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ARTICLES I 

Identification of genetic variants using bar-coded 
multiplexed sequencing 
David W Craig1,3, John V Pearson 1,3, Szabolcs Szelinger1'3, Aswin Sekar1, Margot Redman 1, Jason J Corneveaux1, 

Traci L Pawlowski 1, Trisha Laub 1, Gary Nunn2, Dietrich A Stephani, Nils Homer1 & Matthew J Huentelman1 

We developed a generalized framework for multiplexed 
resequencing of targeted human genome regions on the Illumina 
Genome Analyzer using degenerate indexed DNA bar codes 
ligated to fragmented DNA before sequencing. Using this 
method, we simultaneously sequenced the DNA of multiple 
HapMap individuals at several Encyclopedia of DNA Elements 
(ENCODE) regions. We then evaluated the use of Bayes factors 
for discovering and genotyping polymorphisms. For 
polymorphisms that were either previously identified within the 
Single Nucleotide Polymorphism database (dbSNP) or visually 
evident upon re-inspection of archived ENCODE traces, we 
observed a false positive rate of 11.3% using strict thresholds 
for predicting variants and 69.6% for lax thresholds. Conversely, 
false negative rates were 10.8- 90.8%, with false negatives at 
stricter cut-offs occurring at lower coverage ( < 10 aligned 
reads). These results suggest that > 90% of genetic variants are 
discoverable using multiplexed sequencing provided sufficient 
coverage at the polymorphic base. 

Genome-wide association, candidate gene and linkage studies have 
identified th ousands o f moderately sized genomic regions that are 
associated with human disease but fo r which co mprehensive 
resequencing is needed to identi fy the geneti c va riant causing 
the associa tion. ln particular, genome-wide association studies 
have identifi ed hundreds of disease-associated haplo types, typica Lly 
spanning 5-100 kb 1- 3. A logical next step is to identify and 
resequence all genetic variants within the associated haplo type to 
identify th e fun ctional variants amon g the many nonfun ctional, 
evolutionarily linked neighboring polymorphism s. Next-genera­
tion D NA sequencing technologies are in principle weLl-suited to 
this task owing to their capability for high-throughput low-cost 
sequencing. Although these technologies o ffer massive sequencing 
capacity, it is still difficult, time-co nsuming and/or expensive to 
resequence large numbers o f sa mples across moderately sized 
genomic regions (5 kb-1 M b). 

Simultan eous resequencing of a target region in large numbers of 
individuals is possible by bar-coding o r indexi ng th e reads fro m 
each individual with a sho rt identi fy ing oligonucleotide4- 7. 

Although indexi ng has the obvious benefit o f multiplexi ng sa mples 

within a run, DNA indexing offers two key additional advantages: 
direct measure of base-by-base error rate and redu ction of array­
to-a rray o r day- to-day va riabili ty. Previous pio neering efforts to 
develop DNA indexin g have shown considerable pro mise, but their 
adoption is still in its infanC)', and co nsiderable challenges rema in, 
includ in g the development of practical and cost-effective 
approaches for short-read platforms. Beyond these e;,.l)erimental 
challenges, there are few analytical framewo rks that a re charac ter­
ized fo r discovering and genotyping genetic variants across a 
targeted interval using multiplexed short -read sequence data 
from multiple individuals. 

H ere we repo rt an experimental and analytical approach fo r 
simultaneo us sequencing o f multiple individuals using DNA bar 
codes, which we call indexes here, on the !Llumina Geno me 
Analyzer (GA). We used a six- base index with buil t- in redundancy 
fo r erro r co rrectio n and assessed the perfor mance of the meth od by 
resequencing Encyclopedia o f DNA Elements (ENCODE) regions 
of HapMap individuals that have previously been cap ilJa ry­
sequenced. v\le developed a Bayesian analytical fra mewo rk that 
leverages the inherent ability of indexi ng to measure erro r and to 
refl ect va riabili ty in sequencing coverage . 

RESULTS 
Experimental design 
v\le amplified multiple 5-kb regions (Supplementary Tables l and 
2 o nline) by long-ra nge PCR fo r 46 individ uals genotyped by the 
ENCO DE p rojects1·8 (Fig. 1 and Supplementary Methods 011line). 
For each individual, •..ve pooled the amplico ns in equimola r 
amounts, diges ted th em , blunt end -repaired them, added to 
them an adenosine overhang and liga ted these modified am plico ns 
to one of the 46 indexed adapters (Supplementary Tables 3 and 4 
online) . After liga tion, we poo led samples fro m all ind ividuals in to 
a single sa mple ( referred to as an indexed libra ry), p ur ified the 
sa mples, enriched them by PCR amplifica ti on and sequenced them 
on the !Llumina GA on a single lane of an 8-lane flow-cell . \A/e 
p repared two libraries: libra ry A, co nsisting o f ten 5-kb amplico ns 
covering 50 kb and library B, co nsisting o f fourteen 5-kb ampli co ns 
covering 70 kb (Supplementary Table 2) . Libra ry A co ntained 
regio ns that were p reviously capillary-sequenced and regions that 

1The Translat io nal Genornics Resea rch Inst it u te, 445 N. 5th St. 5th Floor, Phoenix, Ari zona 85004, USA. 2lllurnina, 9885 Town Centre Drive, San Diego, Cali fo rnia 92 121, 
USA. -'These a uth ors co ntribut ed equal! }' to -this_ work._ Correspo nd ence should be addressed to D.W.C. (dcra ig@tgen. o rg). 
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Figure 1 I Schematic describing the preparation of indexed libraries. 

were not sequenced as a part of the ENCODE project, whereas 
library B co ntained o nly regions previously sequenced as part of th e 
ENCODE project. 

