
An introduction to Next-Generation
Sequencing Technology

www.illumina.com/technology/next-generation-sequencing.html

For Research Use Only. Not for use in diagnostic procedures.



Table of Contents

Table ofContents 2

I.Welcome toNext-GenerationSequencing 3

a. TheEvolutionofGenomicScience 3

b. TheBasicsofNGSChemistry 4

c. Advances inSequencingTechnology 5

Paired-EndSequencing 5

TunableCoverage andUnlimitedDynamicRange 6

Advances inLibraryPreparation 6

Multiplexing 7

Flexible, Scalable Instrumentation 7

II. NGSMethods 8

a. Genomics 8

Whole-GenomeSequencing 8

ExomeSequencing 8

DenovoSequencing 9

Targeted Sequencing 9

b. Transcriptomics 11

TotalRNAandmRNASequencing 11

TargetedRNASequencing 11

SmallRNAandNoncodingRNASequencing 11

c. Epigenomics 12

MethylationSequencing 12

ChIPSequencing 12

RibosomeProfiling 12

III. IlluminaDNA-to-DataNGSSolutions 13

a. The IlluminaNGSWorkflow 13

b. IntegratedDataAnalysis 13

IV. Glossary 14

V. References 15

For Research Use Only. Not for use in diagnostic procedures.



I. Welcome to Next-Generation Sequencing

a. The Evolution of Genomic Science

DNAsequencinghascomea longwaysince thedaysof two-dimensionalchromatography in the 1970s.With the advent of
theSangerchain terminationmethod1 in 1977, scientistsgained the ability tosequenceDNAina reliable, reproducible
manner. Adecade later, Applied Biosystems introduced the first automated, capillaryelectrophoresis (CE)-based
sequencing instruments,theAB370 in1987and theAB3730xl in1998,instruments that became theprimaryworkhorses for
theNIH-led andCelera-ledHumanGenomeProjects.2While these “first-generation” instrumentswere considered high
throughput for their time, theGenomeAnalyzeremerged in2005and took sequencingruns from84 kilobase (kb)per run to
1 gigabase (Gb)per run.3 The short read,massivelyparallel sequencing techniquewasa fundamentallydifferent approach
that revolutionized sequencingcapabilitiesand launched the “next generation” ingenomic science. From that point forward,
thedata output ofnext-generationsequencing (NGS)hasoutpacedMoore’s law,more thandoublingeachyear (Figure 1).

Figure 1: Sequencing Cost andData Output Since 2000—The dramatic rise of data output and concurrent falling cost of sequencing since 2000. The Y-axes on both sides
of the graph are logarithmic.

In2005, a single runon theGenomeAnalyzercould produce roughlyonegigabaseofdata. By2014, the rate climbed to
1.8 terabases (Tb)ofdata ina single sequencingrun, anastounding1000× increase. It is remarkable to reflect on the fact that
the first humangenome, famouslycopublished inScience andNature in2001, required 15 years tosequence and cost
nearly three billiondollars. Incontrast, theHiSeq X® TenSystem, released in2014, cansequenceover45humangenomes in
a single day forapproximately$1000each (Figure 2).4

Beyond themassive increase indata output, the introductionofNGStechnologyhas transformed thewayscientists think
about genetic information. The$1000 dollargenomeenablespopulation-scale sequencingand establishes the foundation
forpersonalized genomicmedicine aspart ofstandardmedicalcare. Researcherscannowanalyze thousandsto tensof
thousandsofsamples ina single year. AsEric Lander, foundingdirectorof theBroad Institute ofMITandHarvard and
principal leaderof theHumanGenomeProject, states:

“The rate of progress is stunning.As costs continue tocome down,we are enteringa
periodwherewe are going tobe able toget the complete catalogof disease genes.
Thiswill allow us to lookat thousands of people and see the differences among
them, todiscover critical genes that cause cancer, autism, heart disease, or
schizophrenia.”5
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Figure 2: Human Genome Sequencing Over the Decades—The capacity to sequence all 3.2 billion bases of the human genome (at 30× coverage) has increased
exponentially since the 1990s. In 2005, with the introduction of the Illumina Genome Analyzer System, 1.3 human genomes could be sequenced annually. Nearly 10 years
later, with the Illumina HiSeq X Ten fleet of sequencing systems, the number has climbed to 18,000 human genomes a year.

