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This lecture is called “NGS”

Actually
• Next Generation Sequencing is really “now” sequencing
• It won’t be so easy to tell you everything about NGS 

(it’s a bit like saying what can we do with PCR?)



What is NGS?

= Next generation sequencing, 
= deep sequencing 
= High Throughput Sequencing, 
= Massively parallel sequencing 
= 次世代定序
= 高速高量定序

http://www.nature.com/news/2010/100331/full/464670a.html



https://www.nlm.nih.gov/about/2020CJ.html



NGS = sequencing made cheaper, faster and 
higher throughput



NGS: Some basics
Sequencing platforms
Data types
Analysis:

• RNAseq
• 16S
• Metagenomics

Previous questions:
• microbiota的paper要怎麼approach
• 16S sequencing region primer choice
• microbiota醫院有fecal transplantation計劃?

What we will cover today
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What is genomics !"#$?



Genome

Genome = Parts list of a single genome



Extract DNA
(or RNA)

Shear DNA
(or RNA)

Sequence

Wet lab work

Bioinformatics

Reads
50-500 bp

Assembly Contigs
1kb – 100 kbp

A genome project

DNA or RNA Reads
50-500 bp

Mapping

Annotation 
ATCG
ATGG
ATCG

Variant

Data QC 

Genome reference



Three situations you are most likely to encounter

Genome reference is available (for example, humans): 
• Re-sequence (DNA, RNA)
• Map (align) sequence to the genome

Genome reference is NOT available
• Assemble the reads to get the genome

Counting:
• For a given region (gene) we want to know how much.à gene 

expression or metagenomics



Why sequence a genome?

• Phylogenetic position
• Differences between species (comparative genomics)
• Variations between individuals (population genetics)
• Help to understand biology
• Of economic, agricultural, medical, ecology values

• Help to understand biology



Nature 409, 860-921(15 February 2001)
doi:10.1038/35057062





Public funding of scientific R&D has a significant positive impact on the wider 
economy, but quantifying the exact impact of research can be difficult to assess. A 
new report by research firm Battelle Technology Partnership Practice estimates that 
between 1988 and 2010, federal investment in genomic research generated an 
economic impact of $796 billion, which is impressive considering that Human 
Genome Project (HGP) spending between 1990-2003 amounted to $3.8 billion. 
This figure equates to a return on investment (ROI) of 141:1 (that is, every $1 
invested by the U.S. government generated $141 in economic activity). The report 
was commissioned by Life Technologies Foundation.

Calculating the economic impact of the 
Human Genome Project

https://www.genome.gov/27544383/calculating-the-
economic-impact-of-the-human-genome-project/



A collection of Icelandic genealogical 
records dating back to the 1700s.

The blood of a thousand Icelanders.
Photo: Chris Lund

Here we describe the insights 
gained from sequencing the whole 
genomes of 2,636 Icelanders to a 
median depth of 20×.

Nature Genetics volume 47, pages 435–444 (2015)



The project is taking a two-pronged approach to identify 
rare variants and their effects: 

•by studying and comparing the DNA of 4,000 people 
whose physical characteristics are well documented, 
the project aims to identify those changes that have no 
discernible effect and those that may be linked to a 
particular disease; 

•by studying the changes within protein-coding areas 
of DNA that tell the body how to make proteins of 
6,000 people with extreme health problems and 
comparing them with the first group, it is hoped to find 
only those changes in DNA that are responsible for the 
particular health problems observed. 

