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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



Google scholar hits for “Microbiome”
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Basic Purpose

Characteristics of (microbial) community

Who are they? (species identification ; contain what genes)
Where do they come from?
Are their similarities (at what level) 

between communities 
of different conditions
of similar conditions?

within a community?
over a time period?

What are they doing?
How are they doing? (factors influencing the community)



Two most commonly studied systems

Hacquard et al (2015) Cell host and microbe



Two most common systems

Hacquard et al (2015) Cell host and microbe



Two most common systems

Hacquard et al (2015) Cell host and microbe



Useful terminology 

Shade and Handelsman (2012)



Things to consider

Deiner et al (2017) Molecular Ecology



Workflow

Claesson, Clooney & O'Toole (2017) Nature Review Genetics



Workflow

Claesson, Clooney & O'Toole (2017) Nature Review Genetics

Before we consider metagenomics, which require 
a lot of sequencing (more expensive, more 
challenging to analyse), we may consider a easier 
but also very useful approach.



Amplicon sequencing



Metagenomics ≠ Amplicon sequencing

Probably the most important point 
of the lecture



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



New Tree of life
What do they have in common?



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)



ITS for characterization of fungi species 

Bellemain et al (2010)



Typical number of species

Small number of highly abundant species

a long tail of rare species



Using a “Classifier” to annotate sequences

http://greengenes.lbl.gov/cgi-bin/nph-index.cgi http://www.arb-silva.de/ https://rdp.cme.msu.edu/

Uses an existing phylogeny 
Find best unambiguous match to references

http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://www.arb-silva.de/
https://rdp.cme.msu.edu/


Analysis Packages

Qiime2 (https://qiime2.org/ )

R
Phyloseq （ https://joey711.github.io/phyloseq/ )

https://qiime2.org/
https://joey711.github.io/phyloseq/


Concept: OTU (Operational Taxonomic Unit)

note: being obsoleted soon



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 



OTU “picking”

The process of bin sequences into clusters of OTUs. 

De Novo 
Reads are clustered based on similarity to one another.

Reference-based
Closed reference: any reads which don’t hit a reference sequence are 
discarded
Open reference: any reads which don’t hit a reference sequence are 
clustered de novo

http://qiime.org/tutorials/otu_picking.html



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)



Assigned OTUs -> Loss of information

?



Assigned OTUs ; assigned distance using phylogeny

Genetic distance



Slide of Aaron Darlin

Logical inconsistency: OTUs at 97% ID



New approach: Use of ESV (Exact-)  or ASV (Amplicon Sequence Variant)

• Need denoising (attempt to correct sequencing errors) first



Glassman and Martiny (2018) mSphere

Despite quantitative differences in microbial 
richness, we found that all and diversity 
metrics were highly positively correlated 
(r=0.90) between samples analyzed with 
both approaches. Moreover, the community 
composition of the dominant taxa did not vary 
between approaches. Consequently, 
statistical inferences were nearly 
indistinguishable.



Glassman and Martiny (2018) mSphere



Claesson, Clooney & O'Toole (2017) Nature Review Genetics

What can we gain from amplicon analyses?
Powerfulness of amplicon analysis will increase if: 
* more samples can be achieved with less cost, 
* better amplicons (less false positives, higher    
resolution i.e., delineating strain level perhaps)
* reproducibility 

Intensive research field with long reads 

Amplicon sequencing: summary



Concept: Diversity 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



Metagenomics

Keyword: MAG (metagenome-assembled genomes)



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)



Overall workflow

Sharpton (2014)



Overall workflow

With the increase availability of 
reference sequenced genomes, 
probably one day one doesn’t 
require assembly of 
metagenomes 

Mapping based
Assembly based

https://academic.oup.com/bib/art
icle/20/4/1125/4210288

https://academic.oup.com/bib/article/20/4/1125/4210288


Binning methods

Sharpton (2014)

E.g., GC, Tetranucleotide

Phylosift
MetaPhAln2

GroopM



Example of binning based on differential coverage

H. Daims & C. Dorninger, DOME, University of Vienna

Sample 1 Sample 2

Abundance Sample 1
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Binning methods: A combination of 

Sharpton (2014)

Classification based on sequence composition:
Advantage : all reads can be categorised into bins
Disadvantage: no taxonomy / function of the bins.

Classification based on sequence similarity (of known genes)
Advantage: One can determine taxonomy and function of reads.
Disadvantage: reads with similarity can not be classified .



