
1

Practical Course on Big data 
analysis: transcriptomics, 

metabolomics, CyTOF and flow 
cytometry

Milena Sokolowska

Domingo Barber

Jozef Janda

WS 2020 Chamonix, France



Understanding next generation sequencing 
through gene ontologies 

and user-friendly platforms

Milena Sokolowska MD, PhD

Head Immune Metabolism

Swiss Institute of Allergy and Asthma Research

University of Zurich

WS 2020 Chamonix, France



Disclosure

Type Company

Employment full time / part time n/a

Research Grant (P.I., collaborator or consultant; 
pending and received grants)

SNSF grnat, Allergopharma grant, GSK grant

Other research support n/a

Speakers Bureau / Honoraria n/a

Ownership interest (stock, stock-options, patent or 
intellectual property

n/a

Consultant / advisory board n/a

In relation to this presentation, I declare the following, real or perceived conflicts of interest:

A conflict of interest is any situation in which a speaker or immediate family members have interests, and those may cause a conflict with the current presentation.
Conflicts of interest do not preclude the delivery of the talk, but should be explicitly declared. These may include financial interests (eg. owning stocks of a related company, having received 
honoraria, consultancy fees), research interests (research support by grants or otherwise), organisational interests and gifts.



4

Sequencing of any generation 



5

Types of NGS experiments

technologytodelivermassive increasesin throughput. Thisflexibilityallowsresearcherstoconfigurerunstailored to their

specific studyrequirements, with the instrument oftheirchoice.

Foran in-depthcomparisonofIlluminaplatforms, visit www.illumina.com/systems/sequencing.htmlorexplore the

SequencingPlatformComparisonToolat www.illumina.com/systems/sequencing-platforms/comparison-

tool.html.

Figure 6: Sequencing Systemsfor VirtuallyEveryScale—Illumina offers innovative NGS platforms that deliver exceptional data qualityand accuracy over a wide scale,

from small benchtop sequencers to production-scale sequencing systems.

II. NGS Methods

NGSplatformsenableawidevarietyofmethods, allowingresearcherstoask virtuallyanyquestionrelated to thegenome,

transcriptome, orepigenomeofanyorganism. Sequencingmethodsdifferprimarilybyhow theDNAorRNAsamplesare

obtained (eg, organism, tissuetype, normalvs. affected, experimentalconditions, etc)and bythedataanalysisoptions

used. After thesequencing librariesareprepared, theactualsequencingstageremainsfundamentallythesame, regardless

ofthemethod. Therearevariousstandard librarypreparationkitsthat offerprotocolsforwhole-genomesequencing(WGS),

RNAsequencing(RNA-Seq), targeted sequencing(suchasexomesequencingor16Ssequencing), custom-selected

regions, protein-bindingregions, and more. AlthoughthenumberofNGSmethodsisconstantlygrowing, abriefoverview of

themost commonmethodsispresented here.

a. Genomics

Whole-Genome Sequencing

Microarray-based, genome-wideassociationstudies(GWAS)havebeenacommonapproachfor identifyingdisease

associationsacrossthewholegenome. WhileGWASmicroarrayscan interrogateover four millionmarkerspersample, the

most comprehensivemethod of interrogating the3.2 billionbasesofthehumangenomeisWGS. Therapid drop in

sequencingcost and theabilityofWGStoproduce largevolumesofdatarapidlymakeit apowerfultoolforgenomics

research. WhileWGSiscommonlyassociated withsequencinghumangenomes, thescalable, flexiblenatureofthemethod

makesit equallyusefulforsequencinganyspecies, suchasagriculturally important livestock, plant genomes, ordisease-

related microbialgenomes. Thisbroad utilitywasdemonstrated during therecent E. colioutbreak inEurope in2011, which

prompted arapid scientific response. Usingthe latest NGSsystems, researchersquicklysequenced thebacterialstrain,

enablingthemtotrack theoriginsand transmissionoftheoutbreak aswellasidentifygenetic mutationsconferring the

increased virulence.13

Exome Sequencing

Exomesequencing isawidely-used targeted sequencingmethod. Theexomerepresentslessthan2% ofthehuman

genome, but containsmost of theknowndisease-causingvariants, makingwhole-exomesequencing(WES)acost-

effectivealternative toWGS.14 WithWES, theprotein-codingportionofthegenomeisselectivelycaptured and sequenced.

