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Mixtures of HIV-1:
One or Two Base Differences

. _ _ « Seguenced a sample containing a uniform mixture of HIV-1 clones « Sequenced three samples containing synthetic mixtures of HIV-1
A large number of distinct HIV-1 genomes can be present in a single differing by only one or two bases clones at different abundances

clinical sample from a patient chronically infected with HIV-1. We | | _
examined samples containing complex mixtures of near-full-length « Analyzed using CluCon software  RESULT: Three genomes estimated in each sample with 100%

HIV-1 genomes. Single molecules were sequenced as near-full-length . o ed i th o with 1000 consensus accuracies across the entire ~9 kb genomes and within
(9.6 kb) amplicons directly from PCR products without shearing. * RESULT: Five genomes estimated in the sample with 100% 1% of expected abundances

. . . _ consensus accuracies across the entire ~9 kb genomes
Mathematical analysis technigues deconvolved the complex mixture
of reads into estimates of distinct near-full-length viral genomes with Estimated Genome Haplotypes:
their relative a}bundances. We c_orrectly estl_matec! the originating 0 ' AAAT+AAAAAAGHGTB-GCABATTTACCHACCCH'
genomes to single-base resolution along with their relative
abundances for mixtures where the truth was known exactly by 1 'AAT+AAAAAAGHAT+GGA+ATTTACCHACCCH
iIndependent sequencing methods. Cprrect estimates were made AAAT+AAAAAAGHAT+GEA+ATTTACCLACCCL
even when genomes diverged by a single base.

Minor abundances of 5% were reliably detected. SMRT® Sequencing it
data contained near-full-length continuous reads for each sample ' AAAT+AAAAAAGH+AT+GGA+ATTTTAGFACCCH+' EXP: 60%20%20% 80%10%10% 15%80%5%
Including some runs with greater than 10,000 near-full-length-genome OBS: S9%21%20% SL10%9% 15%680%5%
reads in a three-hour collection time. SMRT Sequencing yields long-

read sequencing results from individual DNA molecules with a rapid Near-Full-Len gth Genomes from Mixture

time-to-result. The single-molecule, full-length nature of the

sequencing method allows us to estimate variant subspecies and A T . . .

relative abundances even from samples containing complex mixtures e e Consensus Sequence Clustering Under Binomial Bounds:

ACCTAT AT AGGAGAAA T CTAT AAAAGA T GEATAA T CCTGLCAT TAAA T AR AT AGTAAGAN TG TATAGC CCTACCAGCAT TCTGLACATAAGACAAGGA CCAAAGGAA L CCTT TAGAGACTAT G TAGACCRAT TCTATAAAACTCTAAGAGCCRAGCAAGCTTCAC

Abstract Mixture of HIV-1 Genomes

Sample 2

' AADAT+AGEAAAG+AT+GGA+ATTTACC+ACCC+"

Of e n O m eS th at d iﬁer b Si n |e bases AAGAGGTAAAAAATTGLATGACAGAAACCTTLET TG TCCAAAA TGO GAACCCAGAT TETAAGACTAT T T TAAAAGCAT TGLELAC CAGGAGCGACACTAGAAGAAATLATGACAGCATLTCAGLLAGTGLGELGLACCCGLCCATAAAGCAACAGT TTTGLCTGAAGCAATG . .

9 y 9 : ACATTTACTOAGAGACAGGCTAKTTTTTTAGGCAAGATCTCGCCTTCCCACAAGGGAAGGCCAGGAATTTTCTTCAGAGCAGAC CAGACCAACAGCCCCACCAGAAGAGAGCTTCAGGTTTCCGGAGACACAACAACTCCCTCTCAGAAGCACGAGCCGATAGACA Generate alignment to run-specific consensus
AGGAACTGTATCCT T TAGCT TCCCTCAGAT CACTCT T TGLCAGCGACCCCTCLTCACAATARAGAT AGLGLLGCAAT TAAAGGAAGCTCTAT TAGATACAGLAGCAGATGATACAGTAT TAGAAGAAATGAAT TTGCCAGGAAGATGLAAAC CAAAAATCATAGGGLGAA
TTGGAGGTTTTATCAAAGT AAGACAGTATGAT CAGATACTCATAGARATCTGCGLACATAAAGCTATAGGTACAGTAT TAGT AGGAC CTACACCTGT CAACATAAT TGGLAA GARAT CTGT TGACTCAGAT TRLC TG ACT TTAAAT TTTCCCAT TAGTCCTATTGAGALT