The project received a £10.5 million funding award from 
Wellcome in March 2010 and sequencing started in late 
2010. For more information, please use the links on the 
right hand side. 

https://www.uk10k.org/



Stark et al (2019) AJHG



https://www.twbiobank.org.tw/new_web/index.php

https://www.twbiobank.org.tw/new_web/index.php


The UK Biobank is a prospective study of 
502,543 individuals, combining extensive 
phenotypic and genotypic data with 
streamlined access for researchers 
around the world. 

https://www.biorxiv.org/content/10.1101/572347v1

https://www.biorxiv.org/content/10.1101/572347v1


https://www.biorxiv.org/content/10.1101/572347v1

Table 2 | Summary statistics for variants in sequenced 
exomes of 49,960 UKB participants

https://www.biorxiv.org/content/10.1101/572347v1


Project setup

• Sequencing a species (Comparative genomics)
• Map, assemble

• Sequencing multiple individuals of a species (Population genomics)
• Map, count

• Combination of (1) and (2)



A small project’s typical output 

8 exome samples ; 
2 Illumina Hiseq lanes with 184GB of data

~100X of human exome to detect disease 
causing SNP

Higher yield at lower cost = More 
samples can be barcoded into one lane

More samples = more replicates (power) 
in statistical analysis to pick up real 
biological difference

Sample Name Sample ID Lane ID Yield (Mb) # of Reads
F2-1 SG-IB01

1

11,435 75,729,838
F2-2 SG-IB02 12,014 79,561,504
F2-3 SG-IB03 11,577 76,666,714
F3-2 SG-IB05 11,119 73,638,446
F3-4 SG-IB07 10,399 68,870,380
F3-5 SG-IB08 11,671 77,292,976
F3-1 SG-IB09 12,474 82,610,516
F3-3 SG-IB10 11,916 78,915,536
F2-1 SG-IB01

2

11,366 75,271,724
F2-2 SG-IB02 11,920 78,940,010
F2-3 SG-IB03 11,481 76,031,166
F3-2 SG-IB05 11,054 73,203,066
F3-4 SG-IB07 10333 68,429,564
F3-5 SG-IB08 11550 76,488,178
F3-1 SG-IB09 12328 81,640,878
F3-3 SG-IB10 11812 78,225,876



%&'()*+



A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome
Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

• the very beginnings of bioinformatics occurred more than 50 years ago, when desktop 
computers were still a hypothesis and DNA could not yet be sequenced.”

• The foundations of bioinformatics were laid in the early 1960s the application of 
computational methods to protein sequence analysis (notably, de novo sequence assembly, biological 
sequence databases and substitution models). 

• Later on, DNA analysis also emerged due to parallel advances in (i) molecular biology methods, which 
allowed easier manipulation of DNA, as well as its sequencing, and (ii) computer science, which saw the 
rise of increasingly miniaturized and more powerful computers, as well as novel software better suited to 
handle bioinformatics tasks. In the 1990s through the 2000s, major improvements in sequencing 
technology, along with reduced costs, gave rise to an exponential increase of data. 

• The arrival of ‘Big Data’ has laid out new challenges in terms of data mining and management, calling 
for more expertise from computer science into the field.

https://doi.org/10.1093/bib/bby063


A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome
Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

A theoretical maximum of 50–60 amino acids can be sequenced in a 
single Edman reaction. Larger proteins must be cleaved into smaller 
fragments, which are then separated and individually sequenced.

The issue was not sequencing a protein in itself but rather 
assembling the whole protein sequence from hundreds of small 
Edman peptide sequences. For large proteins made of several 
hundreds (if not thousands) of residues, getting back the final 
sequence was cumbersome. In the early 1960s, one of the first 
known bioinformatics software was developed to solve this problem.

https://doi.org/10.1093/bib/bby063


A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome

Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

Hagen (2000) Nat Rev Genetics doi: 10.1038/35042090 

Margaret Dayhoff (1925-1983)

Dayhoff: the first bioinformatician

• Designed one letter amino acid code
• Trained in quantum chemistry and 

mathematics, she became interested in 
proteins and molecular evolution around 1960. 

