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Abstract

The world has now entered into a replacementera ofgenomics due to the continued

advancementswithinthenextgenerationhighthroughputsequencingtechnologies,which

incorporates sequencing by synthesis-fluorescent in place sequencing (FISSEQ),

pyrosequencing,sequencingbyligationusingpolonyamplification,supportedoligonucleotide

detection(SOLiD),sequencingbyhybridizationalongsidesequencingbyligation,andnanopore

technology.Greatimpactsofthosemethodsareoftenseenforsolvingthegenomerelated

problemsofplantandAnimaliawhichwillopenthedoorofareplacementeraofgenomics.This

mightultimatelyovercometheSangersequencingthatruledfor30years.NGSispredictedto

advanceandmakethedrugdiscoveryprocessmorerapid.

Introduction

In1977Sangeretal.publishedtwomethodologybasedpapersontherapiddeterminationof

DNAsequencesthathelpedtoreworkbiologyandprovidedareplacementtoolfordeciphering

completegenesandlaterthewholegenome[1,2].Themethodsdramaticallyimprovedexisting

DNAsequencingtechniquesdevelopedbyMaxam andGilbertpublishedwithinthesameyear

andSangerandCoulson’sown“plusandminus”methodpublished2yearsearlier[3,4].The

advantageofhandlinglesstoxicchemicalsandradioisotopesmade“Sangersequencing”the

soleDNA sequencing method used forsubsequent30 years.Thegelbased sequencing

technologyhas undergone dramatic improvementin throughputfrom one parallelization,

automation,and refinementofsequencing methods and chemistry.Recentadvances in

microfibrationhaveresultedinfurtherimprovementsofSangersequencingbymultiplexingand

miniaturization.TheseadvancesarereviewedbyMetzker[5].Despitemanyimprovements,the

gelbasedSangersequencingtechnologystillfacesdrawbackswithinthenameofcostandlow
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throughput.Forachievinghighthroughput,manycommercialcompaniesandscientificlabs

havecomeupwithalternativewaysofhighthroughputsequencingwithaninexpensivecost.

The technologies named togetheras nextgeneration sequencing technologies include

sequencingbysynthesisdevelopedby454Life-Science[6];sequencingbyligation;sequencing

byhybridization;singlemoleculeDNAsequencing;nanoporesequencing;andmultiplexpolony

sequencingofGeorgeChurch’slab[7].Nextgenerationsequencinghasrevolutionaryimpacts

on genetic applications like metagenomics, comparative genomics, high throughput

polymorphism detection,analysisofsmallRNAs,mutationscreening,transcriptomeprofiling,

methylationprofiling,andchromatinremodeling.Themainmeasurementsforthesuccessof

subsequent generation technology are sequence (read length),sequence quality,high

throughput,andlowcost.

1.1.SequencingbySynthesis(SBS)

SBSusingfluorophore-labeled,reversible-terminatornucleotidesisthemostcommonplatform

ofsequencingbysynthesis.Itissometimesnamed“fluorescentinsitusequencing”(FISSEQ).

ThepyrosequencingtechnologyisanotherSBStechnologydevelopedbyRonaghietal.,at

StanfordUniversity[8,9].Itisbasedonthedetectionofpyrophosphate(PPi)releasedduring

DNA synthesis when inorganic PPiis released afternucleotide incorporation by DNA

polymerase.ThereleasedPPiisthenconvertedtoATPbyATPsulfurylase.Aluciferasereporter

enzymeusestheATPtogeneratelight,whichisthendetectedbyachargedcoupledevice(CCD)

camera.Pyrosequencinghasevolvedintoanultrahighthroughputsequencingtechnologywith

thecombinationofseveraltechnologiessuchastemplatecarryingmicrobeadsdepositedin

microfabricated picoliter-sized reaction wells connecting to opticalfibers [10].454 Life

Sciences/RocheDiagnostichasGenomeSequencer20System andGenomeSequencerFLX

System,two high throughputcommercialsequencing platforms,and DNA helices are

fractionatedinto300–500 bpfragmentsandlinkersareaddedtotheir3′and5′ends.Single

strandedDNAisisolatedandcapturedonbeads.ThebeadswithDNAsarethenemulsifiedina

“water-in-oil”mixturewithamplificationreagentstocreatemicroreactorsforEmulsionPCR

(emPCR).FinallybeadswithamplifiedDNAsareloadedontoapicotitreplateforsequencing.