b. The Basics of NGS Chemistry

Inprinciple, the concept behindNGStechnology issimilar toCEsequencing. DNApolymerase catalyzes the incorporationof
fluorescently labeled deoxyribonucleotide triphosphates (dNTPs) intoaDNAtemplate strand duringsequentialcyclesof
DNAsynthesis. Duringeachcycle, at thepoint of incorporation, the nucleotidesare identified by fluorophore excitation. The
criticaldifference is that, instead ofsequencinga singleDNAfragment, NGSextendsthisprocessacrossmillionsof fragments
inamassivelyparallel fashion.More than90%of theworld'ssequencingdata are generated by Illumina sequencingby
synthesis (SBS)chemistry.* It delivershighaccuracy, a highyield oferror-free reads, and ahighpercentageofbase calls
aboveQ30.6–8

IlluminaNGSworkflows include fourbasic steps:
1. LibraryPreparation—The sequencing library isprepared by random fragmentationof theDNAorcDNAsample, followed

by5′and 3′adapter ligation (Figure 3A). Alternatively, “tagmentation” combines the fragmentationand ligation reactions
intoa single step that greatly increases the efficiencyof the librarypreparationprocess.9Adapter-ligated fragmentsare
thenPCRamplified and gelpurified.

2. ClusterGeneration—Forclustergeneration, the library is loaded intoa flowcellwhere fragmentsare captured ona lawnof
surface-bound oligoscomplementary to the libraryadapters. Each fragment is thenamplified intodistinct, clonalclusters
throughbridge amplification (Figure 3B).Whenclustergeneration iscomplete, the templatesare ready for sequencing.

3. Sequencing—IlluminaSBStechnologyusesaproprietary reversible terminator–basedmethod that detectssingle bases
as theyare incorporated intoDNAtemplate strands (Figure 3C). Asall four reversible terminator–bound dNTPsare
present duringeachsequencingcycle, naturalcompetitionminimizes incorporationbiasand greatly reducesrawerror
ratescompared toother technologies.6,7 The result ishighlyaccurate base-by-base sequencing that virtually eliminates
sequence context–specific errors, evenwithin repetitive sequence regionsand homopolymers.

4. DataAnalysis—Duringdata analysisand alignment, the newly identified sequence readsare aligned toa reference
genome (Figure 3D). Followingalignment,manyvariationsofanalysisare possible, suchassingle nucleotide
polymorphism (SNP)or insertion-deletion (indel) identification, read counting forRNAmethods, phylogenetic or
metagenomic analysis, andmore.

Adetailed animationofSBSchemistry isavailable atwww.illumina.com/SBSvideo.

*Data calculations on file. Illumina, Inc., 2015.
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Figure 3: Next-Generation Sequencing Chemistry Overview—Illumina NGS includes four steps: (A) library preparation, (B) cluster generation,(C) sequencing, and (D)
alignment and data analysis.

c. Advances in Sequencing Technology

Paired-EndSequencing

Amajoradvance inNGStechnologyoccurredwith thedevelopment ofpaired-end (PE) sequencing (Figure 4). PE
sequencing involvessequencingbothendsof theDNAfragments ina libraryand aligning the forward and reverse readsas
read pairs. Inaddition toproducing twice the numberof reads for the same timeand effort in librarypreparation, sequences
aligned asread pairsenablemore accurate read alignment and the ability todetect indels, which isnot possiblewith single-
read data.8Analysisofdifferential read-pair spacingalsoallowsremovalofPCRduplicates, a commonartifact resulting from
PCRamplificationduring librarypreparation. Furthermore, PE sequencingproducesahighernumberofSNVcalls following
read-pair alignment.8,9While somemethodsare best served bysingle-read sequencing, suchassmallRNAsequencing,
most researcherscurrently use thepaired-end approach.
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Figure 4: Paired-EndSequencing andAlignment—Paired-end sequencing enables both ends of the DNA fragment to be sequenced. Because the distance between each
paired read is known, alignment algorithms can use this information tomap the reads over repetitive regionsmore precisely. This results in better alignment of reads,
especially across difficult-to-sequence, repetitive regions of the genome.

