polymerase. The follovving cycling conditions ,vere used: one cycle of 98°C for 30s; and 

16 cycles of 98°C fix lOs, 65'C for 30s, and 72'C for 30s, All 96 reactions were pooled 

and then purified using a Qiagen MinElute PCR Purification Kit ( cat. no. 28004) and a 

QlAquick Gel Extraction kit (cat. no. 28704). To prepare the circular templates 

necessary for inverse PCR, DNA \.Vas diluted to ·- 1 ng/uL and ligated with T4 DNi\ 

Ligase (Enzymatics) for 30min at room temperature in a 600uL reaction containing lX 

T4 DNA Ligation Buffer and 18,000U of T4 DNA Ligase. The ligation reaction was 

purified using a Qiagen l\/linElute kit, Inverse PCR was perfonned using Phusion Hot 

Start I on 90 ng of circular template distributed in twelve 50 uL reactions, each 

containing 1X Phusion HF Buffer, 0.25mM dNTPs, 0.5uM each of KRAS forv,rard and 

reverse primers (Table 6) and 1 U of Phusion polymerase. The KRAS-specific primers 

both contained grafting sequences for hybridization to the I ilumina GA nx flow cell 

(Table 6). The following cycling conditions were used: one cycle of 9tC for 2 min; and 

37 cycles of 98°C for 10s, 6fC for 15s, and 72°C for 10s. The final purification was 

perfom1ed with a NucleoSpin Extract II kit (Macherey-Nagel) and eluted in 20uL NE 

Buffer. The resulting DNA fragments contained UIDs composed of three sequences: 

two endogenous ones, represented by the t\No ends of the original sheared fragrnents plus 

the exogenous sequence introduced during the indexing amplification. As 12 exogenous 

sequences v,.rere used, this increased the number of distinct UIDs by 12-fold over that 

obtained without exogenous UH)s. This number could easily be increased by using a 

greater number of distinct primers. 
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Table 6. Oligmmdeotides Used 

Font Legend: 

1?]!,GION CO/vfPl.E1fEl/TARY TO TE1fPLA TES 

TEMPLATE-SPECIFIC UID SEQUJDVCE 

rn,JVERSAL SEQUENCE 

E}~?JElP;JIB&ENT-~~!PlSCilHC TINfulEX 2lEQU!ENCE 
lLLUNl!:NA G&\l'TING PRIMERS (FOR 
HYBRBJIZAT!ON TO FLOW CEU.) 

Capture 

A<lapter - s t,and l 

Adapter •· str,:111d 2 

\\'hole Gen.01ne A1nplificat!on - for 

Whole Ger.ome Amplificat,Jon -- rev 

Post-Capture Arn.plification -· for 

.Pos1-Captu:re An1plificatio.!l - n:Y 

Sequencing Primer. Read 1 (Illun1.ina; Sa11 Diego. CA) 

Sequer,ci.r.g Primer, Read 2 (Ilb.mina; San Diego, CA) 

Inverse PCR 

Adapter •· str,:111d 1 

Adapter - st.roJJd 2 

\\'hole Gencnne A1nplification - for-1 

Whole Ger.ome Amplificat,Jon -- .for-2, 

W'hok Ge10.ome Arnplific-ation - for-3 

\,\/.hole Genome- i-\mpllfication - for-A 

\:Vt.ole C,enome Ampllficai.ion - for--5 

\\'hole Gencnne A1nplification - for-6 

Whole Gen.0111e P...111plific,:-,,t1011 •- ±'iJr- 7 

W'hok Ge10.ome Arnplific-ation - for-8 

\iVhole Genome .t'Vnplifkation - for-9 

'Nhole Genome Amplification - for--l0 

\\~tole Genome Amplification - for-1 l 

Whole Genome Amplificc,tion .. for-12 

Whole; Genome .Amplification -- rev 

Inverse PCR - ;::mtisense 

Inverse PCR .. for 

Sequencing Pri.t.n.er l (to rt-:ad intt-:111al sequt-:nct-:s) 

Sequencing Primer 2 (to read intemal secruences) 
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Symbol Legend: 

/5Phos/ 51 Phosphate 

= Pho-::pho::rothiome lir.J.<.age 

Sequence (SEQ ID NO: !-&l, respec!iwly). __________________ _ 

/SPhos/GATCGGAAGAGCGGTTCAGCACl-GAATGCCGAG 

ACACTC'l'i'TCCCTACACGACGC'l'CTI'CCGAT''C* r 
AATGATACGGCGACCACCGAGATCTACACACACrcrrrccCTACACGACGCTCT 
TCCGAT*C*T 
CAAGCAGAAGAC'GGCATACGAGATCTCGGCATI'CC'l'GCTG1V,CCGCrc1·1·ccGA 
T,;:C*T 
AATGATACGGCGACCACCGAGATCTACACACACTCTTTCCCTACACGACGCTCT 
TCCGAT*C"T 
CAAGCAGAAGACGGCATACGAGATC !'CGGCATrccrc,CTGAACCGCTCrTCCGA 
T*C*T 