Metabat

https://peerj.com/articles/7359/

https://peerj.com/articles/7359/


Actual assembly

Sharpton (2014)



Algorithm advancements lead to recovery of 
genomes

The maximum likelihood tree was inferred from the concatenation of 120 proteins and 
spans a dereplicated set of 5,273 Uncultured Bacterial A and 14,304 NCBI genomes. 
Phyla containing Uncultivated Bacteria and Archea (UBA) genomes are shown in 
green with the number of UBA genomes indicated in parentheses. Candidate phyla 
consisting only of UBA genomes are shown in red and have been named Uncultured 
Bacterial Phylum 1 to 17 (UBP1–UBP17). 



MetaPhAln2 – enhanced metagenomic taxonomic profiling 

relies on ~1M unique clade-specific marker genes identified from ~17,000 
reference genomes (~13,500 bacterial and archaeal, ~3,500 viral, and ~110 
eukaryotic), allowing:

Species level resolution
Good visualisation with GraphAln
(So it’s useful with known ecosystems)



Quince et al (2017) Nature Biotechnology



Quince et al (2017) Nature Biotechnology



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 





Every step counts



Pollock et al (2017) Applied and Environmental Microbiology

• Sample collection
• Sample storage
• Fresh versus Frozen samples
• Use of cryoprotectant
• DNA extraction
• Sequencing strategy 
• Mock bacterial communities
• Analysis strategy
• OTU picking methods
• Correcting for gene copy number
• Contamination issues

Is there a consensus to “best practices” for 16S microbiome studies? 



Deiner et al (2017) Molecular Ecology



Drive the loss of rare reads

Increased variance of abundance

Caused a large variance in reads observed in any given species
and could prevent rare species detection altogether

Deiner et al (2017) Molecular Ecology



• Lack of tools for processing ITS/Fungal microbiome data sets 
• 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 problems of using amplicons

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%”



Welch et al (2002)

Same species (16S): Different genomes



Database error

Ashelford et al. Appl Environ Microbiol. 2005 71(12):7724-36 



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



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)



But rarefying microbiome data is wrong

Current practice in the normalization of microbiome count data is inefficient in the statistical 
sense. …… Moreover, specific implementations for DNA sequencing read count data (based on a 
Negative Binomial model for instance) are already available in RNA-Seq focused R packages such 
as edgeR and DESeq…. We show how both proportions and rarefied counts result in a high rate of 
false positives in tests for species that are differentially abundant across sample classes. Regarding 
microbiome sample-wise clustering, we also show that the rarefying procedure often discards 
samples that can be accurately clustered by alternative methods. Based on these results and well-
established statistical theory, we advocate that investigators avoid rarefying altogether. We 
have provided microbiome-specific extensions to these tools in the R package, phyloseq.





Is it time to revisit bacterial taxonomy?

Under this approach, 58% of the 94,759 genomes comprising the Genome
Taxonomy Database had changes to their existing taxonomy. This result includes
the description of 99 phyla, including six major monophyletic units from the subdivision
of the Proteobacteria, and amalgamation of the Candidate Phyla Radiation into a single
phylum. Our taxonomy should enable improved classification of uncultured bacteria and
provide a sound basis for ecological and evolutionary studies.

Parks et al (2018) Nature Biotechnology



Is it time to revisit bacterial taxonomy?

Parks et al (2018) Nature Biotechnology



New techniques that will change metagenomics
[1] Chromosome conformation capture and [2] long reads



Lieberman-Aiden (2009) Science 10.1126/science.1181369



Lieberman-Aiden (2009) Science 10.1126/science.1181369







Applications



Rusch et al., 2007 Plos Biology

Exploration and categorisation (early 2010s)

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)



• 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.



• 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



https://oceans.taraexpeditions.org/

https://oceans.taraexpeditions.org/


https://oceans.taraexpeditions.org/wp-
content/uploads/2014/05/TARAOCEANS-CARTE.jpg

https://oceans.taraexpeditions.org/wp-content/uploads/2014/05/TARAOCEANS-CARTE.jpg


https://oceans.taraexpeditions.org/wp-content/uploads/2014/05/5000TARA-
doubleOceans-EN-04.jpg

https://oceans.taraexpeditions.org/wp-content/uploads/2014/05/5000TARA-doubleOceans-EN-04.jpg


New Tree of life

Discovered from 
cultivation-
independent
genomics



Case studies – human microbiome



Human gut microbiome

Qin et al (2010) Nature



Human gut microbiome

Qin et al (2010) Nature



Human gut microbiome

Qin et al (2010) Nature



Human gut microbiome

Qin et al (2010) Nature

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

-> Biology
-> Biomarkers



Human gut microbiome - enterotypes

Arumugam et al (2011) Nature

By combining 22 newly sequenced faecal
metagenomes of individuals from four countries 
with previously published data sets, here we identify 
three robust clusters (referred to as enterotypes 
hereafter) that are not nation or continent specific.