Index design 
We used a six-base design, which allowed us to co ntrol , to lerate and 
measure error d uring base calling of the index. We designed indexes 
so that o ne, and in so me cases two, sequencin g erro rs co uld be 
to lerated without an index being inco rrectly ide ntified as being a 
different valid index. 'Ne synthesized o nl y 48 of the 4,096 possibl e 
nucleotide co mbinat io ns (see Supplemen-

8-lane flow cell , though ea rly sequencing runs exhibited greater 
var iabi lity in the number of sequenced reads. After filtering using 
ILlumina analys is pipel ine defau lts, approximately 45-50% of the 
reads remained . v.,re observed a large spread in the number of 
counts per index (Fig. 2). Although we did not identify a systematic 
reaso n fo r the ini tia l spread in index performance, weaknesses in 
index design were obv ious in so me cases. For example, 'AAAAAT' 
was frequently read as 'AAAAAAT', perhaps because of an o ligo­
nucleotid e synthesis bias. A few indexes that were no t well­
represented were co mplementa ry to other sections of the adap to r 
sequence, possibly hindering adaptor formatio n. Reseq uencing 
the sa me library gave nearly the identical distr ibution of reads 
rega rdless of run performance, indi ca ting that the dist ribution is 
li ke ly not due to a post-PCR enrichment step. Furthermore, 
recrea ting libra ries and sequencing D NA from d iffe rent individ uals 
in add itional sequencing runs did n ot substantiall y alter perfor­
mance fo r indexes that were substantia lly underrepresented o r 
overrepresen ted. Of the 46 initial indexes, 19 indexes varied by 
less than a factor of 5 between the most and least common index, 
and 13 indexes varied by less than a factor of 2. Although some of 
th e ini tial index variability was co nsistent between sequenci ng runs, 
retrospective analys is of the products by gel electrophoresis aft-er 
liga tion of adapters suggested that a port ion of the index varia nce 
may have been due to subtle differences in DNAse digestion of 
pooled am pl icons, whereby the number of ava ilable liga tion targets 
was higher fo r sa mpl es that were d igested with higher effic iency. 
In runs afte r sequencing of these initial librar ies (data not shown), 

we observed that quantificat io n and normalizat ion of the am ount 
of Ligated adaptor befo re pooling, using gel electrophoresis of 
the PCR-enriched products o r quant itat ive PCR, reduced index 
variability such that the index wi th highest number of reads 
aligning to the reference sequence was observed fivefold more 
frequently than the index with the fewest number of aligned 
reads. By co mparison, th e sa me ratio was 11 fo ld without quanti ­
ficat ion of the ligated primers before pooling. Although future 
stud ies may improve index var iability sti LI forth er, it may be 
effectively ma naged without substantially affecting workflow, by 

tary Table 4 fo r indexes) . Perfect alignment 
of any index to a ra ndomly generated 6-base 
sequence sho uld occur at ~ 0.1 % by chance. 
The sixth base of the index was an obliga te 
thymid ine necessa ry fo r ligat io n of the 
adenosine overhan g. T he first and fifrh 
bases were identica l to detect biases during 
normaliza tio n and calcu la tion of the deco n­
volutio n mat rix. In practice, we used 46 of 
the 48 indexes to allow for plate layouts that 
included positive and negat ive co nt ro ls. 
Although we did not im plement this in 

th is study, the use of each of the four 
nucleotides within an index may provide 
fo r higher-accuracy base calling as each base 
would have to be co rrect ly called at least 
o nce within a sequenced read. 

□ Perfecl malches 
10 

Index performance 
We generated 3-10 miJLi on short-read (32-
or 42-base) sequences for each lane of an 

■ One-error malches 
19 <livelold difference 

13 <lwofold dillerence 5 

Figure 2 I Comparison of index performance. Index va riability in initial sequenci ng runs (library A) 
used ~or eva luating index performance are shown (top). Percentages of reads aligning to the reference 

·sequence are li sted by index, without introduction of normalization methods. A total of 30 indexes were 
present in > 0.05% of all aligned reads. There were 19 indexes with less than fivefo ld difference in index 
frequencies, which we used in subsequent studies. The bottom graph shows the location of errors by base 
for each index. 

888 I VOL.5 N0.10 I OCTOBER 2008 I NATURE METHODS 0004



TGGm 
Average coverage = 52.45 

Maximum reads/base 191 135 191 119 160 145 104 141 162 
Minimum reads/base o o o o O O o o 

250 

200 

AGCTAT 
Average coverage = 13.95 

Maximum reads/base 67 38 59 62 160 49 33 32 33 
Minimum reads/base O O O O O O O O O 

80 
70 

~ 60 

i 50 
8 40 

30 
20 

Base Expected 

ART CL 

Maximum reads/base 
Minimum reads/base 

160 
140 

8i 120 

TCTCTT 
Average coverage = 33. 76 

122 70 115 54 136 144 87 96 71 
4 0000000 

Observed ~ 100 

<3ao u 60 
40 
20 
o~~-~~~~-~~-~~-~~ 

0 10,000 20,000 30,000 40,000 50,000 
Base Expected 

ACTGAT 
Average coverage= 3.72 

Maximum reads/base 19 18 20 17 60 18 19 14 11 
Minimum reads/base O O O O O O O O 0 

40 
35 

~ 30 
~ 25 

8 2D 
15 
10 

0 20+ reads/base 010- 19 reads/base 0 5-9 reads/base 1-4 reads/base ■ 0 reads/base 

Figure 3 I Relationship between mean and local coverage. Exa mple coverage in 4 individuals sequenced within a single lane of an 8-lane flow-cell for 10 pooled 
amp licons as part of library A. Ampli cons are shown consecutively for each individual. Index sequence and mean coverage for that individual are shown above 
each graph . The maxi mum and minimum coverage is shown for each amplicon at the top. Pie charts show the observed distribution of bases across all amplicons 
and the expected distribution determined from a Poisson distrihution of the mean coverage, binned as indicated. 

req uiring higher average coverage within a stud y, by sequencing in 
two lanes with different indexes or by sequestering sa mples with 
defi cient coverage fo r later runs. 

Index-level coverage 
As shown fo r a subse t of library A, coverage across individual 5-kb 
amplicons was even and generall y free of large gaps (Fig. 3). 
We observed base-to-base va riabi!it)' in the coverage, as expec ted 
from alignment of short reads. We observed some deviat ion 
from the expected Poisson distribution both between ampli cons 
and within an amplicon. Clea rl y, amplicon-to-amplicon varia­
bility co ntribu tes to some extent to the departure from the 
expected Poisson distribution. For a given index, we observed an 
approx imately 1.5- to 2.0-fold difference between the ampLi cons 
with the most and fewest number of reads. Inspecting gel images 
fo r selected amplicons confirmed that these observed difte r­
ences within regions were largely due to uneven pooling of 
am pl icons. The observed amplicon-to-a mplicon va riability is likely 
due to the fact that we used median concentrations across the 
plate when poo ling ampli cons fo r an individual, rather than 
separately pipetting the reaction for each ampli con based on 
its concentrati on. 