It canefficiently identifyvariantsacrossawiderangeofapplications, includingpopulationgenetics, genetic disease, and

cancerstudies.

†With dual flow cell mode enabled.

For Research Use Only . Not for use in d iagnost ic p roced ures.
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De novoSequencing

Denovosequencingrefers tosequencinganovelgenomewhere there is noreferencesequenceavailable foralignment.

Sequence reads areassembledas contigs and thecoveragequalityofde novosequencedatadepends onthesizeand

continuityofthecontigs (ie, thenumberofgaps inthedata). Anotherimportantfactoringeneratinghigh-qualityde novo

sequences is thediversityofinsertsizes included inthe library. Combiningshort-insertpaired-endand long-insertmatepair

sequences is themostpowerfulapproachformaximalcoverageacross thegenome(Figure7). Thecombinationofinsert

sizes enables detectionofthewidestrangeofstructuralvarianttypes and is essentialforaccurately identifyingmorecomplex

rearrangements. Theshort-insertreads, sequencedathigherdepths, canfillingapsnotcoveredbythe longinserts, which

areoftensequencedatlowerreaddepths. Therefore, usingacombinedapproachresults inhigherqualityassemblies. In

parallelwithNGS technologyimprovements, manyalgorithmic advances haveemerged insequenceassemblers forshort-

readdata. Researchers canperformhigh-qualityde novoassemblyusingNGS reads andpubliclyavailable short-read

assemblytoolswithexistingcomputerresources inthe laboratory.

Figure 7: Mate Pairs andDe novoAssembly—Usinga combination ofshort and long insert sizes with paired-endsequencing results inmaximal coverage ofthe genome for

de novo assembly.

TargetedSequencing

Withtargetedsequencing, a subsetofgenes orregions ofthegenomeare isolatedandsequenced. Targetedsequencing

allows researchers tofocus time, expenses, anddataanalysis onspecific areasofinterestandenables sequencingatmuch

highercoverage levels. Forexample, a typicalWGS studyachieves coverage levels of30–50× pergenome, whilea targeted

resequencingprojectcaneasilycoverthe targetregionat500–1000× orhigher. This highercoverageallows researchers to

identifyrarevariants, variants thatwouldbetoorareandtooexpensive toidentifywithWGS orCE-basedsequencing.

Targetedsequencingpanels canbepurchasedwithfixed, preselectedcontentorcanbecustomdesigned. Awidevariety

oftargetedsequencinglibraryprepkits areavailable, includingkitswithprobesets focusedonspecific areasofinterestsuch

as cancer, cardiomyopathy, orautism. Customprobesets areavailable throughDesignStudio™ Softwareenabling

researchers totargetregions ofthegenomerelevanttospecific researchinterests. Customtargetedsequencingis idealfor

examininggenes inspecific pathways, orforfollow-upstudies fromGWAS orWGS. Illumina currentlysupports twomethods

fortargetedsequencing, targetenrichmentandamplicongeneration(Figure8).

Targetenrichmentcaptures between10 kb–62 Mbregions, dependingonthe libraryprepkitparameters. Amplicon

sequencingallows researchers tosequence16–1536 targets ata time, spanning2.4–652.8 kboftotalcontent, depending

onthe libraryprepkitused. This highlymultiplexedapproachenables awide rangeofapplications fordiscovery, validation, or

screeningofgenetic variants. Ampliconsequencingis usefulfordiscoveryofraresomatic mutations incomplexsamples (eg,

cancerous tumorsmixedwithgermlineDNA).15,16Anothercommonampliconapplicationis sequencingthebacterial

16S rRNAgeneacrossmultiple species, awidelyusedmethod forphylogenyandtaxonomystudies, particularly indiverse

metagenomic samples.17

Formore informationonIllumina targeted, WGS, exome, orde novosequencingsolutions, visit

www.illumina.com/applications/sequencing/dna_sequencing.html.