1.2.PolonySequencing

GeorgeChurch’sLaboratoryatHarvardUniversityhasdevelopedahighthroughputtechnology

basedonpolonyamplificationandFISSEQ[11].Polonyamplificationisamethodtoamplify

DNA in situ on a thin polyacrylamide film [12].The DNA movementis limited in the

polyacrylamidegel,sotheamplifiedDNAsarelocalizedinthegelandform theso-called

“polonies,”thatis,polymerasecolonies(Figure1).Upto5millionpolonies(i.e.,5millionPCRs)

canbeformedonasingleglassmicroscopeslide.Thissequencingtechnologyhasbeentested

inabacterialgenomeandthesequencereadlengthwasfoundtobeabout13basespercolony

[13].Kim etal.developedatechnologynamedPolonyMultiplexAnalysisofGeneExpression

(PMAGE),which combines polony amplification and a sequence-by-ligation method,to
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sequence14-basetags[14].Upto5millionpoloniescanbesequencedinparallel.

1.3.SingleMoleculeDNASequencing

MostcurrentsequencingtechnologiesarebasedonsequencingmanyidenticalcopiesofDNA

molecules(oftenamplified).However,therearecertainproblemsassociatedwithsequencing

amplifiedmultiplecopiesofidenticalDNAssuchasachievingthesynchronousprimingofeach

copyofthemultipleDNAbythesequencingprimers[15].Onewaytosolvesuchproblemsisto

perform sequencingbysynthesismethod[16].DNAcanbeattachedtosolidsupporttoform

singlemoleculearrays,andthesingleDNA moleculeisthensequenceddirectly.Buzbyat

HelicosBio-ScienceCorp.alsoinventedamethodofstabilizinganucleicacidduplexona

surfaceforsinglemoleculesequencing[17].AppleraCorp.inventedfluorescentintercalators

thatareemployedasadonorinfluorescenceresonanceenergytransfer(FRET)foruseinsingle

moleculesequencingreactions[18].

1.4.NanoporeSequencing

Nanoporesarenanometer-scaleporesandareconsideredoneamongtheforemostpromising

technologiesinachievingtruerealtime,ultrafast,truesinglemoleculeDNAsequencing[19].

Nanoporehasbeenusedforthedetection,counting,andcharacterizationofsinglemolecules

byobservingthechangesinioniccurrentinnanoporeswhenmoleculestraversethrougha

nanopore[20,21].Thefabricationofnanoporeslikethealpha-hemolysinporeandartificial

nanoporehasbeenreviewedrecently[22].Recentprogresshasmadeanenormoussteptoward

ultrafastsequencingusingnanoporetechnologies.Lagerqvistetal.proposedacompletely

uniqueideatolivetheelectricalcurrentperpendiculartotheDNAbackbone[23].Zhaoetal.

reportedthatonenucleotidepolymorphism areoftendetectedbyachangewithinthethreshold

voltageofananopore[24].Biologicalnanoporesequencingsystemshaveseveralfundamental

characteristicsthatmakethem advantageousascomparedwithsolidstatesystems-witheach

advantageouscharacteristicofthisdesign approach stemming from theincorporation of

proteins into theirtechnology.Uniform pore structure,the precise controlof sample

translocation through pore channels,and even the detection ofindividualnucleotides in

samplescanbefacilitatedbyuniqueproteinsfrom avarietyoforganism types.