Tunable Coverage andUnlimitedDynamic Range

Thedigitalnature ofNGSallowsa virtually unlimited dynamic range for read-countingmethods, suchasgene expression
analysis.Microarraysmeasure continuoussignal intensitiesand thedetection range is limited bynoise at the lowend and
signalsaturationat the highend,whileNGSquantifiesdiscrete, digitalsequencingread counts. By increasingordecreasing
the numberofsequencingreads, researcherscan tune the sensitivityofanexperiment toaccommodate variousstudy
objectives. Because thedynamic rangewithNGSisadjustable and nearlyunlimited, researcherscanquantify subtle gene
expressionchangeswithmuchgreater sensitivity than traditionalmicroarray-basedmethods. Sequencingrunscanbe
tailored tozoom inwithhigh resolutiononparticular regionsof the genome, orprovide amore expansive viewwith lower
resolution.

The ability toeasily tune the levelofcoverageoffersseveralexperimentaldesignadvantages. For instance, somaticmutations
mayonlyexistwithina smallproportionofcells ina given tissue sample. Usingmixed tumor–normalcell samples, the regionof
DNAharboring themutationmust be sequenced at extremelyhighcoverage, oftenupwardsof1000×, todetect these low-
frequencymutationswithin themixed cellpopulation. On theother side of the coverage spectrum, amethod like genome-
wide variant discoveryusually requiresamuch lowercoverage level. In thiscase, the studydesign involvessequencingmany
samples (hundreds to thousands) at lower resolution, toachieve greater statisticalpowerwithina givenpopulation.

Advances in LibraryPreparation

With IlluminaNGS, librarypreparationhasundergone rapid improvements. The firstNGSlibraryprep protocols involved
random fragmentationof theDNAorRNAsample, gel-based size selection, ligationofplatform-specific oligonucleotides,
PCRamplification, and severalpurificationsteps.While the 1–2 days required togenerate these earlyNGSlibrarieswere a
great improvement over traditionalcloning techniques, currentNGSprotocols, suchasNextera®XTDNALibrary
Preparation, have reduced the libraryprep time to less than90minutes.10PCR-free and gel-free kitsare alsoavailable for
sensitive sequencingmethods. PCR-free librarypreparationkits result in superior coverageof traditionally challengingareas
suchashighAT/GC-rich regions, promoters, and homopolymeric regions.11

Fora complete list of Illumina librarypreparationkits, visitwww.illumina.com/products/by-type/sequencing-
kits/library-prep-kits.html.
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Multiplexing

In addition to the rise ofdata output per run, the sample throughput per run inNGShasalso increased over time.Multiplexing
allows large numbersof libraries tobepooled and sequenced simultaneouslyduringa single sequencingrun (Figure 5).With
multiplexed libraries, unique indexsequencesare added toeachDNAfragment during librarypreparationsothat each read
canbe identified and sorted before finaldata analysis.WithPE sequencingandmultiplexing, NGShasdramatically reduced
the time todata formultisample studiesand enabled researchers togo fromexperiment todata quickly and easily.

Gains in throughput frommultiplexingcomewithanadded layerofcomplexity, assequencingreads frompooled libraries
need tobe identified and sorted computationally ina processcalled demultiplexingbefore finaldata analysis (Figure 5). The
phenomenonof indexmisassignment betweenmultiplexed libraries isa known issue that has impactedNGStechnologies
from the time samplemultiplexingwasdeveloped.12 Indexhopping isa specific causeof indexmisassignment that can result
in incorrect assignment of libraries from the expected index toadifferent index in thepool, leading tomisalignment and
inaccurate sequencingresults.

Formore information regarding indexhopping, includingmechanismsbywhich it occurs, how Illuminameasures
indexhopping, and best practices formitigating the impact of indexhoppingonsequencingdata quality, read the
Effectsof IndexMisassignment onMultiplexingandDownstreamAnalysisWhitePaper.

Figure 5: LibraryMultiplexing Overview—(A) Unique index sequences are added to two different libraries during library preparation. (B) Libraries are pooled together and
loaded into the same flow cell lane. (C) Libraries are sequenced together during a single instrument run. All sequences are exported to a single output file. (D) A
demultiplexing algorithm sorts the reads into different files according to their indexes. (E) Each set of reads is aligned to the appropriate reference sequence.