Comparing a given amplicon across indexes (that is, across 
individ uals), there was clearly some base-level co rrelat ion in cover­
age based on the positions of spikes and va lleys within the coverage 
plots (F ig. 3). Within a single ampli con, there was also departure 
from a Poisson dist ribution, evident from the fact that the same 
bases had li tt le or no coverage across individuals. Indeed, there is 
consistency between individuals with rega rd to bases that were 
under or over-represented. The rank co rrelation coefficient 
between indexes at a given base averaged 0.408, suggesting that 
loca l sequence (or base order) acco unts. fo r slightly less than half of 
the base-to-base va riability in cove rage. 

Error reduction and alignment strategy 
Dependi ng 011 alignment rules, aligning a short read to a refere nce 
sequence reduces the sequencing error rate al the cost of 
limiting discovery. We aligned 35-base-pair sequences, allowing 
fo r only a single error. We were thus essentially limited to 
identi fy ing single-base substitutions in an aligned read , wh ile 
limiting erro r to I /35 or 2.8%, as explained below. We also required 
that two stretches of 11 or more consecutive bases match 
the reference sequence or that the read have at least one 
stretch of 15 consecutive matches to the reference sequence. 
In both cases, our aligner req uired that the fo1 al 2 bases 
match the reference sequence to insure that we did not overalign 
an erro r at the fin al base. We chose the rul es for alignment largely 
to control error, and a randomly genera ted sequence would 
false ly align in less than 0.1 % of alignments in a 100-kb region. 
Give n our tolerance for I error in alignment, we expected 
a maxi mum per- base error rate of 2-3% (1 error in 35 
bases = ~2.8%). 

One wo uld expect that we would have greater difficul ty detecting 
closely neighboring si11gle- 11ucleotide polymorphisms (SN Ps) 
because we mostly limited our aligner to one nonconsecutive 
mismatch. However, the short-reads stochastically overlapped, 
and neighboring genetic va riants we re observed by alignment of 
multiple sequences not spanning both variants. 

Polymorphism discovery 
Polymorphism discovery is a primary goa l fo r resequencing an 
association interva l for a genome-wide association study, part icu­
larly under the common variant hypothesis. Indeed, in some cases 
one may 011!)' wish to know which bases are polymorphic for 
custom genotyping on a separate platfo rm. 

·we first provide an intuitive explanation of ou r analysis 
approach for polymorphism discovel')' (see Methods for 
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Figure 4 I Discovery of varia~t bases by 
simultaneous analysi s of all individuals . (a) The 
Bayes factor for polymorphism discovery (K,) is 
plotted for each of the 10 sequenced 5-kb 
amplicons from library A. Exact positions matching 
known polymorphisms are colored as red spheres, 
and the dbSNP identifier is provided for most SNPs 
with high K, values. (b,c) Magnified views of 
amplicon 1 (b) and amplicon 6 (c) to compare 
variants predicted by indexed-multiplexed 
sequencing to previous deep capillary sequencing 
results for the same individuals as part of the 
ENCODE project. (d,e) Example traces of predicted 
SNPs in homologous regions with ambiguous trace 
data. (f-i) Examples of sequence traces va lidati ng 
the discovery of new SNPs not previously 
annotated in ENCODE capi llary sequencing traces. 
The top row shows traces from HapMap individuals 
with the rare variant genotype and the bottom row 
shows reference traces. Similar analysis was 
conducted on library B (shown in Supplementary 
Fig. 1) . Red arrows mark predicted SNPs in 
capillary-sequence data. 
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where K, is the Bayes factor for polymorph­
ism discovery for the sth base as derived in 
equation 2 (see Methods). An example plot 
of K5 across each base ( of 50 kb) is shown in 
Figw-e 4 for libraq1 A; we conducted a 
similar analysis for library B (Supplemen­
tary Fig. 1 onli ne). 
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deta iled equations). We used Bayes facto rs to compare the 
probabi lity that the distribution of mismatched bases arises 
from sequencing error to the probabili ty that the distribution 
of mismatches arises from diploid polymorphism. For example, 
if 20% of reads fo r a give n base were nonconcorclant 
with the reference sequence across all individuals, and the 
nonconcorclant bases were cl ue to the presence of a SNP, 
one would expect each individual to be homozygous (0% or 
100% concordance with reference) or heterozygous (concordance 
sp lit 50:50 ). In contrast, if the 20% nonconcorcla nt bases were clue 
to sequencing error, then the number of nonconcordant bases fo r 
each individual would fo llow a binomial distribution around 20% 
(fo r example, person I, ~ 20.5%; person 2, ~ 19.3%; person 3, 
~ 20. 7%; and so for th). As described below, the error estimates 
required to calculate the probability of a genetic variant being a true 
variant are readily obta inable when samples from inclivicluals are 
indexed and multiplex-sequenced. Addit ionally, indexed and mul ­
tiplexed sequencing removes run-to-run biases, ·which would con­
fo und these est imates if all aspects of experip1ental design were not 
properly randomi zed. 
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! 
We next evaluated fal se positive and fa lse 

negative rates to assess our experimental 
and analytical framework for variant dis­
covery (Table 1 for library B and Fig. 5 for 
both library A and B). False positives are 
particula rly difficult to quantify as not all 
polymorphic sites are known, even in pre-
viously resequenced regions. In our analy­

sis, to be defined as a fa lse positive, a variant must not exact!)' match 
the location of va riants within the Single Nucleotide Polymo rphism 
database (dbSNP) and must not have trace sequencing data indicat­
ing a previously missed variant. In some cases, trace sequence data 
were not ava ilable or were unreliable. Consequently, the fa lse 
positive rate is expected to be an upper estimate as the exact 
position must be va lidated as po lymorphic by an existing database. 
We determined fa lse negative rates by calculating whether a base 
known to be po lymorp hic in our libra ry of HapMap ' individua ls 
reached prev iously specified K, thresholds of 3, 10, 100 or 1,000. 
This calculation of fa lse negative rates does have some bias, as it does 
not take into acco unt coverage of the polymorphic base. 