ACACTC rnCCCTACACGACGCTCTTCCGATCT 

CTCGGCA TTCCTGCTCI-AACCGCTCTTCCGA TCT 

/5Phos/GATCGGA.r\GAGCGG'ITCAGCAGGA.A1 GCCGAG 

ACACTCTTTCCCTACACGACGCTCTTCCGAPC*T 

l5.P}10s!CfJTG.ilt'R"ACACTCTTTCCCTACACGACGCTCTTCCGAT*C*T 

/5Phos/,..tl;,.iCATOGACACTCTTTCCCTACACGACGCTCTTCCG-AT*C*T 

/SPhos/GC'.C'f JtAACACTCTTTCCCTACACCl-ACGCTCTTCCGA T*C*T 

/5Phos/fGG1'Ci,\.ACACTCTTTCCCTACACGACGC1CTTCCGAT~~c'~T 

/5Phos/CA\ClfG1'ACACTCTTTCCCTACACG-ACG-CTCTTCCG-/,.iT*C*T 

l5.P}10s!ATfC.¥GCACACTCTTTCCCTACACGACGCTCTTCCGA T*C*T 

/:iPhos/G-Al'CTGACACrCTTTCCCTACACGACGCTCTTCCGAr"'C*T 

/5Phos/JPCAAG'f AC ACTCTTTCCCT AC ACGACGCTCTTCCGAT*C*T 

/5Phos/CTGAl'CACACTCTTTCCCTACACGACGCTCTTCCGAT*C*T 

/.5Phos/MGCTAACACTCTTTCCC'!'ACACGACGCTCTTCCGAT*C*T 

/.5Phos/G1I'K-J<CCACACTCTTTCCCTACACGACGCTCTTCCGAT*C'T 

/5f'hos/TAC,'\AGACAC'l'CTT'l'CCCrACACGACGCTCTTCCGA'l'*C*T 

/5Phos/CTCGGCATTCCTGCTGAACCGCTCTTCCGAT*C*T 

AATGATACGGCGACCACCGAGATCTACACC'AGC4GGCCT7i1TAATA.A.AAA !AATGA 

CAAGCAGAAGACGGCATACGAGATTGACTGAA1'.41'AAAC1'1'GJGG1i1Gl'l'G 

ACACTCTTTCCCTACACGACGCTCTTCCGA TCT 

CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT 

32 



WO 2012/142213 

Index Primer] (tn read experi.ment in.dexes) 

Index P_firner 2 (to n:~ad experl.ment indexes) 

Exogenous UfDs 

Polymerase fidelity 

Digitd PCR A1nplificat.ion - fc,r 

Digital PCR Amplification - rev 

UID Assignmertt Amplification. - for 

Uill As-::ig._'lme-111 A..rr.!_plification - rev 

Libra.ry A1nplification - for-1 

Library A.mplificat,Jon -- .for-2, 

Libra1y Amplification - for•-J 

Libra.ry A1nplification - for-4 

Library Amplification - for-5 

Libra1y Amplification - for--6 

Libra.ry A1nplification - for-7 

Library Amplification - for-8 

Library Ampllficai.ion - for--9 

Library A1nplification - for-10 

Library _1'!.camplificatlon -- rev 

Sequer,ci.r.g Primer (10 read UID and intern.al sequences) 

h1dex Primer tto re-ad experimenT indexe:;) 

C'il\lNBJ ::::autations in DNA frcnn 11orrnal hum.an cells 

UID r\ssig11111eEt J\.111plification •· for 

UID Assignmer,t Amplification - rev 

Library Asnpli:fka.tiori - for 

Librnsy Arn.plifi;;ation - rev-1 

Library iunplificat,Jon •- rcv--2 

Library Asnpli:fka.tiori - rev-3 

Librnsy Arn.plifi;;ation - rev-4 

Library iunplificat,Jon •- rcv--5 

Library 1-\mplific.ation - rev-6 

Library Am.pliffoation - n~v-7 

Library .Amplification .. rev--8 

Library 1-\mplific.ation - rev-9 

Library Amplification - rev-10 

Sequencing Primer (to read DID and inten1al sequences) 

Index Primt-:r (to n-:ad t-:xperimt-:nt indexes) 

PCT/0S2012/033207 

CGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

CGGAAGAGCGGTTCAGCAGGiv-\TGCCGAG 

GG'T'TAC'A.GGCTCATGATGTAACY' 

GATACCAGCTTGGZ'AATGGCA 

CGACGTAAAACGACGGCCAGTNNNNJVNNNNNNNGGTTACAGGCTCATGATGTAACC 

CACACAGGA.1V\.CAGCIATGACCATGGAT.!lCCAGCTY'GGJ>lATGGCA 
AATGATACGGCGACCACCGAGATCTACAOCG-TG-A'fCGACGTAAAACGACC,GCC 
A*G*T 
A .. A.TGATACGGC'GAC'CAC'CGAGATCTACACACATCGCGACGIAPJ\_A.CGACGGCC 
A*G*r 
AATGATACGGCGACCACCGAGATCTACACGCCTAACGACGTAAAACGACGGCC 
A'G*T 
AATGATACGGCGACCACCGAGATCTACACTGGIC~iCGACGTAAAACGACC,GCC 
A*G*T 
AATGATACGGC'GAC'CAC'CGAGATCTACACCAGrffrCGACG'iAAAACGACGGCC 
A*G*T 
AATGATACGGCGACCACCGAGATCTACACATIGf':rrCCGACGTAA.AACGACGGCC 
A'G*T 
AATGATACGGCGACCACCGAGATCTACACGAT(TGCGACGTAAAACGACC,GCC 
A*G*T 
AATGATACGGC'GAC'CAC'CGAGATCTACACI'CAltGTCGACGTA1V\P,CGACGGCC 
A*G*T 
AATGATACGGCGACCACCGAGATCTACACCTGATCCGACGTAA1v-\CGACGGCC 
A,;:G*T 
AATGATACGGCGACCACCGAGATCTACACAAGCTACGACGTAAAACGACGGCC 
A*G*T 