1.5.SequencingbyHybridization(SBH)

SBHwasgiveninthelate80s[25].ItisamethodofreconstructingaDNAsequencebasedon

itsk-mercontent.Allpossiblek-nucleotidesoligomers(k-mers)arehybridized to identify

overlappingk-mersinanunknownDNAsample.Theseoverlappingk-mersaresubsequently

alignedbyalgorithmstoproducetheDNAsequence.Drmanacetal.reviewedthetechnologyof

sequencingbyhybridization[26].Inspiteofhavingsomeproblems,usingSBHwithpredefined

probesetsderivedfrom aknownsequencehasbeenusedtoresequenceaspecificregionof

genomicDNAorcDNAfortheidentificationofsmalldeletions,insertions,polymorphisms,and

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 November 2020                   doi:10.20944/preprints202011.0356.v1

https://doi.org/10.20944/preprints202011.0356.v1


4

mutations[27].

1.6.SequencingbyLigation

ThefirsthighthroughputsequencingbyligationwasprobablyrealizedbyLynxTherapeuticsInc.

intheirearlytechnologyofMassivelyParallelSignatureSequencing[28].Church’slaboratoryat

HarvardMedicalSchooladvancedthesequencingbyligationmethodforultra-fastandhigh

throughputsequencing[13,14].TheyconvertedanepifluorescenceforrapidDNAsequencing.

DNA moleculeswereamplifiedinparallelontomicrobeadsbyemulsionpolymerasechain

reaction(Figure1).Millionsofbeadswereimmobilizedinapolyacrylamidegelandsequenced

usingsequencingbyligationmethod.AppliedBiosystem Inc.acquiredAgencourtPersonal

GenomicswhodevelopedtheSupportedOligoLigationDetectionsystem (SOLiD)forhigh

throughputDNAsequencing.

1.7.BioinformaticsToolsforAnalyzingNGSData

Sequence reads generated from NGS technologies are shorterthan traditionalSanger

sequences,whichmakesassemblyandanalysisofNGSdatachallenging.Someimportant

bioinformaticstoolsareavailablewhichishelpfulinanalyzingNGSdata.

1.8.ApplicationsofNGSTechniques

NGStechnologieshavealreadybeenusedforvariousapplications,rangingfrom wholegenome

sequencing,resequencing,singlenucleotidepolymorphism (SNP),structuralvariationdiscovery,

mRNA and noncoding RNA profiling,and protein-nucleic acid interaction assays.NGS

technologiesarebecomingapotentialtoolforgeneexpressionanalysis;especiallyforthose

specieshavingreferencegenomesequencesalreadyavailable(Figure2).AnoverviewofNGS

applicationsthatarerelevanttodrugdiscoveryisdiscussedhere.

1.2.PolonySequencing

GeorgeChurch’sLaboratoryatHarvardUniversityhasdevelopedahighthroughputtechnology

basedonpolonyamplificationandFISSEQ[11].Polonyamplificationisamethodtoamplify

DNA in situ on a thin polyacrylamide film [12].The DNA movementis limited in the

polyacrylamidegel,sotheamplifiedDNAsarelocalizedinthegelandform theso-called

“polonies,”thatis,polymerasecolonies(Figure1).Upto5millionpolonies(i.e.,5millionPCRs)

canbeformedonasingleglassmicroscopeslide.Thissequencingtechnologyhasbeentested

inabacterialgenomeandthesequencereadlengthwasfoundtobeabout13basespercolony

[13].Kim etal.developedatechnologynamedPolonyMultiplexAnalysisofGeneExpression

(PMAGE),which combines polony amplification and a sequence-by-ligation method,to

sequence14-basetags[14].Upto5millionpoloniescanbesequencedinparallel.