As expected, setting a higher threshold for Ks gives fewer fa lse 
positives. Fo r library B, as Ks increased from 10 to I ,000, the fa lse 
positive rate decreased from 69.6 to 11.3% (Table 1). Likewise, with 
fixed coverage, we obse rved the fa lse nega ti ve rate increasing from 
10.8 to 90.8% as Ks increased fro m IO to 1,000. A more deta iled 
discussio n of fa lse-nega tive and fa lse-positi ve rates is available in 
the Supplementary Methods. We fo und that fa lse negatives 
occurred when the cumulative coverage of individuals with the 
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Table 1 I Polymorphism discovery and individual variant calling 

Polymorphism discovery by Ks threshold• 

Polymorphisms True 
Threshold (Ks) predicted positivesb 

3 932 112 

10 352 107 

100 131 99 

1,000 106 94 

Individual va riant ca lling or genotyping (AA, AB, BB) by K; threshold 

Genotyped Genotyped 
Threshold (K;) correctly incorrectly 

3 3,376 115 

10 3,144 58 

100 2,677 8 

1,000 2,397 7 

False 
positives' 

88.0% 

69.6% 

24.4% 

11.3% 

False 
negativesd 

9.2% 

10.8% 

32.3% 

90.8% 
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indiv idua l given a certain number of reads 
(Fig. Sc). For example, when the coverage 
for a base was ~ 20 reads (averaging from 
16 to 24), we detected > 80-90% of 
the bases at K; > 10, with a false-positive 
rate of 1.6%. In comparison to poly­
morphism discovery, the low false positive 
rates of genotyping at a known poly­
m orphic base a re due to the fact that we 
were no longer assessing thousands of bases 
fo r a rare event but ra ther assessing samples 
from a few dozen individuals for a more 
frequent event. 

DISCUSSION 
O ur experience suggests that achieving ade­
quate coverage is one of the most important 
facto rs in the design of a multiplexed tar-

aPredicted polymorphic bases at a given threshold fo r K5 were evaluated by comparison to known polymorphisms within dbSNP and to ENCODE 
capillary sequencing traces . False negatives rates reflect that greater base coverage is required to exceed larger K1 thresho lds and that many 
polymorphisms become insufficiently covered for polymorphism discovery at these levels (see Fig , 5 for relation between coverage and K1). 

bValidated in dbSNP or NCBJ trace archive. cNot identified in dbSNP or NCB I trace archive. dRates of polymorphism discovery were evaluated 
irrespective of coverage. False negatives rates were calculated across Libraries A and B. False positive ra tes were ca lculated using only libra1y 
B since not all reg ions of library A were previously resequenced within the ENCODE project. 

geted resequencing experiment. Depending 
on assumptions made in the experiment, 
the desired coverage (and as a consequence, 
the cost) can vary substantially. Key con-
siderat ions include whether th e objective is 
(i) d iscovering genetic variants for genotyp ­

rarer variant was less than 10 reads (Fig. 5). Highlighting the 
dependence of fa lse negatives on coverage, aU polymorphisms that 
were covered by 20 o r more reads (summed across individuals 
known to differ fro m the reference) had a K5 > 1,000. Overall, we 
observed that 90% of variants were detectable, though des igning 
experiments for an average of greater than 20 reads will be essential 
for co ntrolling fa lse negatives. 

W hile analyzing bases with a K5 > I 00 for fa lse positives using 
US National Center for Biotechnology Informat ion (NCBI)­
archived ENCODE traces, we discovered new SNPs that were 
evident in visual rein spection of capillary traces but that had not 
been annota ted in dbSNP (Fig. 4f- h). These exam ples demonstrate 
that index-based resequencing ca n identify new variants even in 
heavily sequenced and heavily annota ted regions. Notably, 
within libra ry B, two variants with a K, > 100 were not SNPs 
but actually insertions (with dbSNP, rs l 1279266 is a 1-bp insertion 
and rsl0555419 is a 6-bp insertion ). Thus, it is possible to identify 
genetic variants e,.l) lic itly not allowed within the alignment scheme. 

Genotyping individuals at known polymorphisms 
As false negatives are clearly tied to coverage, we e,.l) lored the 
influence of coverage furth er by analyzing sequenced regions in an 
individual-by- individual analysis. Derived in equation 3 (see 
below), Ki is the analogous Bayes fac to r fo r the ith individual 
having the rarer allele at a known polymorphic base. Con ceptually, 
it can be thought of as a specific individu al's con tributio n to K,. 
We calculated the- percentage of variants correctly identified in an 

Figure 5 I Relationship between base- level coverage and Bayes facto r for 
polymorphism discovery and variant genotyping . (a) Total coverage across 
those individuals with a nonreference genotype -at a known polymorphism. 
(b) Mag nification of the graph in a. (c) The percent of th·e time the correct 
genotype was determined versus the coverage of the va riant within the 
individual. Plots contain cumulative statistics using variant di scovery and 
genotyping withi n both libraries A and B. 

ing by a separate method such as custom SNP genotyping, ( ii) 
conducting polym orphism discovery and variant calling within one 
sequencing experim ent, and/or ( iii ) exhaustively resequencing fo r 
all common and rare va riants. 

Exh austive polym orphism discovery is the next majo r phase for 
genome-wide associat io n studies. Indexing of short- reads was 
surprisingly robust at polymorphism identificat ion. For exan_1ple, 
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even when we used a highly restrictive error alignment scheme, we 
identified a new coding SNP 3 bases fro m an annotated SNP. 
Additionally, it is encouraging to see the d iscovery of insertions 
using an a lignment schem e o nly aLl owing subst ituti ons. FinaLly, we 
show that an automated analys is strategy fo r short-read data can 
uncover new variants, even in regions th at had been previously 
sequenced for var iant discovery using sa mples from these indi vi­
duals in the I-lapMap database. 

Based on the fa lse positive and fa lse negative rates, a criti cal 
factor will be how to balance coverage and cost. Using K5 > 1,000, 
we observed a low false positive rate and a high fa lse negat ive rate. 
As we required that the exact base must be polymorphic in an 
existing database, the ac tual fa lse- positive rate may be lower. 
False negatives a re due to the additional coverage ( > 10 reads) 
required for overcoming higher Ks thresholds. Considering the 
substantial base- to-base variab ility (Fig. 3), o ne would not simply 
wa nt to design for an average coverage of 10 reads. Rather, 
by designing for ~ 50 reads or more, one may minimi ze both the 
fa lse negative and fa lse-positive rates, given coverage variability of 
short- read sequencing. 