For Research Use Only. Not for use in d iagnost ic p rocedures.
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ATAC sequencing

b. Transcriptomics

LibrarypreparationmethodsforRNA-Seq typicallybeginwithtotalRNAsamplepreparationfollowed byaribosomeremoval

step. ThetotalRNAsampleisthenconverted tocDNAbeforestandard NGSlibrarypreparation. RNA-Seq focused on

mRNA, smallRNA, noncodingRNA, ormicroRNAscanbeachieved byincludingadditionalisolationorenrichment steps

beforecDNAsynthesis(Figure 9).

Figure 9: AComplete View ofTranscriptomicswithNGS—A broad range of methods for transcriptomicswith NGS have emerged over the past 10 years including total

RNA-Seq, mRNA-Seq, small RNA-Seq, and targeted RNA-Seq.

TotalRNAandmRNASequencing

Transcriptomesequencingisamajoradvanceinthestudyofgeneexpressionbecauseit allowsasnapshot ofthewhole

transcriptomeratherthanapredetermined subset ofgenes. Whole-transcriptomesequencingprovidesacomprehensive

view ofacellular transcriptionalprofileat agivenbiologicalmoment and greatlyenhancesthepowerofRNAdiscovery

methods. Aswithanysequencingmethod, analmost unlimited dynamic rangeallowsidentificationand quantificationofboth

commonand raretranscripts. Additionalcapabilitiesincludealigningsequencingreadsacrosssplicejunctions, and

detectionofisoforms, noveltranscripts, and genefusions. Librarypreparationkitsthat support precisedetectionofstrand

orientationareavailableforbothtotalRNA-Seq and mRNA-Seq methods.

TargetedRNASequencing

Targeted RNAsequencingisamethod formeasuringtranscriptsofinterest fordetectingdifferentialexpression, allele-

specific expression, detectionofgene-fusions, isoforms, cSNPs, and splicejunctions. IlluminaTruSeq®Targeted RNA

SequencingKitsincludepreconfigured, experimentallyvalidated panelsfocused onspecific cellularpathwaysordisease

statessuchasapoptosis, cardiotoxicity, NFκB pathway, and more. Customcontent canbedesigned and ordered for

analysisofspecific genesofinterest. Targeted RNAsequencingisapowerfulmethod for theinvestigationofspecific

pathwaysofinterest or for thevalidationofgeneexpressionmicroarrayorwhole-transcriptomesequencingresults.

SmallRNAandNoncodingRNASequencing

Small, noncodingRNA, ormicroRNAsareshort, 18–22 bp nucleotidesthat playaroleintheregulationofgeneexpression

oftenasgenerepressorsorsilencers. ThestudyofmicroRNAshasgrownastheir roleintranscriptionaland translational

regulationhasbecomemoreevident.18,19

FormoreinformationregardingIlluminasolutionsforsmallRNA(noncodingRNA), targeted RNA, totalRNA, and

mRNAsequencing, visit www.illumina.com/applications/sequencing/rna.html.

For Research Use Only. Not for use in d iagnost ic p rocedures.
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An introduction to Next-Generation

Sequencing Technology

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

For Research Use Only. Not for use in d iagnost ic p roced ures.
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NGS workflow
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Choosing the source and type of nucleic acid
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An introduction to Next-Generation

Sequencing Technology

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

For Research Use Only. Not for use in d iagnost ic p roced ures.



9

An introduction to Next-Generation

Sequencing Technology
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Library preparation
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Library preparation



11

Library quantification and pooling
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Figure 3: Next-Generation Sequencing ChemistryOverview—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-End Sequencing

Amajoradvance inNGStechnologyoccurred with thedevelopment ofpaired-end (PE)sequencing(Figure4). PE

sequencing involvessequencingbothendsoftheDNAfragmentsina libraryand aligning the forward and reversereadsas

read pairs. Inaddition toproducing twice thenumberofreadsfor thesametimeand effort in librarypreparation, sequences

aligned asread pairsenablemoreaccurate read alignment and theability todetect indels, which isnot possiblewithsingle-

read data.8 Analysisofdifferentialread-pairspacingalsoallowsremovalofPCRduplicates, acommonartifact resulting from

PCRamplificationduring librarypreparation. Furthermore, PEsequencingproducesahighernumberofSNVcalls following

read-pairalignment.8,9 Whilesomemethodsarebest served bysingle-read sequencing, suchassmallRNAsequencing,

most researcherscurrentlyuse thepaired-end approach.