Flexible, Scalable Instrumentation

While the latestNGSplatformscanproducemassive data output, NGStechnology isalsohighly flexible and scalable.
Sequencingsystemsare available for everymethod and scale ofstudy, fromsmall laboratories to largegenomecenters
(Figure 6). IlluminaNGSinstruments range from thebenchtopMiniSeq™System,withoutput ranging from1.8–7.5 Gb for
targeted sequencingstudies, to theNovaSeq™6000System,whichcangenerate an impressive 6 Tb and 20B reads in~2
days† forpopulation-scale studies.

Flexible runconfigurationsare alsoengineered into thedesignof IlluminaNGSsequencers. Forexample, theHiSeq® 2500
Systemoffers tworunmodesand single ordual flowcell sequencingwhile theNextSeq® SeriesofSequencingSystemsoffers
twoflowcell types toaccommodate different throughput requirements. TheHiSeq 3000/4000Seriesuses the same
patterned flowcell technologyas theHiSeq X instruments forcost-effective production-scale sequencing. Thenew
NovaSeqSeriesofsystemsunites the latest high-performance imagingwith the next generationof Illuminapatterned flowcell

For Research Use Only. Not for use in diagnostic procedures.



technology todelivermassive increases in throughput. This flexibility allowsresearchers toconfigure runs tailored to their
specific study requirements, with the instrument of their choice.

For an in-depth comparison of Illumina platforms, visit www .illumina.com/systems/sequencing.html  or explore  
the Sequencing Platform Comparison Tool at www.illumina.com/systems/sequencing-platforms/comparison-
tool.html.

Figure 6: Sequencing Systems for Virtually Every Scale—Illumina offers innovative NGS platforms that deliver exceptional data quality and accuracy over a wide scale,
from small benchtop sequencers to production-scale sequencing systems.

II. NGS Methods

NGSplatformsenable awide varietyofmethods, allowingresearchers toask virtually anyquestion related to thegenome,
transcriptome, orepigenomeofanyorganism. Sequencingmethodsdifferprimarilybyhow theDNAorRNAsamplesare
obtained (eg, organism, tissue type, normalvs. affected, experimentalconditions, etc) and by thedata analysisoptions
used. After the sequencing librariesare prepared, the actualsequencingstage remains fundamentally the same, regardless
of themethod. There are variousstandard librarypreparationkits that offerprotocols forwhole-genomesequencing (WGS),
RNAsequencing (RNA-Seq), targeted sequencing (suchasexomesequencingor16Ssequencing), custom-selected
regions, protein-bindingregions, andmore. Although the numberofNGSmethods isconstantlygrowing, a briefoverviewof
themost commonmethods ispresented here.

a. Genomics

Whole-Genome Sequencing

Microarray-based, genome-wide associationstudies (GWAS)havebeenacommonapproach for identifyingdisease
associationsacross thewhole genome.WhileGWASmicroarrayscan interrogate over four millionmarkersper sample, the
most comprehensivemethod of interrogating the3.2 billionbasesof the humangenome isWGS. The rapid drop in
sequencingcost and the abilityofWGStoproduce large volumesofdata rapidlymake it a powerful tool forgenomics
research.WhileWGSiscommonlyassociatedwithsequencinghumangenomes, the scalable, flexible nature of themethod
makes it equally useful for sequencinganyspecies, suchasagriculturally important livestock, plant genomes, ordisease-
relatedmicrobialgenomes. Thisbroad utilitywasdemonstrated during the recent E. colioutbreak inEurope in2011,which
prompted a rapid scientific response. Using the latestNGSsystems, researchersquickly sequenced thebacterialstrain,
enabling themtotrack theoriginsand transmissionof the outbreak aswellas identifygeneticmutationsconferring the
increased virulence.13

Exome Sequencing

Exomesequencing isawidely-used targeted sequencingmethod. The exome represents less than2% of the human
genome, but containsmost of the knowndisease-causingvariants,makingwhole-exomesequencing (WES)a cost-
effective alternative toWGS.14WithWES, theprotein-codingportionof the genome isselectively captured and sequenced.
It canefficiently identify variantsacrossawide rangeofapplications, includingpopulationgenetics, genetic disease, and
cancer studies.