1.3.SingleMoleculeDNASequencing
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MostcurrentsequencingtechnologiesarebasedonsequencingmanyidenticalcopiesofDNA

molecules(oftenamplified).However,therearecertainproblemsassociatedwithsequencing

amplifiedmultiplecopiesofidenticalDNAssuchasachievingthesynchronousprimingofeach

copyofthemultipleDNAbythesequencingprimers[15].Onewaytosolvesuchproblemsisto

perform sequencingbysynthesismethod[16].DNAcanbeattachedtosolidsupporttoform

singlemoleculearrays,andthesingleDNA moleculeisthensequenceddirectly.Buzbyat

HelicosBio-ScienceCorp.alsoinventedamethodofstabilizinganucleicacidduplexona

surfaceforsinglemoleculesequencing[17].AppleraCorp.inventedfluorescentintercalators

thatareemployedasadonorinfluorescenceresonanceenergytransfer(FRET)foruseinsingle

moleculesequencingreactions[18].

1.4.NanoporeSequencing

Nanopores are nanometer-scale pores and are regarded as one ofthe mostpromising

technologiesinachievingtruerealtime,ultrafast,truesinglemoleculeDNAsequencing[19].

Nanoporehasbeenusedforthedetection,counting,andcharacterizationofsinglemolecules

byobservingthechangesinioniccurrentinnanoporeswhenmoleculestraversethrougha

nanopore[20,21].Thefabricationofnanoporessuchasthealpha-hemolysinporeandsynthetic

nanoporehasbeenreviewedrecently[22].Recentprogresshasmadeabigsteptoward

ultrafastsequencingusingnanoporetechnologies.Lagerqvistetal.proposedanovelideato

measuretheelectriccurrentperpendiculartotheDNAbackbone[23].Zhaoetal.reportedthata

singlenucleotidepolymorphism canbedetectedbyachangeinthethresholdvoltageofa

nanopore[24].

1.5.SequencingbyHybridization(SBH)

SBHwasgivenwithinthelate80s[25].It’sawayofreconstructingaDNAsequencesupported

its k-mercontent.Allpossible k-nucleotides oligomers (k-mers)are hybridized to spot

overlappingk-mersinanunknownDNAsample.Theseoverlappingk-mersaresubsequently

alignedbyalgorithmstosupplytheDNAsequence.Drmanacetal.reviewedthetechnologyof

sequencingbyhybridization[26].Inspiteofgettingsomeproblems,usingSBHwithpredefined

probesetsderivedfrom aknownsequencehasbeenwonttoresequenceaselectedregionof

genomicDNAorcDNAfortheidentificationofsmalldeletions,insertions,polymorphisms,and

mutations[27].

1.6.SequencingbyLigation

ThefirsthighthroughputsequencingbyligationwasprobablyrealizedbyLynxTherapeuticsInc.

intheirearlytechnologyofMassivelyParallelSignatureSequencing[28].Church’slaboratoryat
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Harvardschoolofmedicineadvancedthesequencingbyligationmethodforultra-fastandhigh

throughputsequencing[13,14].TheyconvertedanepifluorescenceforrapidDNAsequencing.

DNA moleculeswereamplifiedinparallelontomicrobeadsbyemulsionpolymerasechain

reaction.Manybeadswereimmobilizedduringapolyacrylamidegelandsequencedusing

sequencingbyligationmethod.AppliedBiosystem Inc.acquiredAgencourtPersonalGenomics

whodevelopedtheSupportedOligoLigationDetectionsystem (SOLiD)fortopthroughputDNA

sequencing.

1.7.BioinformaticsToolsforAnalyzingNGSData

Sequence reads generated from NGS technologies are shorterthan traditionalSanger

sequences,whichmakesassemblyandanalysisofNGSdatachallenging.Someimportant

bioinformaticstoolsareavailablewhichishelpfulinanalyzingNGSdata.