Although who le-genome sequencing may be the primary moti­
vato r for improvements in sequencing technology, it is clear that 
next-generation technologies are immediatel y useful for focused, 
hypothesis-driven sequencing of liJ1kage peaks, groupings of ca n­
didate genes or sequencing the entire known coding sequence of the 
human geno me. In this report, we developed per-individual 
indexing of pooled PCR am pl icons to carry out ta rgeted sequen­
cing. However, it is st raightforward to envision using other sample­
preparation methods such as genome partitioning9- 12 . One could 
replace the pooled amplicons from our exp erim ental strategy with 
total genomic DNA and complete the partitioning by a hybridiza­
ti on approach after pooling liga ted amplicons. Indeed, variant 
discovery through the resequencing of all ca ndidate regions impli ­
cated in a disease ac ross genomes of dozens, and possibly hundreds, 
of indi viduals co uld be considerably accelerated by merging multi­
plex capture, indexi ng and next-generation sequencing approaches 
into a single protocol. 

METHODS 
Amplification and pre-ligation sample preparation. Two ampli­
con libraries (library A and B; see Supplementary Table 2 for 
specific regions) were constructed from individually amplified 5-
kb regions using long-range PCR. Regions co mprising a library 
were chosen from the ENCODE project and provide a sampling of 
different geno mic region types. On ly a portion of the ENCODE 
regions have been previously sequenced as part of the SNP 
discovery portion of the EN CODE project. Library A was a 
composite of previously sequenced regions and regions that had 
not been seq uenced in ENCODE. Library B was entirely composed 
of regions that had been previously sequ enced. Flanking primers 

for each amp lico n (Supplementary Table 5 on line) were manually 
selected . Although we did no t screen for the existence of known 
pol ymorphisms within the primer sequences, this would be 
advisable in future experiments. 

Base calling and alignment. ILlumina GA images .were anal yzed 
using a mod ifi ed Illumina GA (0. 2.2.6) processing pipeline. 
Desc riptio ns of the modificatio ns and al_l scripts a re available in 
Supplementary Methods. A defau lt matrix deco nvolution fi le was 
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used fo r base-calling by ' Bustard ', based on a ~ontrol phi -X library 
provided by Illumina . Following base-calling, a script was used to 
access all sequences, rega rdless of qual ity score. We deviated from 
the defa ul t cut-offs prov ided by lllumina's 'GERALD' process 
beca use we fo und that sequence quality was better cont ro lled by 
matching to an index ( 46/4,096 or 0.1 % by chance) o r matching 
with l or fewer errors to the reference sequence. Bases were al igned 
by progressively truncating the sequence at the 5' end until a unique 
alignment was obtained with a probabilit)' of stochastic alignment 
of less than l %. This approach is distinct from recently described 
short- read alignment schemes 13 but has some of the same features. 

Aligned sequences were summarized into a binomial of co unts 
agreeing (n;) o r disagreeing( /;;) with the reference sequence fo r the 
i th individual of II total individuals for each base (s). The error ra te 
(OJ is the percentage of reads disagreeing with the refe rence 
sequence across all samples. Model I (M1) assum es that the erro r 
rate for an individual equals the error rate fo r all individuals, o r 

O; = 0,. Therefo re, we ca n estimate Os as: 

II ( ) 

, n · 
0, = --'- . . . :z= n· + u 

I = ) l I 

( l ) 

ivlodel 2 (M2 ) assum ed that fo r some individual i, we have O;cf. 0,. 
To calculate this likelihood, we used a hyperprior offset (a,) for 
three poss ible genotypes. The hyperprio r can be thought of as 
co nditioning on the zygosity of the indi vidual and thus refl ec ting 
the uncertainty of the genotype of the individual at a given base. ln 
this analysis, we focused on the detection of biallelic SNPs, but 
triallelic or other typ es of SNPs co uld be considered under more 
co mplex models. The Bayes factor for a base position is 

n ("· +1,,) xil'.'•x (I - (I,)"· 
Ks= p(O,IM, )= ; - 1. .u n, 

p(O,IM,) l" ;D_ ,, ( n;:, b,) x (I~• x ( I - O,)"• x p(Ola,. M,) x p(a,) x d(} 

(2) 

In equation 2, Ks is the Bayes fac to rs across all individuals and is 
ca lculated for each SNP. The va lue for Ks is effectively identifying 
polymorphisms at a base, and determination of the indi viduals 
th at show the rare variant is acco mplished by K;: 

(3) 

The analysis for rare variants in the above equation uses the prio r 
probabilit)' of p(a5) deri ved from the d istr ibutio n across all 
indi viduals and all bases initially assuming all o th er individuals 
are homozygous for the refe rence allele, which is a reaso nabl e 
assumptio n given that new va riants are assumed to be rare. By 
successive iterations, p(u5 ) is then reca lculated by calling va riant~ 
AA, AB and BB (where A and B refer to the polymorphism alleles) 
und er a given threshold ( for exa mple, K;= {3, 10,100}) and 
recalculating p(a5) based on these variant ca lls. Plots of Bayes 
factors versus error rates are ava ilable in Supplementary Fig. 2 
o nline to show distribution of Bayes factors and their co rrelation 
with error rate. 
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---------------------- - - - ----- - - ------------ - --- ---------------, 

lf a SNP is known , it is also reasonable to use o th er prior 
information at a base, such as allele frequency in the popu lation. 
However, prio r info rmation on the location and allele frequency of 
known SNPs was not used in th is study to better eva luate the 
effec ti veness of the underlying framewo rk. 

Additional methods. D escriptions of region amplificati on, am pl i­
co n pooling, fragmentati on, preparation of the 48 adapters, end 
repair, ligat ion, PCR enrichment, cluster generation and sequen­
cing on the IIJumina Genome Analyzer are ava ilable in Supple­
mentary Methods. 

Accession code. NCBI Short Read Archive: SRA00181 l. 

Note: Supp/ementa,y information is available 011 the Nature Methods 1vebsite. 
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Supplementary Figure 1. 