†With dual flow cell mode enabled.
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De novoSequencing

Denovosequencingrefers tosequencinganovelgenomewhere there isnoreference sequence available for alignment.
Sequence readsare assembled ascontigsand the coveragequalityofde novosequencedata dependson the size and
continuityof the contigs (ie, the numberofgaps in thedata). Another important factor ingeneratinghigh-qualityde novo
sequences is thediversityof insert sizes included in the library. Combiningshort-insert paired-end and long-insertmatepair
sequences is themost powerfulapproach formaximalcoverage across thegenome (Figure 7). The combinationof insert
sizesenablesdetectionof thewidest rangeofstructuralvariant typesand isessential for accurately identifyingmore complex
rearrangements. The short-insert reads, sequenced at higherdepths, can fill ingapsnot covered by the long inserts, which
are oftensequenced at lower read depths. Therefore, usinga combined approach results inhigherquality assemblies. In
parallelwithNGStechnology improvements,manyalgorithmic advanceshave emerged insequence assemblers for short-
read data. Researcherscanperformhigh-qualityde novoassemblyusingNGSreadsand publicly available short-read
assembly toolswithexistingcomputer resources in the laboratory.

Figure 7: Mate Pairs andDe novo Assembly—Using a combination of short and long insert sizeswith paired-end sequencing results in maximal coverage of the genome for
de novo assembly.

TargetedSequencing

With targeted sequencing, a subset ofgenesor regionsof the genomeare isolated and sequenced. Targeted sequencing
allowsresearchers to focus time, expenses, and data analysisonspecific areasof interest and enablessequencingatmuch
highercoverage levels. Forexample, a typicalWGSstudyachievescoverage levelsof30–50× pergenome,while a targeted
resequencingproject caneasily cover the target regionat 500–1000× orhigher. Thishighercoverage allowsresearchers to
identify rare variants, variants thatwould be toorare and tooexpensive to identifywithWGSorCE-based sequencing.

Targeted sequencingpanelscanbepurchasedwith fixed, preselected content orcanbecustomdesigned. Awide variety
of targeted sequencing libraryprep kitsare available, includingkitswithprobe sets focused onspecific areasof interest such
ascancer, cardiomyopathy, orautism. Customprobe setsare available throughDesignStudio™Software enabling
researchers to target regionsof the genome relevant tospecific research interests. Custom targeted sequencing is ideal for
examininggenes inspecific pathways, or for follow-up studies fromGWASorWGS. Illumina currently supports twomethods
for targeted sequencing, target enrichment and amplicongeneration (Figure 8).

Target enrichment capturesbetween10 kb–62 Mb regions, dependingon the libraryprep kit parameters. Amplicon
sequencingallowsresearchers tosequence16–1536 targetsat a time, spanning2.4–652.8 kb of totalcontent, depending
on the libraryprep kit used. Thishighlymultiplexed approachenablesawide rangeofapplications fordiscovery, validation, or
screeningofgenetic variants. Ampliconsequencing isuseful fordiscoveryof rare somaticmutations incomplexsamples (eg,
cancerous tumorsmixedwithgermlineDNA).15,16Anothercommonampliconapplication issequencing thebacterial
16S rRNAgeneacrossmultiple species, awidelyusedmethod forphylogenyand taxonomystudies, particularly indiverse
metagenomic samples.17

Formore informationon Illumina targeted,WGS, exome, orde novosequencingsolutions, visit
www.illumina.com/applications/sequencing/dna_sequencing.html.
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Figure 8: Target Enrichment and Amplicon Generation Workflows—With target enrichment, specific regions of interest are captured by hybridization to biotinylated
probes, then isolated bymagnetic pulldown. Amplicon sequencing involves the amplification and purification of regions of interest using highlymultiplexed PCR oligos sets.
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b. Transcriptomics

Librarypreparationmethods forRNA-Seq typicallybeginwith totalRNAsample preparation followed bya ribosome removal
step. The totalRNAsample is thenconverted tocDNAbefore standardNGSlibrarypreparation. RNA-Seq focused on
mRNA, smallRNA, noncodingRNA, ormicroRNAscanbeachieved by includingadditional isolationorenrichment steps
before cDNAsynthesis (Figure 9).

Figure 9: A Complete View of Transcriptomicswith NGS—A broad range ofmethods for transcriptomicswith NGS have emerged over the past 10 years including total
RNA-Seq, mRNA-Seq, small RNA-Seq, and targetedRNA-Seq.