The enterotypes are mostly driven by species 
composition, but abundant molecular functions are 
not necessarily provided by abundant species, 
highlighting the importance of a functional analysis 
to understand microbial communities. 



The Human Microbiome Project Consortium (2012) Nature



Human microbiome

The Human Microbiome Project Consortium (2012) Nature



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

The Human Microbiome Project Consortium (2012) Nature



Gene loss & Structural variants are 
common

The Human Microbiome Project Consortium (2012) Nature



Lloyd-Price et al (2017) 
Nature



Lloyd-Price et al (2017) 
Nature



Lloyd-Price et al (2017) 
Nature



Lloyd-Price et al (2017) 
Nature



Lloyd-Price et al (2017) 
Nature



Rothschild et al (2018) Nature



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

Rothschild et al (2018) Nature



Rothschild et al (2018) Nature



Rothschild et al (2018) Nature



Case studies – cow rumen metagenomics



Hess et al., 2011 Science

• 268Gb of metagenomics data
• Identified 27,755 putative carbohydrate-

active genes from a cow rumen metagenome
• Expressed 90 candidates of which 57% had 

enzymatic activity against cellulosic
substrates

• Assembled 15 uncultured microbial genomes

Example of metagenomics



• 800 Gb of sequence data derived from 43 Scottish 
cattle

• Using metagenomic binning and Hi-C techniques

• Assembly of 913 draft bacterial and archaeal 
genomes

• Most of these genomes represent previously 
unsequenced strains and species. 

• The draft genomes contain over 69,000 proteins 
predicted to be involved in carbohydrate 
metabolism, over 90% of which do not have a 
good match in public databases.

Stewart et al (2018) Nature Communications



• The draft genomes contain over 69,000 proteins 
predicted to be involved in carbohydrate metabolism, 
over 90% of which do not have a good match in public 
databases.



• Inclusion of the 913 genomes presented here 
improves metagenomic read classification by 
sevenfold against the study’s own data, and by 
fivefold against other publicly available rumen 
datasets.

• dataset substantially improves the coverage of 
rumen microbial genomes in the public databases 
and represents a valuable resource for biomass-
degrading enzyme discovery and studies of the 
rumen microbiome



Stewart et al (2019) Nature Biotechnology

• 6.5 Tb of sequence data derived from 283
ruminant cattles

• Using metagenomic binning and Hi-C 
techniques

• Assembly of 4,941 draft bacterial and 
archaeal genomes

• Long read is being used: “We also present a 
metagenomic assembly of nanopore (MinION) 
sequencing data (from one rumen sample) that 
contains at least three whole bacterial 
chromosomes as single contigs”

282 Illumina vs. nanopore assembly



Case studies – others



The gut microbiome during life

Spor et al (2011) Nature Reviews Microbiology



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



Priority effect

Sprockett et al (2018) 
Nature Reviews Gastroenterology & Hepatology



Priority effect

Sprockett et al (2018) 
Nature Reviews Gastroenterology & Hepatology









Case studies – a really bad example



https://www.buzzfeed.com/stephaniemlee/gut-makeover-
microbiome-diet-
retraction?utm_term=.haVkqdo1Xx#.gaGqjrQPRw

https://www.buzzfeed.com/stephaniemlee/gut-makeover-microbiome-diet-retraction%3Futm_term=.haVkqdo1Xx


http://www.ichnfm.org/ijhnfm2017opencorrectionplosone

http://www.ichnfm.org/ijhnfm2017opencorrectionplosone


Summary

Amplicon sequencing
• inexpensive but very effective
• moving away from OTU to Amplicon Sequence Variants (ASV)
• longer amplicons with more resolution (strain level!) are coming
• Every step from sample collection to data deposit matters

Metagenomics
• expensive but has all the information you want (or not want) ; extremely powerful
• Metagenomics assembled genomes are being more complete
• Metagenomics + HiC + Long reads : LOTS of resolved genomes!

• Integration with other data is key to breakthrough

• Tremendous potential in this field ; but please do not oversell it





Lloyd-Price et al (2019) Nature
Metwaly and Haller (2019) Nature Reviews Gastroenterology & Hepatology
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