   
 
Supplemental Figure 1. Library B polymorphism discovery. Similar to Figure 4, 

variant discovery plot for Library B.  As with Library A, inspection of traces from NCBI 

Trace Archive confirmed polymorphic bases that were previously not annotated.  
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Supplementary Figure 2 

 
Supplementary Figure 2.  Bayes factors vs. non-reference bases alignments. (A) A 

histogram of the fraction of mismatches at each base indicating that a substantial 

percentage of bases have 15% of the aligned bases disagreeing with the reference base 

(B.)  Scatterplot of Ks vs. fraction of mismatched. The lack of a positive correlation 
indicates that most bases favor the model of a binomial distribution even as the fraction 

of mismatched bases increases.  Taken together, these data suggest that most bases 

sample error, as expected, from a binomial distribution across individuals. Those bases 
that do not are possible polymorphisms.  
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Supplementary Table 1 

Region # Amplicon Primer Sequence Region (Build 36.1) 

Gagatgggtctcctgagtgc 
Region 1 

Aaccaactgcatgcttttc 
chr2:234189304+234194258 

Ccagccaaacttgacgtacc 
Region 2 

Aacagcccaattcaacttgc 
chr7:113839924+113844896  

gaccaaggaaacaaccaacc 
Region 3 

caggaaagcccacatacacc 
chr20:33747673-33752665  

ctaactcagcggctttgtcc 
Region 4 

tcacgtcctttttggagacc 
chr2:220085623+220090673  

gggagctcacgatatcaagg 
Region 5 

caggaagcagcagctctagg 
chr11:130743490+130748475  

gctgggtgttggatatttgc 
Region 6 

cagtaggcaaggacacatgc 
chr1:149678673-149683603 

taacagtggggctgaaaagc 
Region 7 

cttgggagtctccaggtagc 
chr5:142043190-142048159  

gttgaaaccagggacaatgg 
Region 8 

ctcctctcacctgcagaacc 
chr5:141971045-141976067  

gccatgggagttaacagagg 
Region 9 

ttgctaccatttgccattcc 
chr7:126531683-126536662 

tggccagttttgttttcagg 
Region 10 

tatttgggacgaaggattgc 
chr11:116250173-116255189 

agtagggtgagcttggatgc 
Region 11 

ccgcatgacttttgtttgg 
chr13:112347206+112352113  

gaccttgtgatctgccttcc 
Region 12 

gaggggctcctaaagtttgc 
chr16:26053412+26058370  

atggagttttgcttttgttgc 
Region 13 

agttgtccctgtggctatgg 
chr11:63970822+63975969  

tcagtggtgctgtactcatgc 
Region 14 

aggacacctggggattacg 
chr16:41060-46001 

   

 
Supplementary Table 1. Primers. Primers for amplification of targeted regions within 

Library A. 
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Supplementary Table 2.  

Encode 
Regions 

Multiplex 
Pool 

Chr 
Physical Position 

Region (36.1) 
Region Features 

ENr231 A,B 1 149678673-149683603 
Moderate non-exonic conservation, High 

Gene density 

ENr331 A 2 220085623-220090673 
High-exonic conservation,  

High Gene density 

ENr131 A,B 2 234189304-234194258 
Low-exonic conservation,  

High Gene density 

ENr212 A 5 141971045-141976067 
Moderate non-exonic conservation, 

Moderate Gene density 

ENr212 A 5 142043190-142048159 
Moderate non-exonic conservation, 

Moderate Gene density 
ENm014 A 7 126531683-126536662 7q31.33 

ENm017 B 7 127008375-127012881 7q32.1 
ENm017 B 7 127013024-127018100 7q32.1 
ENm017 B 7 127016306-127021248 7q32.1 
ENm010 B 7 27246985-27251931 HOXA Cluster 
ENm012 B 7 89709475-89714560 FOXP2 

ENr335 B 9 130810649-130815588 
High-exonic conservation,  

High Gene density 

ENr335 B 9 130908740-130913660 
High-exonic conservation,  

High Gene density 
ENm003 A 11 116250173-116255189 Apo_cluster 

ENr312 A 11 130743490-130748475 
High-exonic conservation, 

Low Gene density 

ENr123 B 12 38507675-38512629 
Low-exonic conservation, 

High Gene density 

ENr123 B 12 38783227-38788147 
Low-exonic conservation, 

High Gene density 

ENr123 B 12 38903255-38908283 
Low-exonic conservation, 

High Gene density 

ENr132 A 13 112347206-112352113 
Low-exonic conservation, 

High Gene density 

ENr213 B 18 23783347-23788366 
Moderate-exonic conservation, 

Low gene density 

ENr213 B 18 23808628-23813466 
Moderate-exonic conservation, 

Low gene density 

ENr333 A 20 33747673-33752665 
High-exonic conservation, 

High Gene density 

 

Supplementary Table 2. Selected Regions. Two different indexed pools were 
sequenced across a series of runs (referred to as multiplex Library A and B). The 

ENCODE region name, and key ENCODE attributes are listed.   
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Supplementary Table 3 

Phos 5'-3' index Sequence 5'-3' index 

P- TTT TTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT AAA AAT 

P- GGT TGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CAA CCT 

P- CCT TCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GAA GGT 

P- AAT TAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TAA TTT 

P- GTG TGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CAC ACT 

P- TGG TTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT AAC CAT 

P- ACG TAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TAC GTT 

P- CAG TCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GAC TGT 

P- CTC TCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GAG AGT 

P- AGC TAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TAG CTT 

P- TCC TTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT AAG GAT 

P- GAC TGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CAG TCT 

P- ATA TAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TAT ATT 

P- CGA TCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GAT CGT 

P- GCA TGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CAT GCT 

P- TAA TTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT AAT TAT 

P- GTT GGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCA ACT 

P- TGT GTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACA CAT 

P- ACT GAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TCA GTT 

P- CAT GCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT GCA TGT 

P- TTG GTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACC AAT 

P- GGG GGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCC CCT 

P- CCG GCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GCC GGT 

P- AAG GAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT TCC TTT 

P- ATC GAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TCG ATT 

P- CGC GCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT GCG CGT 

P- GCC GGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCG GCT 

P- TAC GTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACG TAT 

P- CTA GCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GCT AGT 

P- AGA GAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT TCT CTT 

P- TCA GTA  GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT ACT GAT 

P- GAA GGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCT TCT 

P- CTT CCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGA AGT 

Supplementary Table 3. Full oligionucleotide sequences for indexed adapters. 
 

Phos 5'-3' index Sequence 5'-3' index 

    

P- AGT CAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT TGA CTT 

P- TCT CTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT AGA GAT 

P- GAT CGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT CGA TCT 

P- ATG CAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TGC ATT 

P- CGG CCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGC CGT 

P- GCG CGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CGC GCT 

P- TAG CTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT AGC TAT 

P- TTC CTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT AGG AAT 

P- GGC CGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT CGG CCT 

P- CCC CCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGG GGT 

P- AAC CAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT TGG TTT 

P- GTA CGA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT CGT ACT 

P- TGA CTA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG  

  ACACTCTTTCCCTACACGACGCTCTTCCGATCT AGT CAT 

P- ACA CAA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT TGT GTT 

P- CAA CCA GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG   

    ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGT TGT 

I I I I 
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Supplementary Table 4. 