T h ese resu ItS O p en th e p 0SS | b | I |ty Of COSt- eﬁe Ct'Ve fu I | - g enome GTACCAGTAAAATTAAAGCCAGGAATGGATGGCCCAAAAGTTAAACARTGGC CATTGACAGAAGAAAAAATAAAAGC ATTAGTAGAAATTTGTACAGAASTGGAAANGGAAGGAAAAATTTCAAAAAT TGGECCTGAAAAT CCATACAATACTCCAGTATTTGCCATAAA

GAJAAAAGACAGTACTAANTGGAGAAAATTAGTAGATTTCAGAGAACT TAATAAGAGAACTCAAGATTTCTGEGAAGT TCAATTAGGAATACCACATCCTGCAGGGT TAAAACAGAAANAAT CAGTAACAGTACTGGATGTGEGCGATGCATATTTTTCAGTTCCCTTAG

. . . . . . ATAAAGACTTCAGEAAGTATACTGCATTTACCATACCTAGTATAAACAATGAGACACCAGGGATTAGATATCAGTACAATGTGCTTCCACAGGGATGRAAAGGATCACCAGCAATATTCCAGTGTAGCATGACAMMAATCTTAGAGCCTTTTAGAAAACAAAATCCAGAC Iden“fy m|nor Vanant COlumn reg|ons
sequencing of HIV-1 in mixed populations for applications such as R L o e v ol S S
. . . . AAGTAGTACCACTAACAGAAGAAGCAGAGCTAGAACTGLCAGAAAACAGGLAGATTCTAAAAGAAC CAGTACATGLAGTGTAT TATGACCCATCAAAAGACTTAATAGCAGAAATACAGAAGCAGGLLCAAGGC CANTGLACATATCAAATTTATCAAGAGC CATTTAAA
Incorporated-HIV-1 screening. In screening, genomes can differ by Ll v el v e e s S e AL e If NO MiNor variants. return consensus
GAGGAAGACAAAMAGTTETCCCCCTAACGLACACAACAAATCAGAAGACTCAGT TACAAGCAAT TCATCTAGC T T TGCAGGAT TCGGLAT TAGAAGCTAAACATAGTGACAGACTCACAATATGCAT TGLGAATCATTCAAGCACAAC CAGATAAGAGTGAATCAGAGTTA )
. GTCAGTCAAATAATAGAGCAGT TAATAAAAAAGCAAAAACTCTACCTGLCATGLETAC CAGCACACAAAGGAAT TELAGGAAATGAAC ARG TAGATAAATTGETCAGTGCTCLAAT CAGGAAAGTACTATTTT TAGATGLAATAGATAAGGC CCAAGAAGAAC ATGAGAR
one to many thousands of bases and the ability to measure them can AT AT TG | o
help scientifically inform treatment strategies T e el o e e v e e R e e e e s If divergence between read pairs Is larger than expected by
n TCCTCTGEAAAGGTGAAGGGGCAGTAGTAATACAAGATAATAGTGACATAAAAGTAGTGC CAAGAAGAAAAGC AAAGAT CATCAGGGAT TATGRAAAACAGATGECAGGTGATGAT TG TG TELCAAGTAGACAGGATGAGGAT TAACACATGLAAAAGAT TAGTAAAACA
CCATATGTATAT T T AAGGAAA G TAAGCAC TG T T T TATAGACAT CACTATGAAAGTACTAATCCAAAAAT AAGT TCAGAAG TACACATCCCACTAGGLLATGC TAAAT TAGTAATAACAACATAT TELLLTCTGCATACAGGAGAAAGAGAC TGLECAT TTGLETCAGR