TotalRNA andmRNASequencing

Transcriptomesequencing isamajoradvance in the studyofgene expressionbecause it allowsa snapshot of thewhole
transcriptome rather thanapredetermined subset ofgenes.Whole-transcriptomesequencingprovidesa comprehensive
viewofa cellular transcriptionalprofile at a givenbiologicalmoment and greatly enhances thepowerofRNAdiscovery
methods. Aswithanysequencingmethod, analmost unlimited dynamic range allows identificationand quantificationofboth
commonand rare transcripts. Additionalcapabilities include aligningsequencingreadsacrosssplice junctions, and
detectionof isoforms, novel transcripts, and gene fusions. Librarypreparationkits that support precise detectionofstrand
orientationare available forboth totalRNA-Seq andmRNA-Seqmethods.

TargetedRNASequencing

TargetedRNAsequencing isamethod formeasuring transcriptsof interest fordetectingdifferentialexpression, allele-
specific expression, detectionofgene-fusions, isoforms, cSNPs, and splice junctions. IlluminaTruSeq®TargetedRNA
SequencingKits includepreconfigured, experimentally validated panels focused onspecific cellularpathwaysordisease
statessuchasapoptosis, cardiotoxicity, NFκB pathway, andmore. Customcontent canbedesigned and ordered for
analysisofspecific genesof interest. TargetedRNAsequencing isa powerfulmethod for the investigationofspecific
pathwaysof interest or for the validationofgene expressionmicroarrayorwhole-transcriptomesequencingresults.

Small RNA andNoncodingRNASequencing

Small, noncodingRNA, ormicroRNAsare short, 18–22 bp nucleotides that playa role in the regulationofgene expression
oftenasgene repressorsor silencers. The studyofmicroRNAshasgrownastheir role in transcriptionaland translational
regulationhasbecomemore evident.18,19

Formore information regarding Illumina solutions for smallRNA(noncodingRNA), targetedRNA, totalRNA, and
mRNAsequencing, visitwww.illumina.com/applications/sequencing/rna.html.
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c. Epigenomics

While genomics involves the studyofheritable oracquired alterations in theDNAsequence, epigenetics is the studyof
heritable changes ingene activity caused bymechanismsother thanDNAsequence changes.Mechanismsofepigenetic
activity includeDNAmethylation, smallRNA–mediated regulation, DNA–protein interactions, histonemodification, and
more.

Methylation Sequencing

Acritical focus inepigenetics is the studyofcytosinemethylation (5mC)statesacrossspecific areasof regulation, suchas
promotorsorheterochromatin. Cytosinemethylationcansignificantlymodify temporaland spatialgene expressionand
chromatin remodeling.20While there aremanymethods for the studyofgeneticmethylation,methylationsequencing
leverages the advantagesofNGStechnologyand genome-wide analysiswhile assessingmethylationstatesat the single-
nucleotide level. Twomethylationsequencingmethodsarewidelyused: whole-genomebisulfite sequencing (WGBS)and
reduced representationbisulfite sequencing (RRBS).WithWGBS, sodiumbisulfite chemistryconvertsnonmethylated
cytosines touracils, whichare thenconverted to thymines in the sequence readsordata output. InRRBS, DNAisdigested
withMspI, a restrictionenzymeunaffected bymethylationstatus. Fragments in the 100–150 bp size range are isolated to
enrich forCpGand promotorcontainingDNAregions. Sequencing librariesare thenconstructed using the standardNGS
protocols.

Formore informationonmethylationsequencingsolutions, visit
www.illumina.com/techniques/sequencing/methylation-sequencing.html

ChIP Sequencing

Protein–DNAorprotein–RNAinteractionshave a significant impact onmanybiologicalprocessesand disease states. These
interactionscanbe surveyedwithNGSbycombiningchromatin immunoprecipitation (ChIP) assaysandNGSmethods.
ChIP-Seq protocolsbeginwith the chromatin immunoprecipitationstep (ChIPprotocolsvarywidelyas theymust be specific
to the species, tissue type, and experimentalconditions).

Formore informationonChIP-Seq, visit
www.illumina.com/techniques/sequencing/dna-sequencing/chip-seq.html.