DNA Indexes Appended to Adapter Sequence 

AAAAAT CAACCT GAAGGT TAATTT 

AACCAT CACACT GACTGT TACGTT 

AAGGAT CAGTCT GAGAGT TAGCTT 

AATTAT CATGCT GATCGT TATATT 

ACACAT CCAACT GCATGT TCAGTT 

ACCAAT CCCCCT GCCGGT TCCTTT 

ACGTAT CCGGCT GCGCGT TCGATT 

ACTGAT CCTTCT GCTAGT TCTCTT 

AGAGAT CGATCT GGAAGT TGACTT 

AGCTAT CGCGCT GGCCGT TGCATT 

AGGAAT CGGCCT GGGGGT TGGTTT 

AGTCAT CGTACT GGTTGT TGTGTT 

 
Supplementary Table 4. DNA Indexes Appended to Each Adapter. A total of 48 different 6-mer 

index sequences were chosen from the 4096 different possible 6-mers. Each index is designed 

so that the 1st and 5th base are identical and represent an XOR-based checksum of bases 2-4 
so that the index sequence remains identifiable even with an uncalled or low-quality base. 
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Supplementary Table 5. 

Library A dbSNP 
identifier log(Ks) Coverage 

rs12533005 51.1 355 

rs11167787 74.0 713 

rs11960262 47.7 455 

rs11167786 55.7 467 

rs10210058 18.7 452 

rs34012 8.1 417 

rs1042597 4.6 297 

rs13027376 2.9 297 

rs13400017 7.9 397 

rs11167785 48.9 528 

rs1361963 63.8 859 

rs6975798 34.1 443 

rs152524 5.4 372 

rs1557644 24.0 774 

rs10791140 55.6 1645 

rs907676 5.1 179 

rs11222591 22.7 761 

rs250108 5.1 390 

rs1872858 14.1 168 

rs2237790 31.9 686 

rs4114768 16.4 642 

rs11563720 10.0 541 

rs249926 33.5 1514 

rs17092980 0.5 601 

rs4291502 4.0 533 

rs4528122 23.5 58 

rs12705964 4.5 950 

rs7727653 4.4 398 

rs17099096 3.2 362 

rs17864670 5.0 405 

rs9919599 2.4 40 

rs11955552 4.3 825 

rs681524 6.9 611 

rs17864673 13.1 1009 

rs17868309 4.6 815 

rs10221563 9.3 374 

rs11975039 1.2 832 

rs17099102 1.7 709 

rs17099100 3.2 598 

rs7119590 2.1 1707 

rs10241421 -1.7 0 

rs17099249 -1.5 17 

rs12292614 -1.3 0 

rs1042590 -1.7 191 

rs17867764 -1.3 0 

rs3088078 -0.7 0 

rs11222590 -2.5 5 

rs17863762 0.1 0 

rs1126806 -1.5 0 

 
Supplementary Table 5. Polymorphism coverage and Ks. List 
of SNPs containing known variants, their coverage, and their Ks in 
sequenced regions for Library A (left) and Library B (right).  

 

Library B dbSNP Log(Ks) Coverage 

rs13289043 0 0 
rs17445742 0 0 

rs17863844 0 0 
rs17437810 0.5724 1 
rs3814492 0.3001 1 

rs17468650 0.138 2 
rs17468601 -0.0202 3 
rs17446218 4.6375 4 

rs2229419 1.1383 4 
rs9945664 -0.3719 4 
rs17437824 1.6533 6 

rs4291502 -0.1137 6 
rs17445496 -0.1526 6 
rs17468095 1.4706 7 

rs10988209 8.4219 15 
rs4727223 10.3836 16 
rs3118625 6.4789 16 

rs17428157 4.1719 16 
rs11980022 4.8702 18 
rs7046990 14.0197 20 

rs17862129 7.7949 20 
rs4528122 17.9849 26 
rs3124495 7.4348 27 

rs10988200 14.7299 29 
rs3118639 22.777 30 
rs13020968 4.3019 40 

rs4363925 5.6175 50 
rs17468088 20.4266 110 
rs194537 10.06 116 

rs13418652 5.2823 137 
rs3750340 29.9307 144 
rs7243677 8.1997 152 

rs17446232 44.4083 170 
rs7577157 44.4728 172 
rs4800835 24.5798 174 

rs2302153 18.1967 212 
rs17468102 51.1039 219 
rs7595960 58.7743 227 

rs194536 33.8634 239 
rs9951439 50.2121 243 
rs17463213 57.6308 260 

rs1220155 63.2521 271 
rs512362 45.6942 272 
rs194535 69.7629 275 

rs1220029 36.9822 278 
rs12470426 63.5206 288 
rs11564329 63.3966 291 

rs1530380 62.8385 291 
rs12473889 65.888 298 
rs9646720 37.2413 343 

rs2108809 55.3984 358 
rs4768189 44.4388 358 
rs17463233 85.2413 367 

rs1220154 37.9816 376 
rs7962260 64.8659 385 
rs17468636 87.3576 392 

rs4413048 57.5525 453 
rs17468122 120.5659 469 
rs610906 23.2828 470 

rs1148374 53.2736 571 
rs6508522 25.2233 583 
rs6711120 68.73 608 

rs1220156 90.5985 678 
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Supplementary Methods 

 

Amplification of targeted regions. 46 HapMap individuals were whole genome amplified by 

RepliG (Qiagen) and the concentration determined by replicate measures using the Quant-iT 

PicoGreen dsDNA kit (Invitrogen). For each HapMap individual, the ENCODE regions were 

amplified by long-range PCR in a 25ul reaction volume using 75ng template DNA, 1X PfuUltra 
Buffer, 2mM dNTPs (total), 400nM each of the forward and reverse primers, and 0.5ul PfuUltra 

II HS DNA polymerase (Stratagene) per reaction. The thermal cycler conditions were: a 

denaturation step at 95°C for 2 minutes, 30 cycles consisting of 95°C for 20 seconds, an 
annealing temperature specific to each primer for 20 seconds, and 68°C for 3 minutes, and a 

final extension of 68°C for 5 minutes.  To generate a sufficient amount of amplicons, the initial 

PCR products were put through a second PCR reaction.  This second-round reaction used 2uL 
of the initial PCR product, 2mM dNTPs (total), 400nM each of the forward and reverse primers, 

1.5uL PfuUltra II HS DNA polymerase (Stratagene), and 1x PfuUltra buffer in a 100ul reaction.  