• to explore mathematical approaches for 
analysing amino-acid sequence data

• Her initial project was writing a series of 
FORTRAN programs to determine the amino-
acid sequences of protein molecules.

https://doi.org/10.1093/bib/bby063


A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome

Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

Ancestral sequences and Molecular clock (Emile Zuckerkandl and 
Linus Pauling)

“Zuckerkandl and Pauling hypothesized that orthologous
proteins evolved through divergence from a common
ancestor. Consequently, by comparing the sequence of
hemoglobin in currently extant organisms, it became
possible to predict the ‘ancestral sequences’ of
hemoglobin and, in the process, its evolutionary history up
to its current forms”

Evolutionary divergence and convergence in proteins
Zuckerkandl, E. and Pauling, L (1965) 

https://doi.org/10.1093/bib/bby063


Relationships between sequences recapitulate evolutionary relationships



A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome
Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

A mathematical framework for sequence alignments

https://doi.org/10.1093/bib/bby063


A brief history of bioinformatics 
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derome
Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

1970-2000s – Paradigm shifts and parallel advances in biology 
and computer science

• Protein sequencing to DNA sequencing (faster / cheaper)
• Use DNA sequences to infer phylogenetic trees
• Sequence of marker genes and genomes
• Beyond sequences (structural bioinformatics)

• Faster computers
• GPUs
• Free software movement
• New Programming languages (Perl created by Larry Wall in 1987)

• Internet
• Online databases (NCBIs)

https://doi.org/10.1093/bib/bby063


Different sequencing platforms  / 
History of sequencing



http://www.ncbi.nlm.nih.gov/pmc/articles/PMC431765/



ABI 3730xi at TIGR (1.6Mb per day)

https://www.flickr.com/photos/jurvetson/57080968



World competing for sequencing power

http://omicsmaps.com/





Illumina HiSeq



https://www.youtube.com/watch?v=fCd6B5HRaZ8

Sequencing by synthesis

https://www.youtube.com/watch?v=fCd6B5HRaZ8




Nature 456, 53-59 (6 November 2008) 
| doi:10.1038/nature07517



Illumina machines



And the arrival of 3rd generation sequencing…
(much longer read lengths and not so bad yield!!)



PacBio (Pacific Biosciences)

RSII Sequel II



Single molecule sequencing

https://www.youtube.com/watch?v=NHCJ8PtYCFc

https://www.youtube.com/watch?v=NHCJ8PtYCFc


PacBio (Pacific Biosciences)

https://www.pacb.com/smrt-science/smrt-
sequencing/smrt-sequencing-modes/

https://www.pacb.com/smrt-science/smrt-sequencing/smrt-sequencing-modes/


Oxford Nanopore



Oxford Nanopore – how it works
Introduction to nanopore
https://vimeo.com/297106166

Voltrax
https://vimeo.com/297106291

Sequencing for farmers Rainforest
https://vimeo.com/294216876 https://www.youtube.com/watch?v=6RRSxWtJPUw

@ Oceans From Extreme to everyday
https://vimeo.com/294744892 https://www.youtube.com/watch?v=tQ_oo7_36r8

Reference
https://nanoporetech.com/how-it-works

Nanopore Sequencing of Ebola Viruses Under Outbreak Conditions 
https://www.youtube.com/watch?v=SYBzPEoENWI ; https://www.nature.com/articles/nature16996

https://vimeo.com/297106166
https://vimeo.com/297106291
https://vimeo.com/294216876
https://www.youtube.com/watch?v=6RRSxWtJPUw
https://vimeo.com/294744892
https://www.youtube.com/watch?v=tQ_oo7_36r8
https://nanoporetech.com/how-it-works
https://www.youtube.com/watch?v=SYBzPEoENWI
https://www.nature.com/articles/nature16996


Read length and capacity go beyond

https://twitter.com/GrandOmics_Intl/status/1188724248480608257/photo/1

https://twitter.com/GrandOmics_Intl/status/1188724248480608257/photo/1


Mobility of sequencing



Matthew Keller: Deployable NGS for Influenza virus field surveillance and outbreak 
response

https://nanoporetech.com/resource-centre/matthew-keller-
deployable-ngs-influenza-virus-field-surveillance-and-
outbreak

https://nanoporetech.com/resource-centre/matthew-keller-deployable-ngs-influenza-virus-field-surveillance-and-outbreak