CAAGCAGAAGACGGCAIACGAGATCA( '/,.iC/•d=l-GAAACAGCTATGACCA*T*G 

CGACGTAAAACGACGGCCAGT 

ACI'GGCCG'i'CGTTI"i'ACG'i'CG 

CGACGTAAAACGACGGCCAGTNNNNJVNNNNNNNJVNGCAGCAAOGTCTTACCTGGA 
CT 

CACACAGGAAACAGCTA TGACCA TGTCCACATCCTCTTCCTCAGGATT 

AATGATACGGCGACCACCGAGATCTACACCGACGTAA1v-\CGACGGCCA *G*T 
('AA.GCAGA.A.GACGGCATACGAGATA1'CAOGCACACAGG1V\P .. CAGCI'A'i'GACCA* 
T*G 
CAAGCAGAAGACGGCATACGAGATCGJH'GTCACACAGGA1v-\CAGCTATGACCA* 

CAAGCAGAAGACGGCATACGAGATTGACCACACACAGGAAACAGCTATGACCA* 
T*G 
('AA.GCAGA.A.GACGGCATACGAGATG;{;CA.lt:1l'CACACAGG1V\P .. CAGCI'A'i'GACCA* 
T*G 
CAAGCAGAAGACGGCATACGAGATCAGAfCCACACAGGAAACAGCTATGACCA * 

CAAGCAGAAGACGGCATACGAGATArCTrlG\ACACACAGGAAACAGCTATGACCA• 
T*G 
CAAGCAGAAGACGGCATACGAGA'r:G\ATICAGCACACAGGAAACAGCTATGACCA* 
T'G 
CAAGCAGAAGACGGCATACGAGATTAGCTrCACACAGGAAACAGCTATGACCA• 
PG 
CAAGCAGAAGACGGCATACGAGAT(',C-C1'ArCCACACAGGAAACAGCTATGACCA* 
T*G 
CAAGCAGAAGACGGCATACGAGATC'ITGiTACACACAGGAAACAGCTATGACCA* 
T*G 

CGACGrAAAACGAC'.GGCC'.Ai}T 

CATGGTCATAGCTGTTTCCTGTGTG 
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J\'litochon<lrial mufations itl DNA frorn normal }n1rnru1 

cells 

UID Assignment Arnpli.ficatim• - -for 

UID Assignment Atnplification - .re·.r 

Library A.mplificat,Jon •- .for-1 

Library Amplification - for•-2 

Library Amplification - for-3 

Library A.mplificat,Jon •- .for-4 

Library Amplification - for--5 

Library Amplification - for-6 

Library Amplification - for-7 

Library ArI!pli:fica.tion - rev 

Sequenci1•g PrinJer 't (to read U[Ds) 

Sequencing Prinie.r 2 (to rea<l intentoJ seqt1ences) 

fadex Prin1er (10 read experin1ent mdexe-s) 

Analysis of Phosphor&111idite Oligonudeotide 
ConJposJ ti on 

Synthesized ternplak\ \Vt 

SytnJrnsize<l template, mut (S -_- 50/50 n1ix of C arid G) 

1-:Jil) Assignmen1 ArI!plil!catior! - for 

UID Assignment Arnpli.ficatim• - re,, 

Library A,.111plification - for 

Library _1'!.camplificatlon ·- rev 

Sequencing Primer (to read UID and internal sequences) 
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CGACGTAAA.ACGACGGCCAGT]\l..!'•./.1.'V]VJ\0.ViV/\C""Vl'•./.1.'V]VJ\0.VTTACCGA.GAAAGC:rcACAA.GA 
A 

CACACAGGAAACAGCTATGACCATGA TGCTAA GGCGA GGA TGAAA 
AATGATACGGCGACCACCGAGATCTACACACArCC1CGACGTAA1'v-\CGACGGCC 
A*G*r 
AATGATACGGCGACCACCGAGATCTACACGCC'fAACGACGTAAAACGACGGCC 
A'G*T 
AATGATACGGCGACCACCGAGATCTACACTGGI'CACGACGTAAAACGACC,GCC 
A*G*T 
AATGATACGGC'GAC'CAC'CGAGATCTACACATJr1GGCCGACGTA1V\P,CGACGGCC 
A*G*r 
AATGATACGGCGACCACCGAGATCTACACGATCTGCGACGTAAAACGACGGCC 
A'G*T 
AATGATACGGCGACCACCGAGATCTACACTCAAG'fCGACGTAAAACGACC,GCC 
A*G*T 
AATGATACGGC'GAC'CAC'CGAGATCTACACCTGA'fCCGACG'iAAAACGACGGCC 
A*G*T 

CAAGCAGAAGACGGCATACGAGATCACACAGGAAACAGCTATGACCA *T*G 

CG-ACGTAAj,.iACGACC,GCCAGT 

CCTAATTCCCCCC A TCCTTAC 

ACTGGCCGTCGTrrrACG rcG 

GGTTACA .. GG'CTCATGATGJ>lACCTCTGTGJ'CTTG'GTGI7AACTTTAA.AACAJ'ATTTTTGCC4 
TTACCAAGCTGGTATC 
GGTT4-CAGGCTC4-TGATGTAACCTCTGTGTCJ'J'GGTG(j_.A __ ACTT1AAAAC~lTATTTTTGCCA 
TTACCAAGCTCiGTATC 