GAGTCTCGATAGAATGEAGGAAMAAGAGATATAGCACACAAGTAGAC CCTGACCTAGCAGACCAACTAATTCATCTGCACTATTTTGATTGTTTT TCAGAATCTGCTATAAGAAATACCATAT TAGGACGTATAGTTAGTCCTAGETGTGAATATCAAGCAGGACATAAL
AAGGTAGGATCTCTACAGTACTTGGCACTAGCAGCATTAATAAAACCAAAACAGATAAAGC CACCTTTGCCTAGTGTTAGGAAACTGACAGAGGAC AGATGGAACAAGCCCCAGAAGAC CAAGGGCCACAGAGGGAGCCATACAATGAATGGACACTAGAGCTTTTAGAG .
GAACTTAAGAGTGAAGCTGT TAGACATTTTCCTAGGATATGGCTCCATAACTTAGGACAACATATCTATGAAACT TACGGGEATACT TGEGCAGGAGTGGAAGCCATANT AAGAAT TCTGCAACAACTGCTGTTTATCCATTTCAGAAT TGEGTGTCGACATAGCAGAAT n O | S e th e n S e p arate O Ut aS S u b C | u Ste r_
AGGCGTTACTCGACAGAGGAGAGCAAGAAATGEAGCCAGTAGATCCTAGACTAGAGC CCTGRAAGCATCCAGGAAGTCAGCCTAAAACTGCTTGTACCAATTGCTATTGTAAAAAGTGTTGCTTTCATTGCCAAGTTTGTTTCATGACAAAAGCCTTAGGCATCTCCTAT ]
GGCAGGAAGAAGCGEAGACAGCGACGAAGAGCTCATCAGAACAGT CAGACTCATCAAGCTTCTCTATCAAAGCAGTAAGTAGTACATGTAATGCAACCTATAATAGTAGCAATAGTAGCATTAGTAGTAGCAATAATAATAGCAATAGT TGTGTGGTCCATAGTAATCAT
AGAATATAGGAAAATATTAAGACAAAGAAAAATAGAC AGGTTAATTGATAGAC TAATAGAAAGAGCAGAAGACAGTGECAATGAGAGTGAAGGAGAAGTATCAGCACTTGTGEAGATGGEGEETGEAMTGGEGECACCATGCTCCTTGEGATATTGATGATCTGTAGTGCT
- ACAGAMAAATTGTGGGTCACAGTCTATTATGGGGTACCTGTGTGGAAGGAAGCAACCACCACTCTATTTTGTGCATCAGATGC TAAAGCATATGATACAGAGGTACATAATGTTTGGGC CACACATGCCTGTGTACCCACAGACCCCAACCCACAAGAAGTAGTATTGGT .
IVI R ® e AAATGTGACAGAAANTTTTAACATGTGEAAAAATGACATGETAGAACAGATGCATGAGGATATAATCAGT TTATGGEAT CAAAGCCTAAAGCCATGTGTAAAATTAACCCCACTCTGTGTTAGT T TAAAGTGCACTGAT TTGAAGAATGATACTAATACCAATAGTAGTA R e C u r' S |Ve Iy WO r k O n S u b C | u Ste r' S
3 I 3 u e n C I n O n aC — GCGGGAGAATGATAATGGEAGAANGEAGAGATAAMAAACTGCTCTTTCAATATCAGCACAAGCAT ANGAGAT AAGGTGCAGAAAGAATATGCATTCTTTTATAAACTTGATATAGTAC CAATAGATAATACCAGCTATAGGTTGATAMGTTGTAACACCTCAGTCATTACA
q CAGGCCTGTCCAAAGGTATCCTTTGAGCCAATTCCCATACATTATTGTGCCCCGGCTGGTTTTGCGATTCTAAAATGTAATAATAAGACGTTCAATGGAACAGGACCATGTACAAATGTCAGCACAGTACAATGTACACATGGAATCAGGCCAGTAGTATCAACTCAACT
GCTGTTAAATGGCAGTCTAGCAGAAGAAGATGTAGTAATTAGATCTGCCAATTTCACAGACAATGCTAAAACCATAATAGTACAGCTGAACACATCTGTAGAAAT TAAT TG TACAAGAL CCAACAACAATAC AAGAAAAAGT ATCCGTATCCAGAGEGGACCAGGGAGAG
CATTTGTTACAATAGGAAAMATAGGAAATATGAGACAAGCACATTGTAACATTAGT AGAGCANAATGEAATGC CACTTTAANACAGATAGCTAGCAAAT TAAGAGAACAATTTGGAAATAAT AAAACAATAATCTTTAAGCAATCCTCAGGAGGGEACCCAGAAATTGTA
ACGCACAGTTTTAATTGTGGAGGGGAATTTTTCTACTGTAAT TCAACACAACTGTTTAATAGTACTTGGT TTAATAGTACT TGGAGTACTGAAGGGTCAAATAACACTGANGGAAGTGACACAAT CACACTCCCATGCAGAATAAAACAATTTATAAACATGTGGCAGGA . . . =y .
e n O I I l e S AGTAGGAMMAGCAATGTATGCCCCTCCCATCAGTGGACAAATTAGATGTTCATCAMATATTACTGGGECTGCTATTAACAAGAGATGETGGTAATAACAACAATGGGTCCGAGAT CTTCAGACCTGEAGGAGGCGATATGAGGGACAATTGGAGAAGTGAATTATATAAAT C I onesinm |Xt ures are at ~ 5 % d lve rg ence (O I 5 O O p 0S |t| on S)
ATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGETGCAGAGAGAAAAAAGAGCAGTGEGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGEGCGCAGCGTCAATGACGCTGACGETACAGGCCAGA
CAATTATTGTCTGATATAGTGCAGCAGCAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGT TGCAACTCACAGTCTGEGGCATCAAMCAGCTCCAGGCANGAATCCTGGCTGTGGAAAGATACCTAAAGGATCAACAGCTCCTGEGGATTTGEGGTTGCTC
TGEAAMACTCATTTGCACCACTGCTGTGCCTTGGAATECTAGTTGEAGTAATAAAT CTCTGEAACAGAT TTGEAATAACATGACCTGEATGEAGTGEGACAGAGAAATTAAC AATTACAC AAGCTTAATACACTCCTTAATTGAAGAATCGCAAAACCAGCAAGAAAAGA
ATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGTGGETATATAAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATAT
TCACCATTATCGTTTCAGACCCACCTCCCAATCCOGAGGGEACCCGACAGGCCCGAAGGAATAGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCCTTAGCACTTATCTGEGACGAT CTGCGGAGCCTGTGCCTCTTCAGCTACCA . . -
CCGCTTGAGAGACTTACTCTTGATTGTAACGAGGAT TG TGEAACTTCTEGGACGCAGGGEGTEGEAAGCCCTCAAATATTGETGRAATCTCCTACAGTATTGEAGT CAGGAACTAAAGAATAGTGCTGTTAACTTGCTCAATGCCACAGCCATAGCAGTAGC TGAGGGGA M at h e m atl Cal Iy al m O St | m p OSS | b I e tO C O n fu S e O n e C | O n e fo r an Ot h e r
o1 2088 8424 o1 CAGATAGGGTTATAGAAGTATTACAAGCAGCTTATAGAGCTATTCGCCACATACCTAGAAGAATAAGACAGGGCTTGGAAAGGATTTTGCTATAAGATGGGETGGCAAGTGETCAAAAAGTAGTGTGATTGGATGECCTGC TG TAAGGGAAAGAATGAGACGAGCTGAGCE
L . P - AGCAGCAGATGGEETGEGAGCAGTATCTCGAGACCTAGAAAAACATGGAGC AATCACAAGT AGCAATACAGCAGC TAACAATGCTECTTGTGCCTGECTAGAAGCAC AAGAGEAGGAAGAGGTGGETTTTCCAGTCACACCTCAGGTACCTTTAAGAC CAATGACTTACA
' — AGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGEACTGGAAGGGCTAATTCACTCCCAAAGAAGAC AAGATATCCTTGATCTGTGGRATCTACCACACACAAGGCTACTTCCCTGATTGGCAGAACTACACACCAGGGCCAGGGETCAGATATCCACTGACC
pi7 i p2d  ip7ipd vif TTTGGATGETGCTACAMGCTAGTACCAGTTGAGCCAGATAAGG TAGAAGAGGC CAATAANGGAGAGAACACCAGCTTGTTACACCCTGTGAGCCTGCATGGAATGGATGAC CCTGAGAGAGAAGTGTTAGAGTGEAGGT TTGACAGCCGCCTAGCATTTCATCACGTGGE