Matthew Keller: Deployable NGS for Influenza virus field surveillance and outbreak 
response

https://nanoporetech.com/about-us/news/novel-
coronavirus-covid-19-information-and-updates https://nanoporetech.com/about-us/news/covid19-community

https://nanoporetech.com/about-us/news/novel-coronavirus-covid-19-information-and-updates
https://nanoporetech.com/about-us/news/covid19-community


https://artic.network/ncov-2019

https://artic.network/ncov-2019


https://artic.network/ncov-2019

https://artic.network/ncov-2019


https://nextstrain.org/

https://nextstrain.org/


https://nextstrain.org/

https://nextstrain.org/


Scenarios now and then

1. [lab/hospital/mountain/sea] Collect samples (1.1, 1.2, 1.3…)
2. [lab/hospital] Extract DNA (2.1, 2.2, 2.3…)
3. [lab/hospital/company] Sequencing   (3.1, 3.2, 3.3…)
4. [lab/company] Analysis
5. [lab/hospital] Report

Weeks

Minute1.  [lab/hospital/mountain/sea] Collect samples -> report





Break here



Three situations you are most likely to encounter

Genome reference is available (for example, humans): 
• Re-sequence (DNA, RNA)
• Map sequence to the genome

Genome reference is NOT available
• Assemble the reads to get the genome

Counting:
• For a given region (gene) we want to know how much.à gene 

expression or metagenomics



Align the following two sequences:

ATTGAAAGCTA
GAAATGAAAAGG
1:
--ATTGAAA-GCTA
| ||||| |

GAAATGAAAAGG--

2:
ATTGAAA-GCTA---

|||| |  |
---GAAATGAAAAGG

insertions / deletions (indels) mismatches
Which alignment is better?

What is an alignment? (mapping)

Scoring scheme is needed:
1 for match
-1 for mismatch
-2 for gap



Assembly



Genome

Fragment

Sequence

Assemble
Scaffold 1 Scaffold 2

Paired-end reads

Contig 1 Contig 19Contig 10

Assembly



Genome
(3.000.000 letters)

Reads
(50-500 letters each)

Sequencing Assembly

Genome
(3.000.000 letters)

Assembly



Mapping

doi:10.1038/nrgastro.2012.126



Read length matters in sequencing

https://www.cbcb.umd.edu/research/assembly_primer



Read length matters in sequencing

1 100kb

…ATCGATGACTGACTGACTGGTTGAC…

R1 R2



Depth matters in sequencing

…ATCGATGACTGACTGACTGGTTGAC…

ATCGATGACTGACTGAATGGTTGAC
ATCGATGACTGACTGAATGGTTGAC
ATCCATGACTGACTGAATGGTTGAC
ATCGATGACTGACTGAATGGTTGAC
ATCGATGACTGACTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC
ATCGATGACTGAGTGAATGGTTGAC

ATCGATCACTGACTGACTGGTTGAC

reference

Homozygous? Heterozygous?
1X

10X



Filtering and annotating variants

ClinVar
SIFT
Function
MAF (Minor Allele frequency)

https://gemini.readthedocs.io/en/latest/

https://gemini.readthedocs.io/en/latest/


Case studies



Classical genetics

http://www.nature.com/nrg/journal/v12/n11/pdf/nrg3031.pdf



Comparative genomics

Roger & Gibbs Nature Reviews Genetics (2014) doi:10.1038/nrg3728 



Population genomics

http://www.genomenext.com/casestudies_post/population-
scale-analysis-genomic-samples-analyzed-from-2504-
individuals-in-1-week/

Novembre et al Nature (2008)



Population genomics

Mutreja et al., Nature Genetics (2011)



2013 2016



https://www.sanger.ac.uk/news/view/uk-launches-whole-genome-sequence-alliance-map-spread-coronavirus

COVID-19 Genomics UK Consortium - comprised of the NHS, Public Health Agencies, Wellcome Sanger Institute, and 
numerous academic institutions - will deliver large scale, rapid sequencing of the cause of the disease and share 
intelligence with hospitals, regional NHS centres and the Government.