The thermal cycler conditions were the same for both the first and second round PCR. Products 

were purified on QiaQuick 96 well columns (Qiagen) and quantified by taking optical density and 
Picogreen measurements. A 4-fold range of concentrations was observed after the second 

round of PCR so the products were titrated such that equimolar amplicons from each individual 

were pooled and the combined total DNA was ~5μg. Pooled amplicons were digested to 200-

300 bp fragments using DNAse I enzyme (NEB). Fragmented pools were then blunt end 

repaired using T4 DNA Polymerase, DNA polymerase I Klenow fragment, and T4 polynucleotide 

kinase enzyme (NEB). Subsequently, dATP incorporation was performed to the blunt ended 
amplicons with Klenow Fragment 3’-5’ exo minus enzyme (NEB). DNA was purified after each 

step using Illumina-recommended Qiagen 96 well purification columns. 

Indexing adapter preparation. A total of 48 different adapters were produced to index 

sequenced fragments (See supplementary tables 2-6). The adapter sequence began with the 
oligonucleotide sequences provided by, and shared with the permission of, Illumina, (© 2006 

Illumina, Inc.; 5' P-GATCGGAAGAGCTCGTATGCCGTCTTCTGCTTG and 5' 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT) and were followed by the index in the 
forward and reverse directions respectively. Lyophilized, indexed adapters were dissolved in 

10mM Tris-HCl pH 7.8 (Sigma) to a 100uM stock concentration. A 10X annealing buffer was 

made containing 100mM Tris-HCl ph 7.8 and 0.5M NaCl (Gibco). Indexed adapter pairs were 

combined to a 50uM final concentration with 10X annealing buffer for a final concentration of 
1X. Subsequently, a step down annealing reaction was performed, where the indexed adapter 

mix was incubated at 95°C for 2 minutes followed by a series of cooling steps of 1°C per minute 

from 95°C to 25°C. 

Adapter ligation, PCR enrichment and sequencing of indexed amplicons. A unique 

indexed-adapter sequence was ligated to each HapMap individuals’ adenylated amplicon pool. 

Ligation was performed at 20°C for 2 hours followed by 16°C for 16 hours using T4 DNA ligase 
enzyme (NEB). Ligated amplicons were then pooled for all individuals to be sequenced on the 

same flow cell lane. The pooled ligated amplicons (referred to as a library) were loaded onto a 

4% agarose gel and 150-200 bp fragments were gel-purified using Qiagen gel purification 

columns. Libraries were PCR-enriched using Phusion DNA polymerase PCR mix and adapter 
compatible primers 1.1 and 2.1 (Illumina). Each PCR product was loaded onto a 4% agarose 

gel and fragments of 150-200bp were gel-purified using Qiagen gel purification columns. Each 

library was quantified using Nanodrop ND-1000 and diluted to 10nM working concentration 
using EB buffer. Each library was loaded on a lane of the flowcell for cluster generation and 

libraries were sequenced on an Illumina GA. Initial cluster counts typically ranged from 1M to 

2M clusters per flow cell lane. In later runs, cluster counts of approximately 8-10M clusters per 
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flow cell lane were typically observed during indexed sequencing.  Also in later runs (not 

shown), we found that the same indexing strategy of ligating barcoded adapters was effective in 
paired-end sequencing on the Genome Analyzer II upgraded system.  In these runs, 5-base 

indexes were utilized. With 5-base paired-end indexing runs, indexes from both the forward and 

reverse reads are sequenced for a total of 10 indexed bases.  

Calculation of false-positives. False negative rates were determined by calculating if a base 
known to be polymorphic in our library of HapMap individuals reached previously specified Ks 

thresholds. Within Library A, 152 SNPs were listed in dbSNP. Of these SNPs, 50 SNPs have at 

least one individual varying in genotype from the other sequenced individuals. We observed 41 
of the 50 SNPs had a base-level KS>10, with 40 of 41 exceeding KB>100.  Of the 9 false-

negative SNP positions, 1 SNP was triallelic and not entirely compatible with our biallelic 

analysis model, 1 SNP was found only in 2 individuals and the other 7 SNPs were found in only 
1 individual.  Similar results were obtained for Library B (table 1). The false negatives appear to 

result from lack of coverage (figure 5a) and not simply because only 1 individual had the variant: 

of the 7 single-event false negatives, 3 individuals had less than 2 reads at the variant position.   

False positives are more difficult to quantify since not all polymorphic sites are known, even in 
previously resequenced regions. In our analysis, to be defined as a false positive, the base must 

reach a pre-specified Ks, must not exactly match the location of variants within dbSNP, and 

must not have trace sequencing data indicating a missed variant. Library B, which is entirely 
composed of regions with existing ENCODE sequencing data, was used to specifically estimate 

false-positives (table 1). Immediately evident by visual inspection (Figure 4) is an overall low 

false positive rate for bases with large Ks values; most high-ranking bases (Ks>100) are also 
listed in dbSNP (see Figure 4a). Particularly within the two ENCODE sequenced regions, 25 of 

the top 25 ranked bases were at the exact position of the SNP. In previously non-sequenced 

regions, we could identify many candidate variants. For instance, in region 2, there were 20 

bases with Ks > 3. For the 8 highest ranking bases, 4 were unambiguously confirmed as novel 
SNPs. Of the remaining 4 bases, 1 did not have sufficient trace data, 1 was neighboring an 

identified SNP and neighboring a repeat region, 1 was in a repeat region, and 2 were in regions 

highly homologous to other regions in the genome. For the remaining 12 high-ranking bases, we 
were not able to confirm the existence of a SNP.  For these bases, trace data frequently 

exhibited multiple reads, was poor in quality in both read directions, or was within a location with 

high sequence homology (see examples of difficult-to-assess traces in Figure 4d and 4e). In 

some cases, high quality sequence data was not available for the exact individuals driving the 
ranking. However, it is likely that these 12 unconfirmed candidate variants are false-positives 

and we treat them as such for our analysis. Indeed, the most prominent source of false positives 

with our approach appears to arise from homology to other regions or polymorphic sites 
elsewhere in the genome. In practice, one would expect lower false positive rates for less 

complex regions.  
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