ACACTCTTTCCCTAC ACGACGCTCJVJ\0.ViV/\C""Vl'•./.1.'VJVJ\0.ViVGGTGA G 'lfTGTGCA GGCAT 

CTCGAGCACTGTCCTCu"-iCTC,AG-ACGATACCAGCTTGGZ'AATGGCA 
AATGATACGGCGACCACCGAGATCTACACCGTGATACACTCTTTCCCTACACGA 
CGC*T*C 

CAAGCAGAAGACGGCAIACGAGATC I'CGAGCACTGTCCTGACTGAG-* A *C 

ACACTCTTTCCCTACACGACGCTC 
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[57] Exogenous UIDs. Genomic DNA from nonnal human colonic mucosae or blood 

lymphocytes v/as prepared using Qiagen kits. The DNA from colonic mucosae was used 

fi:.)r the experiments on CTNNB l and mitochondrial DNA, vvhile the lymphocyte DNA 

\Vas used for the experiments on CTNNB1 and on polymerase fidelity. DNA was 

quantified with Digital PCR (2) using primers that amplified single-copy genes from 

human cells (Analysis of Polymerase Fidelity and CTNNHI), qPCR (mitochondrial 

DNA), or by optical ahsorbance ( oligonucleotides ). Each strand of each template 

molecule was encoded with a 12 or 14 base 1.JID using two cycles of amplicon-specific 

PCR, as described in the text and Fig. 3. The amplicon-specific primers both contained 

universal tag sequences at their 5' ends for a later amplification step. The UIDs 

constituted 12 or 14 random nucleotide sequences appended to the 5' end of the fonvard 

amplicon-specific primers (Table 6 ). These primers can generate 16.8 and 268 million 

distinct UH)s, respectively. It is important that the number of distinct UH)s greatly 

exceed the number of original template molecules to minimize the probability that tv,.ro 

different original templates acquired the same UID. The UID assignment PCR cycles 

included Phusion Hot Start II (NEB) in a 45 uL reaction containing IX Phusion HF 

buffer, 0.25rnM dNTPs, 0.5 uM each forward (containing 12-14 Ns) and reverse primers, 

and 2U of Phusion polymerase. To keep the final template concentrations <l .5 ng/uL, 

rnultiple 'vVelis were used to create sorne libraries. The fi.)llowing cycling conditions were 

employed: one incubation of 98 C for 30s (to activate the Phusion Hot Start II); and tvvo 

cycles of 98°C for 10 s, 6fC for 120 s, and 72'<:: for 10 s. To ensure complete removal of 

the first round primers, each well v,.ras digested with 60 U of a single strand DNA specific 

nuclease (Exonuciease-I; Enzymatics) at 3rc for 1hr. After a 5 min heat-inactivation at 

9/fC, primers complementary to the introduced universal tags (Table 6) \Vere added to a 

final concentration of 0.5uM each. These primers contained two tem1inal 

phosphorothioates to make them resistant to any residual Exonuclease-I activity. They 

also contained 5' grafting sequences necessary for hybridization to the Illumina GA IIx 

flow cell. Finally, they contained an index sequence bet\veen the grafting sequence and 
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the universal tag sequence. This index sequence enables the PCR products from multiple 

different individuals to be simultaneously analyzed in the same flow cell compartment of 

the sequencer. The following cycling conditions were used for the subsequent 25 cycles 

of PCR: 98°C for 10s and n·c for 15s. No intermediate purification steps were 

perfom1ed in an effort to reduce the losses of template molecules. 

[58! After the second round of amplification, wells ,vere consolidated and purified using a 

Qiagen QIAquick PCR Purification Kit (cat. no. 28104) and eluted in 50 uL EB Buffer 

(Qiagen). Fragments of the expected size ,vere purified after agarose (mtDNA libraries) 

or polyacrylamide (all other libraries) gel electrophoresis. For agarose gel purification, 

the eight 6-uL aliquots were loaded into ,vells of a 2% Size Select Gel (Invitrogen) and 

bands of the expected size were collected in EB Buffrr as specified by the rnanufa.cturer. 

For polyacrylamide gel purification, ten 5-uL aliquots were loaded into wells of a 10% 

TBE Polyacrylarnide Gel (Invitrogen). Gel slices containing the fragments of interest 

\.Vere excised, crushed, and eluted essentially as described (3). 

[59j Analysis of Phusion polyrnerase fidelity. Arnplification of a fragment of human 

genomic DNA within the BJ'vlX (RefSeq Accession NM_203281.2) gene was first 

performed using the PCR conditions described above. The template v,.ras diluted so that 

an average of one template molecule was present in every 10 wells of a 96-well PCR 

plate. Fifty uL PCR reactions were then perfom1ed in lX Phusion HF buffer, 0.25mM 

dNTPs, 0.5uM each forward and reverse primers (Table 6), and 2U of Phusion 

polymerase. The cycling conditions were one cycle of 98°C for 30s; and 19 cycles of 

98 C for 10 s, 6fC for 120 s, and 72°C for 10s. The primers were removed by digestion 

with 60 U of Exonuclease-I at JtC for 1 hr fi.)llowed by a 5 rnin beat-inactivation at 98°C. 