Samples from patients with confirmed cases of COVID-19 will be sent to a network of sequencing centres which currently 
includes Belfast, Birmingham, Cambridge, Cardiff, Edinburgh, Exeter, Glasgow, Liverpool, London, Norwich, Nottingham, 
Oxford and Sheffield.

The Wellcome Sanger Institute, one of the world’s most advanced centres of genomes and data, will collaborate with 
expert groups across the country to analyse the genetic code of COVID-19 samples circulating in the UK and in doing so, 
give public health agencies and clinicians a unique, cutting-edge tool to combat the virus.

By looking at the whole virus genome in people who have had confirmed cases of COVID-19, scientists can monitor 
changes in the virus at a national scale to understand how the virus is spreading and whether different strains are 
emerging. This will help clinical care of patients and save lives.

https://www.sanger.ac.uk/news/view/uk-launches-whole-genome-sequence-alliance-map-spread-coronavirus


https://www.ncbi.nlm.nih.gov/pubmed/28102248



Population genomics

doi:10.1038/s41559-018-0498-2 



Metagenomics

doi:10.1038/nature09944



Precision medicine

Ashley (2016) Nature Review Genetics



Morash et al (2018) Journal of Personalized Medicine

Outline of precision medicine



Ashley (2016) Nature Review Genetics

PM examples



Morash et al (2018) Journal of Personalized Medicine

Summary of outcomes in Oncology PM Studies



doi:10.1038/nature15816



Building the foundation for genomics in precision 
medicine

doi:10.1038/nature15816



Challenges and reduced accuracies

Ashley (2016) Nature Review Genetics



Challenges and reduced accuracies

Ashley (2016) Nature Review Genetics



Resolution

Ashley (2016) Nature Review Genetics

Zoomed out



Transcriptomics / RNAseq



Applications of RNAseq

Discovery / Annotation
• Find new genes
• Find new transcripts
• Find new ncRNAs, xxx, xxx ….
• Gene fusion 

Comparison / Quantification : given X conditions, find the effect of Y on
• expression
• Isoform abundance, splice patterns, transcript boundaries



http://chagall.med.cornell.edu/RNASEQcourse/Intro2RNAseq.pdf

http://chagall.med.cornell.edu/RNASEQcourse/Intro2RNAseq.pdf


RNA-seq data generation

•https://doi.org/10.1371/journal.pcbi.1004393

https://doi.org/10.1371/journal.pcbi.1004393


Types of experiments



Transcriptome Complexity:











$$$$$

Experimental design

***



Prep and treatment





Auer et al., Genetics (2010)

Which of the following designs is correct?



Auer et al., Genetics (2010)

Which of the following designs is correct?

Balanced

Confounded



Example of batch effect:

Lin et al., (PNAS) 2014 



Example of batch effect:

http://f1000research.com/articles/4-121/v1

http://f1000research.com/articles/4-121/v1


Recapitulating the patterns reported by the mouse ENCODE papers

http://f1000research.com/articles/4-121/v1

http://f1000research.com/articles/4-121/v1


Clustering of data once batch effects are accounted for

http://f1000research.com/articles/4-121/v1

http://f1000research.com/articles/4-121/v1


Once you have mappings, you can start counting





Counts of the gene depends on expression ,transcript length 
,sequencing depth and simply chance

This is the bit we care about!



!"#$%&'()*'+)"+")%,"$(-'%"'%.*'%)($&/),+%'-*$0%.'1'2345'
*1+)*&&,"$'-*6*-

33% of highest expressed genes
33% of lowest expressed genes 

Oshlack and Wakefield (2009) Biology Direct. 