For Research Use Only . Not for use in d iagnost ic p roced ures.
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Sequencing

An introduction to Next-Generation

Sequencing Technology
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Multiplexing

Inadditiontothe riseofdata outputperrun, the sample throughputperruninNGS has alsoincreasedovertime. Multiplexing

allows largenumbers oflibraries tobepooled and sequenced simultaneouslyduringa single sequencingrun(Figure5). With

multiplexed libraries, unique index sequences are added toeachDNAfragmentduringlibrarypreparationsothateachread

canbe identified and sortedbefore finaldata analysis. WithPE sequencingandmultiplexing, NGS has dramatically reduced

the time todata formultisample studies and enabled researchers togofromexperimenttodata quicklyandeasily.

Gains inthroughputfrommultiplexingcomewithanadded layerofcomplexity, as sequencingreads frompooled libraries

need tobe identified and sorted computationally ina process calleddemultiplexingbefore finaldata analysis (Figure5). The

phenomenonofindexmisassignmentbetweenmultiplexed libraries is a knownissue thathas impactedNGS technologies

fromthe time samplemultiplexingwas developed.12 Indexhoppingis a specific causeofindexmisassignmentthatcanresult

in incorrectassignmentoflibraries fromtheexpected index toa different index inthepool, leadingtomisalignmentand

inaccurate sequencingresults.

Formore informationregardingindexhopping, includingmechanisms bywhichitoccurs, how Illuminameasures

indexhopping, andbestpractices formitigatingthe impactofindexhoppingonsequencingdata quality, read the

Effects ofIndexMisassignmentonMultiplexingandDownstreamAnalysisWhitePaper.

Figure 5: LibraryMultiplexingOverview—(A)Unique index sequences are added to twodifferent 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 latestNGS platforms canproducemassivedata output, NGS technology is alsohighly flexible and scalable.

Sequencingsystems are available foreverymethod and scaleofstudy, fromsmalllaboratories tolargegenomecenters

(Figure 6). IlluminaNGS instruments range fromthebenchtopMiniSeq™ System, withoutputrangingfrom1.8–7.5 Gb for

targeted sequencingstudies, totheNovaSeq™ 6000System, whichcangenerate animpressive 6 Tb and20B reads in~2

days† forpopulation-scale studies.

Flexible runconfigurations are alsoengineered intothedesignofIlluminaNGS sequencers. Forexample, theHiSeq® 2500

Systemoffers tworunmodes and singleordualflow cellsequencingwhile theNextSeq® Series ofSequencingSystems offers

twoflow celltypes toaccommodatedifferentthroughputrequirements. TheHiSeq 3000/4000Series uses the same

patterned flow celltechnologyas theHiSeqX instruments forcost-effectiveproduction-scale sequencing. Thenew

NovaSeqSeries ofsystems unites the latesthigh-performance imagingwiththenextgenerationofIllumina patterned flow cell

For Research Use Only . Not for use in d iagnost ic p roced ures.
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most researcherscurrentlyuse thepaired-end approach.

For Research Use Only . Not for use in d iagnost ic p roced ures.

Data analysis

E. Statistical analysis



Explorative Functional Analysis

• NGS data/results

• Functional databases/gene ontologies

• Enrichment of gene sets

• Tools 



Step 1: What are your data about?

GOAL: Identify: key molecules (TFs, miRNAs, master regulators), Enriched Biological 

Processes/Pathways, Networks (links across candidates)

FC

Which comparison?

p FDR



▪ Fold change cutoff (e.g., > two fold change)

▪ Fold change rank (e.g., top 10%)

▪ FDR (e.g, <0.05)

▪ Combinations of the above

Gene study set

Step 2: Picking “relevant” genes-filtering results
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Examples: data presentation-unbiased approach

Heatmap Venn diagram
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Are upper and lower panels are showing the same information?

a) Yes
b) No
c) Yes, with some additional 

information on the volcano plots 



Step 3: Which functional databases/gene ontologies/gene annotations 
can be interrogated?