No purification of the PCR product was performed, either before or after Exonuclease-1 

digestion. The entire contents of each well were then used as templates for the 

exogenous UIDs strategy described above. 
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[60] Sequencing. Sequencing of all the libraries described above was perfrurned using an 

lilumina GA IIx instmment as specified by the manufacturer. The total length of the 

reads used for each experiment varied from 36 to 73 bases. Base-calling and sequence 

alignment was performed with the Eland pipeline (Illumina). Only high quality reads 

meeting the follmving criteria were used for subsequent analysis: (i) the first 25 bases 

passed the standard Illumina chastity filter; (ii) every base in the read had a quality score 

2:20; and (iii) :::; 3 mismatches to expected sequences. For the exogenous UID libraries, 

\Ve additionally required the lHDs to have a quality score :::-JO. We noticed a relatively 

high frequency of eJTors at the ends of the reads in the endogenous UID libraries 

prepared v,.rith the standard Illumina protocol, presumably introduced during shearing or 

end-repair, so the first and last three bases of these tags were excluded from analysis . 

[61] Safe-SeqS analysis. High quality reads were grouped into lHD-families based on their 

endogenous or exogenous UIDs. Only lHD-farnilies with tvvo or more rnembers were 

considered. Such lJID-families included the vast majority (?:99i;;;i) of the sequencing 

reads. To ensure that the same data was used for both conventional and Safe-SeqS 

analysis, we also excluded lJID-families containing only one member from conventional 

analysis. Fmihermore, we only identified a base as "mutant" in conventional sequencing 

analysis if the same variant was identified in at least two members of at least one UID­

family (i.e., two mutations) when comparing conventional analysis to that of Safo-SeqS 

\vith exogenous lHDs. For comparison vvith Safe-SeqS with endogenous UIDs, we 

required at least two rnembers of each of t\vo UID-families (i.e., four mutations) to 

identify a position as "mutant" in conventional analysis. With either endogenous or 

exogenous UIDs, a super-mutant was defined as a UID-family in which ?95~~ of 

members shared the identical mutation. Thus, DID-families with <20 members had to be 

100%) identical at the mutant position, while a 5% combined replication and sequencing 

error rate was permitted in UID-families with more members. To detem1ine polymerase 

fidelity using Safe-SeqS, and to compare the results with previous analyses of Phusion 

polymerase fidelity, it vvas necessary to realize that the previous analyses vvould only 

detect mutations present in both strands of the PCR products (4\ This would be 
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equivalent to analyzing PCR products generated with one less cycle with Safe-SeqS, and 

the appropriate correction was made in Table 2A. Unless othervvise specified, all values 

listed in the text and Tables represent means and standard deviations. 

EXAMPLE 8 - Error-generating processes 

[62] Apparent mutations, defined as any base call that varies from the expected base at a 

defined position, can result from a variety of processes: 

1. Mutations present in the template DNA. For templates derived from normal human 

cells, these include mutations that were present in the zygote, occurred later during 

embryonic and adult development, or were present in a contaminant inadvertently 

introduced into the sample. These mutations are expected to he present in both 

strands of the relevant templates. If the mutation occurred only in the last cell-cycle of 

a cell whose DNA v/as used as template, the mutation would be present in only one 

strand of the template. 

2. Cbemically-rnodified bases present in the ternplates. It has been estimated that there 

are many thousands of oxidized bases present in every human cell (5). When such 

DNA is amplified hy Phusion polymerase, an apparent mutation in one strand may 

result. 

3. Errors introduced during the shearing process required to generate small fragments for 

sequencing. Acoustic shearing generates short-lived, high temperatures that can 

damage DNA. 

4. Errors introduced during end-repair of the sheared fragrnents. The source of these 

errors can be polymerase infidelity or through inco17:ioration of chernically-rnodified 

bases in the dNTPs used for polymerization. 

5. Errors introduced by other enzymatic steps, particularly if the enzymes are impure and 

contaminated with nucleases, polymerases, or ligases. 

6. Errors introduced during PCR amplification to prepare the libraries for capturing or for 

inverse PCR. 

7. Errors during PCR after capturing or during inverse PCR amplification. 

8. Effors introduced into the lHD assignment cycles ofSafe-SeqS (Fig. 3). 
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9. Errors introduced into the library amplification cycles of Safe-SeqS perfom1ed v,.rith 

exogenous UIDs. Note that if UID assignment primers from process #8 are not 

completely removed, they could potentially amplify DNA fragments containing e1Tors 

introduced during these cycles, creating a new super-mutant. 

10. Errors introduced into the first bridge-PCR cycle on the Illumina flmv cell. If 

amplification is inefficient, an error introduced into the second bridge-PCR cycle 

could also result in a cluster containing a rnutation in most of its cornponent 

molecules. 

11 . Errors in base-calling. 

EXAlVlPLE 9-Achieving accuracy with Safe-SeqS 

[63] With conventional sequencing-by-synthesis approaches, all the error-producing processes 

described above are relevant, resulting in a relatively high number of false-positive 

mutation calls (Tables l and 2). Safe-SeqS minimizes the number of false-positive 

mutation calls in several ways. Safe-SeqS with exogenous UIDs results in the fewest 

false-positive mutation calls because it requires the fewest enzymatic steps. \Vith 

exogenous UIDs, error-generating processes #3 to #7 are completely eliminated because 

these steps aren't performed. Safe-SeqS with exogenous UIDs also drastically reduces 

errors resulting from error-generating processes #10 and #11 because of the way the data 

is analyzed. 