- R/FPKM: (Mortazavi et al. 2008)
- Correct for: differences in sequencing depth and transcript length
- Aiming to: compare a gene across samples and diff genes within sample

- TMM: (Robinson and Oshlack 2010)
- Correct for: differences in transcript pool composition; extreme outliers
- Aiming to: provide better across-sample comparability 

- TPM: (Li et al 2010, Wagner et al 2012)
- Correct for: transcript length distribution in RNA pool
- Aiming to: provide better across-sample comparability 

- Limma voom (logCPM): (Lawet al 2013)
- Aiming to: stabilize variance; remove dependence of variance on the mean

Normalization: different goals



But how do you know your count = 2 is really 2? 
• Differentially expressed genes = counts of genes change between 

conditions more systematically than expected by chance
• Need biological and technical replicates to detect differential 

expression



Differential expression



. Busby et al., Bioinformatics (2013)

Fitting a distribution for every gene for DE



Scenario



Scenario



Scenario



Once you have set of differentially expressed genes



Summarization visualizing the expression data through heatmap ; 
Classification using Gene Ontology terms and metabolic annotations 

Treutlein et al., Nature (2014)



Amplicon / Metagenomics: An Intro



Examples in 長庚



https://www.nature.com/articles/nrgastro.2017.97.pdf

https://www.nature.com/articles/nrgastro.2017.97.pdf


https://www.nature.com/articles/nrgastro.2017.97.pdf

https://www.nature.com/articles/nrgastro.2017.97.pdf


What is the microbiome?

http://microbe.net/2015/04/08/what-does-the-term-
microbiome-mean-and-where-did-it-come-from-a-bit-of-a-
surprise/

Fungi in Biological Control Systems (1988)

http://microbe.net/2015/04/08/what-does-the-term-microbiome-mean-and-where-did-it-come-from-a-bit-of-a-surprise/


And then what is the metagenome?

… This approach involves directly accessing the genomes of 
soil organisms that cannot be, or have not been, cultured by 
isolating their DNA



What is amplicon sequencing?
Anything that requires PCR-based amplification of a 
specific target gene (locus)



And then what is the metagenome?

Metagenomics is the application of
modern genomics techniques to the
study of communities of microbial
organisms directly in their natural
environments, bypassing the need for
isolation and lab cultivation of individual
species. The field has its roots in the
culture-independent retrieval of 16S rRNA
genes, pioneered by Pace and colleagues
two decades ago.



Pubmed hits for “Microbiome”

Jonathan Eisen, Slideshare



Metagenomics ≠ Amplicon sequencing



Metagenomics is undergoing a crisis



Basic Purpose

Characteristics of (microbial) community

Who are they?
Where do they come from?
Are their similarities (at what level) 

between communities 
of different conditions
of similar conditions?

within a community?
What are they doing?
How are they doing?







Applications



What have metagenomics been used for?

Rusch et al., 2007 Plos 
Biology

Exploration and categorisation

Qin et al., 2010 Nature

• 6.3 Gbp of sequence (2x Human 
genomes, 2000 x Bacterial genomes)

• Most sequences were novel compared 
to the databases

• 127 Human gut metagenomes
• 600 Gbp sequence (200 x Human 

genomes)
• 3.3 million genes identified
• Minimal gut metagenome definded

Grice and Segre (2012)



• A characteristic microbial 
fingerprint for each of the nine 
different ecosystem types

Dinsdale et al., 2008 Nature

Comparative Specific functions

Hess et al., 2011 Science

• Identified 27.755 putative carbohydrate-active 
genes from a cow rumen metagenome

• Expressed 90 candidates of which 57% had 
enzymatic activity against cellulosic substrates

What have metagenomics been used for?



• Genome extraction from low complexity metagenome
• Candidatus Accumulibacter phosphatis
• The first genome of a polyphosphate accumulating 

organism (PAO) with a major role en enhanced 
biological phosphorus removal

Extracting genomes

• Genome extraction of low abundant species 
(< 0.1%) from metagenomes

• First complete TM7 genome
• Access to genomes of the ”uncultured 

majority”

Garcia Martin et al., 2006 Nat. Biotechnol. Albertsen et al., 2013 Nat. Biotechnol.

What have metagenomics been used for?