• Gene Ontology

• Pathways

• Protein class

These databases are typically constructed based on protein-protein interaction experiments, 
signaling pathway disruption experiment, literature screening (and combinations of the 

above)



▪ Three ontology domains:

1. Molecular function: basic activity or task
e.g. catalytic activity, calcium ion binding

2.  Biological process: broad objective orgoal
e.g. signal transduction, immune response

3.  Cellular component: location orcomplex
e.g. nucleus, mitochondrion

▪ Genes can have multiple annotations

GO domains



Step 4: Gene set enrichment analysis (GSEA)

• Input: genes ordered in a ranked list L, according to their differential expression between 
the classes

• The goal of GSEA is to determine whether members of a gene set S are randomly 
distributed throughout the list L or tend to occur toward the top (or bottom) of L

• Enrichment score (ES) reflects the 
degree to which a set S is 
overrepresented at the extremes 
(top or bottom) of the entire 
ranked list L. 

• calculated by walking down the 
list L, increasing a running-sum 
when we encounter a gene in S 
and decreasing it when we 
encounter genes not in S.

• ES is the max deviation from zero 
encountered in the random walk 
(Kolmogorov–Smirnov test)

http://software.broadinstitute.org/gsea/index.jsp

http://software.broadinstitute.org/gsea/index.jsp


Gene set enrichment analysis (GSEA)



Step 5: Tools for functional enrichment analysis

• Free tools:
• GSEA http://software.broadinstitute.org/gsea/index.jsp
• WebGestalt http://www.webgestalt.org/
• Panther http://www.pantherdb.org/
• DAVID https://david.ncifcrf.gov/
• STRING https://string-db.org
• Cytoscape https://cytoscape.org/

• R-Packages: topGO, GSEABase, clusterProfiler,… 

• Commercial tools :
• MetaCore/GeneGo - https://portal.genego.com/

• Ingenuity Pathway Analysis (IPA) 
https://apps.ingenuity.com/ingsso/login

http://software.broadinstitute.org/gsea/index.jsp
http://www.webgestalt.org/
http://www.pantherdb.org/
https://david.ncifcrf.gov/
https://string-db.org/
https://cytoscape.org/
https://portal.genego.com/
https://apps.ingenuity.com/ingsso/login?service=https://analysis.ingenuity.com/pa/j_spring_cas_security_check&originalUrl=https://analysis.ingenuity.com/pa


GO Enrichment - Examples

GO-Term P-Value Ratio

50 Genes in 
Candidates List 
are belonging to 
‘Immune 
Response’

289 Genes in the 
Gene Universe are 
annotated with 
‘Immune 
Response’



STRING enrichment

• https://string-db.org

https://string-db.org/


STRING clustering

Tan HT & Hagner S. et al  Allergy 2019



Cytoscape

     

     

     

    
     

         

    

    

    

    

     

    

    
   

   

         
    

     

     

   

    

    

    

    

     

• https://cytoscape.org/

https://cytoscape.org/
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Pathway Enrichment - Example Graphs produced with Metacore
https://portal.genego.com

• by clicking on the pathway name, one can get a full picture of the genes involved in that 
pathway, with genes from the uploaded list specifically marked (example on the next slide: 
Development regulation of EMT)

• upload a file with list of genes of interest (eg. differentially expressed genes)
• one click enrichment analysis (eg. pathway enrichment analysis)

commercial
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Pathway Enrichment - Example Graphs produced with MetaCore
https://portal.genego.com



Pathway Enrichment - Example Graphs produced with IPA

Sokolowska M et al. J Allergy Clin Immunol 2017

commercial



Question 2: Is innate inflammatory response significantly 
enriched in eosinophilic AAI?

a) Yes
b) No
c) It is significant in 

both neutrophilic 
and eosinophilic AAI

Tan HT & Hagner S. et al  Allergy 2019



• Functional annotation is reliable only for a handful of 
organisms (notably human and mouse)

• Bear in mind that there are many categories (>1000)

• Be critical and inspect carefully your enrichment results 
(e.g. check with different tools)

• Rank based methods generally are more robust and 
versatile 

• Try to combine thresholds on p-values and fold-change 
to define the set of differentially expressed genes

Conclusions
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