Ribosome Profiling

Ribosomeprofiling isamethod based ondeep sequencingof ribosomeprotected–mRNAfragments. Purificationand
sequencingof these fragmentsprovidesa “snapshot” ofall the ribosomesactive ina cellat a specific timepoint. This
informationcandeterminewhat proteinsare beingactively translated ina cell, and canbeuseful for investigating translational
control, measuringgene expression, determining the rate ofprotein synthesis, orpredictingproteinabundance. Ribosome
profilingenablessystematicmonitoringofcellular translationprocessesand predictionofproteinabundance. Determining
what regionsofa transcript are being translated canhelp define theproteomeofcomplexorganisms.WithNGS, ribosome
profilingallowsdetailed and accurate in vivoanalysisofproteinproduction.

To learnmore about Illumina ribosomeprofiling, visit
www.illumina.com/applications/sequencing/rna.html.
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III. Illumina DNA-to-Data NGS Solutions

a. The Illumina NGS Workflow

Illuminaoffersa comprehensive solution for theNGSworkflow, from librarypreparation todata analysis (Figure 10). Library
preparationkitsare available for allNGSmethods, includingWGS, exomesequencing, targeted sequencing, RNA-Seq,
andmore. Illumina librarypreparationprotocolscanaccommodate a rangeof throughput needs, frommanualprotocols for
smaller laboratories to fully automated librarypreparationworkstations for larger laboratoriesorgenomecenters. Likewise,
Illuminaoffersa fullportfolioofsequencingplatforms, from thebenchtopMiniSeq andMiSeq®Systemsto the factory-scale
HiSeq X andNovaSeqSeriesofSequencingSystemsthat deliver the right levelofspeed, capacity, and cost for various
laboratoryor sequencingcenter requirements. For the last step in theNGSworkflow, Illuminaoffersuser-friendly
bioinformatics tools that are easily accessible through theweb, on instrument, or throughonsite servers.

Figure 10: Illumina DNA-to-Data Solutions—Illumina provides fully integrated, DNA-to-data solutions, with technology and support for every step of the NGS workflow
including library preparation, sequencing, and final data analysis.

b. Integrated Data Analysis

Data fromany Illumina sequencingsystemcanbe streamed intoBaseSpace®SequenceHub, a user-friendlygenomics
cloud computingplatform that offerssimplified datamanagement, analyticalsequencing tools, and data storage.
BaseSpaceSequenceHub isoptimized toautomateprocessingof the large volumeofdata generated. Researcherswill find
a richecosystemofcommercialand open-source tools, from Illumina and third-partydevelopers, fordata analysis, including
alignment and variant detection, annotation, visualization, interpretation, and somatic variant calling. BaseSpaceOnsite
SequenceHub isa localversionofBaseSpaceSequenceHub that enablesdata storage and analysisonsite throughan
installed localserver. On-instrument access toBaseSpaceSequenceHub enables the integrationofmanyworkflow steps,
including libraryprep planningwithBaseSpacePrep,‡ runset-up and chemistry validation, and real-timeautomatic data
transfer to theBaseSpace computingenvironment.

TheNGSworkflow thenproceedsseamlessly throughalignment and subsequent data analysisstepswithBaseSpace
Apps. BaseSpaceAppsoffer awide varietyofanalysispipelines, includinganalysis forde novoassembly, SNPand indel
variant analysis, RNAexpressionprofiling, 16Smetagenomics, tumor-normalcomparisons, epigenetic/gene regulation
analysis, andmanymore. Illumina collaboratescloselywithcommercialand academic software developers tocreate a full
ecosystemofdata analysis tools that address the needsofvarious researchobjectives. In the finalstagesof theNGS
workflow, data canbe sharedwithcollaboratorsordelivered instantly tocustomersaround theworld.§

To learnmore aboutBaseSpaceSequenceHub, visit
www.illumina.com/basespace.

‡Currently available with MiniSeq and NextSeq 500/550 Systems only. HiSeq and MiSeq Systems can use Illumina Experiment Manager (IEM) for the same planning
and validation functions.