Concept: OTU (Operational Taxonomic Unit)



Slide of Aaron Darlin

Operational Taxonomic Unit: a grouping of similar 
sequences that can be treated as a single “species” 

Strengths 
– Conceptually simple 
– Mask effect of poor quality data 

Sequencing error 
in vitro recombination 

Weaknesses 
– Limited resolution 
– Logically inconsistent definition

OTU for Ecology



Assign OTU

Clustering*

3
11
3

OTU    Count

Assign taxonomy (Compare to database)

3      Accumulibacter
11      Unkown
3      Competibacter

OTU    Count

OTU table

16S

• Cluster by their similarity to other sequences in the sample 
(operations taxonomic units à OTU)

• 95% genus level, 97% species level, 99% strain level 



Slide of Aaron Darlin

Logical inconsistency: OTUs at 97% ID



Welch et al (2002)

Same species (16S): Different genomes



Tree way plot with top OTUs abundance and classification

http://www.shuixia100.com/my-blog/mothur-tutorial-1

http://www.shuixia100.com/my-blog/mothur-tutorial-1


Cumulative Abundance plots

Hacquard et al (2015)



Phylogenetic Analysis of
OTU abundances

Hacquard et al (2015)

Relationship between 
OTUs

How do we compare
between different 
samples?



Concept: Diverisity measures



Measures of biodiversity Zinger et al (2012)

“… measuring biodiversity 
consists of characterizing 
the number, composition
and variation in taxonomic 
or functional units (OTU)
over a wide range of 
biological organizations”



Measures of biodiversity Zinger et al (2012)



Species sampling and Rarefaction

Rarefaction allows the calculation of 
species richness for a given number 
of individual samples, based on the 
construction of so-called rarefaction 
curves. This curve is a plot of the 
number of species as a function of the 
number of samples 

Number of Reads / 

Species rich habitat
Only a num. of species 
detected

This habitat has
not been exhaustively 
sampled 

Most of the species 
have been sampled 

Wooley et al (2010)



Alpha diversity

a measure of the diversity within a single sample 

Types of alpha diversity 
Total # of species = richness 

How many OTUs?
Total # of genes = genetic richness 
Phylogenetic diversity of genes = genetic PD

Eveness = What is the distribution of abundance in the community?
How many OTUs at high abundance and how many OTU at low abundance?



Hacquard et al (2015)

High diversity

Low



Beta diversity

a measure of the similarity in diversity between samples

Types of beta diversity 
Species presence/absence 
Shared phylogenetic diversity 
Gene presence / absence 
Shared phylogenetic diversity of genes

Frequently used as values for PCA of PCoA analysis



Beta diversity

Shade and Handelsman (2012)



Hacquard et al (2015)

Each dot is a sample ; 
These two are quite different to each other

High diversity

Low



Amplicon sequencing or metagenomes?



Workflow decision

Grice and Segre (2012)

Decision here based 
on hypothesis and budget

PCR product
One gene fragment

Total DNA
All genes

Fast survey of large communities
Good for first round survey 



Amplicon sequencing



New Tree of life

http://www.nytimes.com/2016/04/12/science/scientists-
unveil-new-tree-of-life.html?_r=0

Hug et al (2016)

What do they have in common?

http://www.nytimes.com/2016/04/12/science/scientists-unveil-new-tree-of-life.html?_r=0


16S

• Advantages:
• Universal: Every bacterial and archea species has this gene
• Conserved regions (for primer design)
• Variable regions (to distinguish different species)
• Great databases and alignments (for human related species)
• Mainly used for taxonomical classification

• Problems:
• Variable copy number in each species
• No universal (unbiased) primers
• (Not directly correlated with activity)
• (Lack of functional information)

http://en.wikipedia.org/wiki/16S_ribosomal_RNA



Typical workflow

Sampling SequencingExtraction Analysis

WhWhich region to sequence?