[64] After Safe-SeqS \vith exogenous lHDs, the only false-positive errors remaining should be 

those introduced during the UH) assignment PCR cycles ( error-generating process #8) or 

residual Ul D-containing primers during the library amplification cycles ( error-generating 

process #9). The errors from error-generating process #8 can theoretically he eliminated 

by requiring at least two super-mutants to identify a position as "mutant" This 

requirement is reasonable because every pre-existing mutation in a double stranded DNA 

template should give rise to two super-mutants, one from each strand. Fmihermore, this 

requirement vvould eliminate error-generating process #2 (damaged bases in the original 
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templates) because such bases, when copied, should give rise to only one super-mutant. 

Finally, errors generated during the library amplification cycles (process #9) will not be 

amplified by residual 1.JI D-containing primers if those primers are completely removed, 

such as performed here ,vith excess Exonuclease-I. 

[65l \Vith endogenous UIDs, the mistakes introduced hy processes #10 and #11 are drastically 

reduced because of the \.Vay in which the data is analyzed ( as with exogenous UIDs). 

Errors introduced in processes #2 to #7 can be minimized by requiring that a mutation be 

observed in at least two UID-families, for the reasons stated in the paragraph above. 

\Vith this requirement, few false-positive mutations, in theory, should be identified. 

[66] In practice, the situation is complicated by the fact that the various amplifications are not 

perfect, so every strand of every original template molecule is not recovered as a UID­

family. This efficiency can vary from sample to sample, depending in part on the 

concentration of inhibitors present in clinical samples. Moreover, with exogenous UIDs, 

a polymerase error during the library arnplification step can create a new UID-family that 

\vasn't represented in the UID assignment step. if this error occurred in a mutant 

template, an additional, artificial super-mutant would be created. 

[67] These factors can be managed by incorporating vanous additional criteria into the 

analyses. For example, one might require UID-families to contain more than t\vo, five or 

ten members. Another requirernent could be that the exogenous UIDs of super-mutants 

not be related to any other U ID in the library by a one-base difference. This would 

eliminate artificial super-mutants generated during the library amplification steps (noted 

in above paragraph). \Ve routinely instituted this requirement in our Safe-SeqS analyses, 

but it made little difference (<1 %1) in the number of super-mutants identified. Specificity 

for mutations can be further increased by requiring more than one super-mutant to 

identify a position as "mutant," as described above for endogenous UIDs. vVhen 

requmng multiple super-mutants, the specificity can be even further increased by 
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requiring that each strand of the original double stranded template contain the mutation 

or, when libraries are amplified using multiple wells, that rare mutations share an 

introduced sequence that identifies the well in which the mutations (i.e., one from each 

strand) V/ere amplified. Such decisions involve the usual trade-off between specificity 

and sensitivity. In our experiments with exogenous UIDs (Table 2), we required only 

one super-rnutant to identify a position as "mutant" and included ail UID-families with 

rnore than one member. As endogenous lHDs was associated \vith rnore error-generating 

processes than with exogenous UIDs, we required two super-mutants to identify a 

position as mutant in the experiments reported in Table 1 and also included all UH)­

families with more than one member. 

EXAMPLE lO - Mutation prevalences in normal human tissues 

[68] The experiments reported in Tables 1 and 2, in which> 10,000 templates were assessed, 

show that mutations are present in the nuclear DNA of normal human cells at a frequency 

of 3.5 x 10-6 to 9.0 x l 0-6 mutants/bp depending on the region analyzed. It is impossible 

to determine whether this low level represents genuine mutations present in the original 

templates or the sum of genuine mutations plus artifactual mutations from the error­

generating processes described above. Mutation prevalences in human cells have not 

been vvideiy investigated, in part because they are so infrequent. However, several clever 

techniques to identify rare rnutants have been devised and can in principle be used for 

companson. Unfortunately, estimates of human mutation prevalences vary widely, 

ranging from as many as 10-5 mutants/hp to as many as Hr8 mutants/hp (6-12). In several 

of these studies, the estimates are complicated by the lack of data on the nature of the 

actual mutations - they could in some cases be caused by losses of whole chromosomes, 

in others by missense mutations, and in others mainly by nonsense mutations or small 

insertions or deletions. Additionally, these studies used various sources of normal cells 

and exarnined different genes, making direct cornparisons difficult. Estimates of the 

prevalences and rates of mitochondrial DNA mutations sirnilarly vary (13-19). It \vill he 
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of interest in future work to analyze the same DNA templates and genes with various 

technologies to detem1ine the basis for these different estimates. 

[69j But let us assume that all of the mutations identified with Safi.~-SeqS represent genuine 

mutations present in the original DNA templates from normal cells. \Vhat does this tell 

us about the number of generations though which these cells have proceeded since the 

organism was conceived? There is a simple relationship behveen mutation rate and 

mutation prevalence: the mutation prevalence equals the product of the mutation rate and 

the number of generations that the cell has gone through since conception. The somatic 

mutation rate has been determined in previous studies to be N 10·9 mutants/bpi generation, 

though this estirnate also varies fhm1 study to study for reasons related to those 

mentioned above with respect to mutation prevalence. Combining this literature-derived 

estimate of mutation rate with our estimates of mutation prevalence suggests that the 

normal cells analyzed (lymphocytes, lymphoblastoid cell lines or colonic mucosae) had 

proceeded through 3,500 to 8,900 generations, representing cells dividing every 3 to 7 

days for the individuals examined in this study ( average age 65 years). 