1.8.ApplicationsofNGSTechniques

NGStechnologieshavealreadybeenusedforvariousapplications,rangingfrom wholegenome

sequencing,resequencing,singlenucleotidepolymorphism (SNP),structuralvariationdiscovery,

mRNA and noncoding RNA profiling,and protein-nucleic acid interaction assays.NGS

technologiesarebecomingapotentialtoolforgeneexpressionanalysis,especiallyforthose

specieshavingreferencegenomesequencesalreadyavailable.

1.9.SingleNucleotidePolymorphisms(SNP)Discovery

SNPsareimportantgenomicresourceswhichmaybeutilizedinaspreadofanalysesincluding

physicalcharacteristicslikeheightandappearancealsoaslessobvioustraitslikepersonality,

behavior,anddiseasesusceptibility.Sequencedatageneratedforparentalgenotypesofthe

mappingpopulationbyusingNGStechnologiesareoftenusedforminingtheSNPsatlarge

scale[29].SNPsalsocansignificantlyinfluenceresponsestopharmacotherapyandpredicting

whetherthedrugswillproduceadversereactionsornot.Theeventoflatestdrugsareoften

madefarcheaperand morerapid byselecting participantsindrug trialssupported their

geneticallydeterminedresponsetothedrugs[30].

1.10.MessengerRNAandNoncodingRNAProfiling

Apartfrom SNP discovery,expressedregionsofagenomeareoftendetectedusingNGS

technologies.Subsequent generation sequencing platforms are capable of identifying

expressionlevelsofnearlyallgenes,includingthoserareandspeciesspecifictranscripts.an

identicalapproach areoften applied to largegenomes.RNA-seq data areoften wontto

characterizeexon-exonsplicingeventsnamelycasesofothersplicing[31–33].NoncodingRNA,

like microRNA (miRNA),maybe a broad class ofregulatoryRNA molecules.The NGS

technologiesareusefulfordiscoveryofnoncodingRNAforhisorhershortlengths[34].Most

studiessofarhaveused454technologies,duetoitsearlyavailabilitytogetnewanddifferent
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noncodingRNAclassesinseveralspecieslikeChlamydomonas,Drosophila,Arabidopsis,then

forth[35–37].A comprehensivestudyofmiRNA inacutechronicmyelocyticleukemiawas

performed using NGS,with novel findings of differentially expressed miRNAs [38].

Transcriptomesequencinghasbeenfoundtobeastrongtoolfordetectingnovelgenefusions

inneoplasticcelllinesandtissues[39].

1.11.DeNovoSequencingandResequencing

Metagenomicsisdefinedbecausetheapplicationofgenomicstechniquestodirectlystudythe

communitiesofmicrobialorganismswithoutisolationandcultivationofindividualspecies[40].

Itinvolvesthecharacterizationofthegenomesinthesecommunities,alsoastheirmRNA,

protein,andmetabolicproducts.Subsequentgenerationsequencingtechnologieshaveenabled

to maneuvermetagenomicsfrom oneorganism typeinisolationtothestudiesofwhole

communities.NGSenablestheresearcherstoavoidthecloningformationandculturesteps

whicharethemaindrawbacksofgenomics.NGSstrategiesarestraightforwardwithinthe

following:(1)deepsequencingofDNAfragmentsisconductedonanunculturedsampleand(2)

shortreadsarecomparedagainstdatabaseofknownsequencesusingbioinformaticstoollike

MEGAN[41]withorwithoutassembly,and(3)thesedataarethenwonttocomputeandexplore

theircontentstoinferrelativeabundances.Therefore,NGStechnologiesareoftenapotenttool

fordiscoveryofmicroorganismsandpathogens.