16S amplified region

Kuczynski et al (2011)



• Amplification bias effects accuracy and replication 
• Use of short reads prevents disambiguation of similar strains 
• 16S or ITS may not differentiate between similar strains –

• Clustering is done at 97%
• Regions may be >99% similar 

• Sequencing error inflates number of OTUs 
• Chloroplast 16S sequences can get amplified in plant metagenomes 

Potential problem

Slide of Surya Saha



Chimeric 16S (Artificial sequences formed during PCR 
amplification

Haas et al (2011)

“Chimeras were found to 
reproducibly form among 
independent amplifications and 
contributed to false perceptions 
of sample diversity and the false 
identification of novel taxa, with 
less-abundant species 
exhibiting chimera rates 
exceeding 70%”



Metagenomics



Advantage of metagenomics approach

Better classification with Increasing number of complete genomes 
Focus on whole genome based phylogeny (whole genome phylotyping) 

•Advantages
No amplification bias like in 16S/ITS 

Issues 
Poor sampling beyond eukaryotic diversity 
Assembly of metagenomes is challenging due to uneven coverage 
Requires high depth of coverage 

Slide of Surya Saha (slideshare)



Biases



Extraction protocol matters 



Alpha diversity is always overestimated

Kunin et al (2010)



Reagent and laboratory contamination



2 papers with different results at the same year



Case studies 



Two most common systems

Hacquard et al (2015)



Two most common systems

Hacquard et al (2015)



Two most common systems

Hacquard et al (2015)



Human gut microbiome



Human gut microbiome

doi:10.1038/nature08821



Human gut microbiome

doi:10.1038/nature08821



Human gut microbiome

doi:10.1038/nature08821



Human gut microbiome

doi:10.1038/nature08821

We can check which OTUs 
constitute the clustering (and 
separation) patterns 

-> Biology
-> Biomarkers



Human gut microbiome

doi:10.1038/nature09944



doi:10.1038/nature11209



Human microbiome

doi:10.1038/nature11234



Inter-individual variation in the microbiome proved to be 
specific, functionally relevant and personalized

doi:10.1038/nature11234



Gene loss & Structural variants are 
common

doi:10.1038/nature11234



Skins

doi:10.1038/nature12171



doi:10.1038/nrmicro2540

The gut microbiome during life



doi:10.1086/525047

Decreased diversity with Clostridium 
difficile – assciated diarrhea  



Tracking microbiome on a daily scale

David et al. Genome Biology 2014, 15:R89



Tracking microbiome spanning 6 years

Faust et al 2015



Tracking microbiome on a daily scale

Faust et al 2015 Question: What community gets reset and what don’t? 



Faust et al 2015

Question: What community gets reset and what don’t? 
A. Shade, J.S. Read, N.D. Youngblut, N. Fierer, R. Knight, T.K. Kratz, N.R. Lottig, E.E. 
Roden, E.H. Stanley, J. Stombaugh, et al. 
Lake microbial communities are resilient after a whole-ecosystem disturbance 
ISME J, 6 (2012), pp. 2153–2167 

L. Dethlefsen, D.A. Relman
Incomplete recovery and individualized responses of the human distal gut microbiota to 
repeated antibiotic perturbation 
Proc Natl Acad Sci U S A, 108 (2011), pp. 4554–4561 

L.A. David, A.C. Materna, J. Friedman, M.I. Campos-Baptista, M.C. Blackburn, A. Perrotta, 
S.E. Erdman, E.J. Alm
Host lifestyle affects human microbiota on daily timescales 
Genome Biol, 15 (2014), p. R89 

Yes

No

Yes and No



doi:10.1038/nature23889







doi:10.1038/nature23889





doi:10.1038/nature25973  



• 1,046 healthy Israeli adults
• 16S rRNA + metagenomics
• Genotyping 712,540 SNPs
• Questionnaires

doi:10.1038/nature25973  



doi:10.1038/nature25973  



doi:10.1038/nature25973  



doi:10.1038/nrg3182 





“a paradigm for future multi-omic studies of the human microbiome”

Proctor, L.M., Creasy, H.H., Fettweis, J.M. et al. The Integrative Human Microbiome Project. 
Nature 569, 641–648 (2019). https://doi.org/10.1038/s41586-019-1238-8



New challenges

• So much data
• Technology advancement 
• Integrating different kinds of data (multi-omic)
• High performance
• Reproducibility crisis

• Bioinformaticians as a profession
• Only biology has a specific term to refer to the use of computers in this discipline 

(‘bioinformatics’)
• Proper integration into academic curriculums