EXAMPLE 11 - Computer simulation of polymerase-introduced errors 

[70l The timing of mutations introduced hy polymerases greatly alters the final number of 

mutations observed (20). For example, two mutations \.VOuld differ in prevalence by -"64-

fold if introduced 6 cycles apart (26
). Because polymerases introduce mutations in a 

stochastic manner, a simple Monte Carlo method was employed for the simulations. In 

these simulations, we used the manufacturer's estimate of the Phusion polymerase error 

rate \vith an appropriate adjustrnent for ability of Safe-SeqS to detect mutations in only 

one strand (4). Note that errors introduced in cycle 19, as vvell as in the two UID 

assignment cycles, would result in changes in only one strand of the duplex - i.e., result 

in one super-mutant rather than two. In each experiment, we assumed that there was a 

constant efficiency of amplification given by the total number of templates obtained at 

the end of the experiment (i.e., if the number of UID-families was N, then we assumed 
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that the number of templates increased by a factor ofN/219 in each cycle). One-thousand 

simulations were perfom1ed for each of seven experiments, and the results reported in 

Table 4. 
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CLAIMS 

1. A method to analyze nucleic acid sequences, comprising: 

attaching a unique identifier nucleic acid sequence (UID) to a first end of each of 

a plurality of analyie nucleic acid fragments to form uniquely identified analyte nucleic acid 

fragments; 

redundantly detem1ining nucleotide sequence of a uniquely identified analyte 

nucleic acid fragment, ,vherein determined nucleotide sequences vvhich share a UID fixm a 

farnily of members; 

identifying a nucleotide sequence as accurately representing an analyte nucleic 

acid fragment when at least 1 ~.~ of members of the family contain the sequence. 

2. The method of claim 1 wherein prior to the step of redundantly detem1ining, the uniquely 

identified analyte nucleic acid fragments are amplified. 

3. The method of claim 1 wherein the nucleotide sequence is identified when at least 5% of 

members of the family contain the sequence. 

4. The method of claim 1 vvherein the nucleotide sequence is identified when at least 25%) 

of members of the farnily contain the sequence. 

5. The method of claim 1 wherein the nucleotide sequence is identified when at 50% of 

members of the family contain the sequence. 

6. The method of claim 1 wherein the nucleotide sequence is identified when at least 70% 

of members of the family contain the sequence. 

7. The method of claim l wherein the nucleotide sequence is identified when at least 90% 

of members of the family contain the sequence. 

8. The method of clairn 1 wherein the nucleotide sequence is identified when l 00% of 

mernbers of the family contain the sequence. 

9. The method of claim 1 v,.rherein the step of attaching is performed by polymerase chain 

reaction. 

10. The method of claim 1 wherein a first universal priming site is attached to a second end 

of each of a plurality of analyte nucleic acid fragments. 
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11. The method of claim 9 v,.rherein at least two cycles of polymerase chain reaction are 

performed such that a family is formed of uniquely identified analyie nucleic acid 

fragments that have a lJID on the first end and a first universal priming site on a second 

end. 

12. The method of claim 1 wherein the UID is covalently linked to a second universal 

prirning site. 

13. The method of claim 10 wherein the UID is covalently linked to a second universal 

priming site. 

14. The method of claim 13 wherein prior to the step of redundantly determining, the 

uniquely identified analyte nucleic acid fragments are amplified using a pair of primers 

which are complementary to the first and the second universal priming sites, respectively. 

15. The method of claim 12 wherein the UID is attached to the 5' end of an analyte nucleic 

acid fragment and the second universal priming site is 5' to the UID. 

16. The method of clairn 12 \vherein the lHD is attached to the 3' end of an analyte nucleic 

acid fragment and the second universal priming site is 3' to the UID. 

17. The method of claim 1 v,.rherein the analyte nucleic acid fragments are formed by 

applying a shear force to analyte nucleic acid. 

18. The method of claim 9 wherein prior to the step of redundantly detem1ining, the uniquely 

identified analyte nucleic acid fragments are subjected to amplification, and wherein 

prior to said amplification, a single strand-specific exonuclease is used to digest excess 

primers used to attach the UID the analyte nucleic acid fragments. 

19. The method of claim 18 wherein prior to the step of redundantly detennining, the 

uniquely identified analyte nucleic acid fragments are subject to amplification, and 

wherein prior to said amplification, the single strand-specific exonuclease is inactivated, 

inhibited, or removed. 

20. The method of claim 19 wherein the single strand-specific exonuclease is inactivated by 

heat treatment. 

21. The method of claim 18 wherein primers used in said amplification comprise one or more 

chemical modifications rendering them resistant to exonucleases. 

22. The method of clairn 18 \vherein primers used in said amplification comprise one or more 

phosphorothioate linkages. 
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23. A method to analyze nucleic acid sequences, comprising: 

attaching a unique identifier sequence (UID) to a first end of each of a plurality of 

analyte DNA fragments using at least two cycles of amplification with first and second 

primers to form uniquely identified analyte DNA fragments, wherein the UIDs are in excess 

of the analyte DNA fragments during amplification, wherein the first primers comprise: 

• a first segment complernentary to a desired amplicon; 

• a second segment containing the lJID; 

• a third segment containing a universal priming site for subsequent amplification; 

and wherein the second primers comprise a universal priming site for subsequent 

amplification; wherein each cycle of amplification attaches one universal priming site to a 

strand; 

amplifying the uniquely identified analyte DNA fragments to fi:mn a family of 

uniquely identified analyte DNA fragments from each uniquely identified analyte DNA 

fragment; and 

determining nucleotide sequences of a plurality of members of the family. 