1.12.RegulatoryProteinBinding

Atlow throughput,chromatinimmunoprecipitation(ChIP)hasenabledregulatoryDNA-protein

bindinginteractionstobeelucidated[41].It’salengthyprocesslikeassociationofspecific

antibodytoDNA-bindingprotein,followedbyanotherprotein-DNAcrosslinkingagent,inorder

thatanyproteinincloseassociationwithDNAbecomeslinked.Then,thecellsarelysed,DNAis

fragmented,and thereforethespecificantibodyisemployedto precipitatetheproteinof

interestalongsideanyassociatedDNAfragment.TheseDNApiecesaresubsequentlyreleased

byreversingthecrosslinkingandidentifiedbysouthernblottingorqPCR[42].asearchis

employedtoinfertheDNA-bindingsitesequenceoftheproteinunderstudy.So,NGShelpsin

identifyingtheregulatoryproteinbindingsiteforhavingshorterreadsandspecificbindingsite

anditalsoprovideshigherresolution[43].

1.13.ExploringChromatinPackaging

ChromatinpackagingdenotesthepackingofDNAinhistones.Thispackagingdeterminesthe

transcription ofa specific gene.Understanding ofthis DNA packing,thatis,chromatin

packagingisofanexcellentinterest.Aninitial454-basedstudyofgenomicDNApackaginginto

nucleosomes was described forthe C.elegans,by sequencing the DNA isolated from

nucleosomecoresaftermicrococcalnucleasedigestionandmappingthem tothereference

genome sequence [44].Mikkelsen etal.used the Illumina platform to demonstrate the
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connectionbetweenchromatinpackagingandorganicphenomenoninseveraldifferentcell

types.Mikkelsenetal.foundthatchangesinchromatinstateatspecificpromotersreflect

changesinorganicphenomenonforthegenestheycontrol.afarbetterunderstandingofthe

chromatinpackagingwillprovidenewstrategiesfortheeventofnoveldrugs[45].NGSalsocan

haveacentralrolewithinthediscoveryoflatestgenomicbiomarkers,detectionofmutations,

personalized medicine and pharmacogenetics,targetidentification and validation,clinical

diagnostics,vaccinedevelopment,investigatingdrugresistanceandlotsofothers

2.Conclusion

Becauseoftheircost-effectivenessascomparedtotheSangersequencingmethodandwitha

good range ofuses NGS approaches have emerged because the dominantgenomics

technology.Perhapsmostimportantly,thesenew sequencershaveprovidedgenome-scale

sequencingcapacitytoindividuallaboratoriesadditionallytolargergenomecenters.Compared

toSangersequencing,advantagesofsubsequentgenerationtechnologiesmentionedsofar,

including454/RocheIllumina/SolexaandABI/SOLiD,alleviatethenecessityforinvivocloning

byclonalamplificationofspatiallyseparatedsinglemoleculesusingeitheremulsionPCR

(454/RocheandABI/SOLiD)orbridgeamplificationonsolidsurface(Illumina/Solexa).Weareat

the verge ofa replacementgenomicrevolution with recentadvances in nextgeneration

sequencingtechnologies.we'llseeenormousimpactsofthosenextgenerationsequencing

methods in handling complex biologicalproblems,forinstance,the identification ofall

sequencechangesindrugresistantHIVanddrugresistanttuberculosisbacteria(TB),withinthe

delineationofsequencechangesforindividualcellsduringcancerinitiationandprogression,

and in globaltranscription factormapping ChIP to sequencing [46].Additionally,NGS

technologywillcreateanincredibleimpactinlifescience.It’llmakeroutinesequencingofa

person’sgenomesequenceofaprivatehumanandthereforetheinitiationoftheprivateHuman

GenomeProject[47].

Abbreviations

SBS: Sequencingbysynthesis

FISSEQ: Fluorescentinsitusequencing

CCD: Chargedcoupledevice

emPCR: EmulsionPCR

PMAGE: Polonymultiplexanalysisofgeneexpression

FRET:Fluorescenceresonanceenergytransfer

SBH: Sequencingbyhybridization

k-mers: k-nucleotidesoligomers

SOLiD:Supportedoligoligationdetection

SNP: Singlenucleotidepolymorphism

ChIP: Chromatinimmunoprecipitation.
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