§Cloud-based environment only. BaseSpace Onsite Sequence Hub restricts data sharing to local users.
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IV. Glossary

adapters: Theoligosbound to the5′and 3′end ofeachDNAfragment ina sequencing library. The adaptersare
complementary to the lawnofoligospresent on the surfaceof Illumina sequencing flowcells.

bridge amplification: Anamplification reaction that occurson the surfaceofan Illumina flowcell. During flowcell
manufacturing, the surface iscoatedwitha lawnof twodistinct oligonucleotidesoften referred toas“P5” and “P7.” In the first
step ofbridge amplification, a single-stranded sequencing library (withcomplementaryadapterends) is loaded into the flow
cell. Individualmolecules in the librarybind tocomplementaryoligosas they “flow” across theoligo lawn. Primingoccursas
theopposite end ofa ligated fragment bendsoverand “bridges” toanothercomplementaryoligoon the surface. Repeated
denaturationand extensioncycles (similar toPCR) results in localized amplificationofsinglemolecules intomillionsofunique,
clonalclustersacross the flowcell. Thisprocess, alsoknownas“clustering,” occurs inanautomated, flowcell instrument
called a cBotSystemor inanonboard clustermodulewithinanNGSinstrument.

clusters: Aclonalgroupingof templateDNAbound to the surfaceofa flowcell. Eachcluster isseeded bya single template
DNAstrand and isclonally amplified throughbridge amplificationuntil the clusterhas~1000copies. Eachclusteron the flow
cellproducesa single sequencingread. Forexample, 10,000clusterson the flowcellwould produce10,000single reads
and 20,000paired-end reads.

contigs: Astretchofcontinuoussequence, in silico, generated byaligningoverlappingsequencingreads.

coverage level: The averagenumberofsequenced bases that align toeachbaseof the referenceDNA. Forexample, a
whole genomesequenced at 30×coveragemeansthat, onaverage, eachbase in the genomewassequenced 30times.

flowcell: Aglassslidewithone, two, oreight physically separated lanes, dependingon the instrument platform. Each lane is
coatedwitha lawnofsurfacebound, adapter-complimentaryoligos. Asingle libraryora poolofup to96multiplexed libraries
canbe runper lane, dependingonapplicationparameters.

indexes/barcodes/tags: AuniqueDNAsequence ligated to fragmentswithina sequencing library fordownstream insilico
sortingand identification. Indexesare typically a component ofadaptersorPCRprimersand are ligated to the library
fragmentsduring the sequencing librarypreparationstage. Illumina indexesare typicallybetween8–12bp. Librarieswith
unique indexescanbepooled together, loaded intoone laneofa sequencing flowcell, and sequenced in the same run.
Readsare later identified and sorted via bioinformatic software. All together, thisprocess isknownas“multiplexing.”

insert: During the librarypreparationstage, the sampleDNAis fragmented, and the fragmentsofa specific size (typically 200–
500bp, but canbe larger) are ligated or “inserted” inbetween twooligoadapters. TheoriginalsampleDNAfragmentsare
alsoreferred toas“inserts.”

matepair library: Asequencing librarywith long inserts ranging in size from2–5 kb typically runaspaired-end libraries. The
longgap length inbetween the sequencepairs isuseful forbuildingcontigs indenovosequencing, identificationof indels,
and othermethods.

multiplexing: See “indexes/barcodes/tags."

read: NGSusessophisticated instruments todetermine the nucleotide sequenceofaDNAorRNAsample. Ingeneral terms,
a sequence “read” refers to thedata stringofA,T, C, andGbasescorresponding to the sampleDNAorRNA.With Illumina
technology,millionsof readsare generated ina single sequencingrun.

referencegenome: Areferencegenome isa fully sequenced and assembled genome that actsasa scaffold againstwhich
newsequence readsare aligned and compared. Typically, readsgenerated fromasequencingrunare aligned toa
referencegenomeasa first step indata analysis.

sequencingbysynthesis (SBS): SBStechnologyuses four fluorescently labeled nucleotides tosequence the tensofmillions
ofclusterson the flowcell surface inparallel. Duringeachsequencingcycle, a single labeled dNTP isadded to the nucleic
acid chain. Thenucleotide labelservesasa “reversible terminator” forpolymerization: afterdNTP incorporation, the
fluorescent dye is identified through laserexcitationand imaging, thenenzymatically cleaved toallow the next round of
incorporation. Base callsaremadedirectly fromsignal intensitymeasurementsduringeachcycle.
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