24. The method of claim 23 wherein the second primers each comprise a UID. 

25. The method of claim 23 further comprising the steps of: 

comparing sequences of a farniiy of uniquely identified analyte DNA fragments; 

and 

identifying a nucleotide sequence as accurately representing an analyte DNA 

fragment when at least 1 % of members of the family contain the sequence. 

26. The method of claim 25 wherein the nucleotide sequence is identified \.Vhen at least 5%) 

of members of the family contain the sequence. 

27. The method of claim 25 wherein the nucleotide sequence is identified when at least 25%) 

of members of the family contain the sequence. 

28. The method of claim 25 wherein the nucleotide sequence is identified when at least 501Yo 

of members of the farniiy contain the sequence. 

29. The method of claim 25 wherein the nucleotide sequence is identified v,.rhen at least 70% 

of members of the family contain the sequence. 

30. The method of claim 25 \.Vherein the nucleotide sequence is identified when at least 90%) 

of members of the family contain the sequence. 
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31. The method of claim 23 wherein the Ul Ds are from 2 to 4000 bases inclusive. 

32. The method of claim 23 wherein prior to the step of amplifying the uniquely identified 

analyie DNA fragments, a single strand-specific exonuclease is used to digest excess 

primers used to attach the UID the analyte DNA fragments. 

33. The method of claim 32 wherein prior to the step of amplifying the single strand-specific 

exonuclease is inactivated, inhibited, or removed. 

34. The method of claim 33 wherein the single strand-specific exonuclease is inactivated by 

heat treatment. 

35. The method of claim 32 wherein primers used in the step of amplifying comprise one or 

more phosphorothioate linkages. 

36. A method to analyze DNA using endogenous unique identifier sequences (UIDs ), 

compnsmg: 

attaching adapter oligonucleotides to ends of fragments of analyte DNA of 

between 30 to 2000 bases, inclusive, to fonn adapted fragments, ,vherein each end of a 

fragment befixe said attaching is an endogenous UID for the fragment; 

amplifying the adapted fragments using primers complementary to the adapter 

oligonucleotides to form families of adapted fragments; 

determining nucleotide sequence of a plurality of members of a family; 

comparing nucleotide sequences of the plurality of members of the family; and 

identifying a nucleotide sequence as accurately representing an analyte DNA 

fragment when at least 1 ?,,~) of members of the family contain the sequence. 

37. The method of claim 36 further comprising: 

enriching for fragments representing one or rnore selected genes by means of capturing a 

subset of the fragments using capture oligonucleotides complementary to selected genes in 

the analyte DNA. 

38. The method of claim 36 further comprising: 

enriching for fragments representing one or more selected genes by means of amplifying 

fragments complementary to selected genes. 

39. The method of claim 37 or 38 ,vherein the step of attaching is prior to the step of 

enriching. 

40. The method of clairn 36 \vherein the fi:·agrnents are fanned by shearing. 
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41. The method of claim 36 wherein a nucleotide sequence is identified as accurately 

representing an analyie DNA fragment when at least 5%1 of members of the family 

contain the sequence. 

42. A population of primer pairs, ,vherein each pair comprises a first and second primer for 

amplifying and identifying a gene or gene portion, ,vherein: 

• the first prirner comprises a first portion of 10-100 nucleotides cornplementary to 

the gene or gene portion and a second portion of 10 to 100 nucleotides comprising 

a site for hybridization to a third primer; 

• the second primer comprises a first portion of 10- l 00 nucleotides complementary 

to the gene or gene portion and a second portion of l O to l 00 nucleotides 

comprising a site for hybridization to a fr.)urth prirner, wherein inte11Josed between 

the first portion and the second portion of the second prirner is a third portion 

consisting of 2 to 4000 nucleotides forming a unique identifier (lJID); 

wherein the unique identifiers in the population have at least 4 different sequences, wherein 

the first and second primers are complementary to opposite strands of the gene or gene 

pmiion. 

43. The method of claim 42 wherein the first primer further comprises a unique identifier 

(UID). 

44. The population of claim 42 wherein the unique identifiers in the population have at least 

at least 16, at least 64, at least 256, at least 1,024, at least 4,096, at least 16,384, at least 

65,536, at least 262,144, at least 1,048,576, at least 4,194,304, at least 16,777,216, or at 

least 67,108,864 different sequences. 

45. A kit comprising the population of primers of claim 42 and the third and fourth primers 

complementary to the second portions of each of the first and second primers. 

46. The population of claim 42 wherein the UID comprises randomly selected sequences. 

47. The population of claim 42 wherein the UID comprises pre-defined nucleotide 

sequences. 

48. The population of clairn 42 vvherein the lHD comprises both randomly selected 

sequences and pre-defined nucleotides. 

49. The method of claim 2, 23, or 36 wherein prior to the amplification, the analyte DNA is 

treated with bisulfite to convert unmethylated cytosine bases to uracil. 
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50. The method of claim 1, 23, or 36 further comprising the step of comparing number of 

families representing a first analyte DNi\ fragment to number of families representing a 

second analyie DNA fragment to determine a relative concentration of a first analyie 

DNA fragment to a second analyte DNA fragment in the plurality of analyte DNA 

fragments. 
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