CCGAGAGCTGCATCCGEAGTACTTCAAGAACTGCTGACATCGAGCTTGCTACAAGGGACTTTCCGCTGEGGACTTTCCAGGGAGGCGTGECCTEGEGLGGEGACTGEGGAGTGECGAGCCCTCAGATRCTGCATATAAGCAGCTGCTTTTTGCCTGTACTGGETCTCTCTGE un d er se q uenc | N g W| t h th ese d |Ve rg ences

689 p2 pt % 53;:31 - 9 941 TTAGACCAGATCTGAGCCTGGGRAGCTCTCTGECTAACTAGGGAACCCACTGCTTAAGC CTCAATARAGCTT
! ]

"5772 l@
o 7 C— |  100% correct near-full-length HIV-1 genomes with differences of five

m ﬁiﬂ Hi Eﬁ‘f-ias& f vpr ”

o -~ strains in the mixture highlighted by different colors CluCon Software
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S b —  Twogenomes differ by one base e CluCon software and data available:

Two genomes differ by two bases

https://gibhub.com/mpsbpbi/clusteringConsensus
Single genome had no differences < [ civiub, nc.(Us) | itpsy/github.com/mpsbpbiclusteringConsensus v ) [@ buckbuckco
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Conclusions

Single Genome Amplification PacBio® Sequencing

Tally the read identities at the variant sites, the putative haplotypes * Complete characterization of HIV-1 genomes from single molecules

30 viral genomes i ~1000 — 10,000 viral genomes —  Sanger-quality, fully phased across entire genome
8—-10 dayS Patient + generate = <1 day counts

cDNA One SMRT Cell of sequencing

>

Estimate true haplotypes from the observed reads by discounting

plasma

From samples with possibly complex mixtures of genomes
noisy haplotypes using basis functions representing sequencing even differing by single bases

Pool 3 replicate
PCRs

ozl = noise ( point spread functions in signal processing)  Sequencing and methods useful in other applications
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