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What is the “microbiome”?

Logos: https://commons.wikimedia.org/wiki/File:Human_Microbiome_Project_logo.jpg

https://commons.wikimedia.org/wiki/File:Human_Microbiome_Project_logo.jpg
http://ocean-microbiome.embl.de/companion.html
http://metasub.org/media/
http://humanfoodproject.com/americangut/


• microbiota = the assemblage of microorganisms 
(e.g., bacteria, archaea, viruses, fungi) 

• microbiome = the ecosystem comprising all 
microorganisms in an environment, as well as their 
genes and environmental interactions

What is the “microbiome”?

Cox et al., Human Molecular Genetics 2013



• “microorganisms that exist upon, within or in close 
proximity to the human body”  

• widely varying composition between body sites 
and individuals 

• important for health: building vitamins, breaking 
down food etc. 

• ratio of microbial to human genes in the body is 
estimated between 1:1 and 100:1

The human microbiota

Cox et al., Human Molecular Genetics 2013



Human 
skin 

microbiota

https://commons.wikimedia.org/wiki/File:Skin_Microbiome20169-300.jpg

https://commons.wikimedia.org/wiki/File:Skin_Microbiome20169-300.jpg


How can we analyze the microbiome?

Cox et al., Human Molecular Genetics 2013



How can we analyze the microbiome?

• Whole-genome sequencing: characterize specific 
isolate

Cox et al., Human Molecular Genetics 2013



How can we analyze the microbiome?

• Metagenomic (shotgun) sequencing: sequence 
complete set of DNA in a sample

Cox et al., Human Molecular Genetics 2013



How can we analyze the microbiome?

• metatranscriptomics 
• metaproteomics 
• metabolomics 
• …

Cox et al., Human Molecular Genetics 2013



How can we analyze the microbiome?

• [16S] rRNA amplicon/marker gene sequencing: 
infer microbial composition

Cox et al., Human Molecular Genetics 2013



Amplicon sequencing - basic idea

• Amplify (part of) the 16S rRNA gene from all 
microbes - sequence amplified part 

• Cluster sequences together in so called OTUs  
(= clusters of similar sequences ~ “species”) 

• Get the number of sequences in each cluster/OTU 
for each sample 

• Generate an abundance table (OTUs x samples)



• Amplify (part of) the 16S rRNA gene from all 
microbes - sequence amplified part 

• Cluster sequences together in so called OTUs  
(= clusters of similar sequences ~ “species”) 

• Get the number of sequences in each cluster/OTU 
for each sample 

• Generate an abundance table (OTUs x samples)

Amplicon sequencing - basic idea

We need primers!

How to cluster?

Which part?

How to analyze?



An E.coli ribosome

Large (50S) subunitSmall (30S) subunit

16S rRNA
ribosomal proteins

https://commons.wikimedia.org/wiki/File:Ribosome_shape.png

https://commons.wikimedia.org/wiki/File:Ribosome_shape.png


• rRNA is one of the few gene products present in all 
cells 

• 16S rRNA has 9 hypervariable regions allowing 
species identification, as well as conserved 
regions allowing primer construction 

• conserved function 

• sequence has been characterized for many 
species

Why [16S] rRNA?



16S rRNA
(E. coli)

Yarsa et al., Nature Rev Microbiology 2014; Bodilis et al., PLoS One 2012



• 16S doesn’t capture all differences between the full 
DNA sequences 

• Different species can have similar 16S sequences 

• A single species can have paralogs that are not 
identical 

• Results can depend on which variable region is 
considered, and which sequencer is used

16S is not perfect



There are still challenges to overcome

Fouhy et al., BMC Microbiology 2016



• Merge read pairs and remove low-quality reads 

• Align reads to reference 16S sequence 

• Denoise (cluster very similar sequences) 

• Identify and remove chimeras and contaminants 

• Cluster reads into Operational Taxonomic Units (OTUs)

Preprocessing of reads

qiime.org

http://qiime.org
http://blog.mothur.org
http://www.mothur.org


• SILVA (http://www.arb-silva.de/) 

• RDP (https://rdp.cme.msu.edu/) 

• GreenGenes (http://greengenes.lbl.gov/cgi-bin/nph-
index.cgi)

16S sequence databases

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


• SILVA (http://www.arb-silva.de/) 

• RDP (https://rdp.cme.msu.edu/) 

• GreenGenes (http://greengenes.lbl.gov/cgi-bin/nph-
index.cgi)

16S sequence databases

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


• Merge read pairs and remove low-quality reads 

• Align reads to reference 16S sequence 

• Denoise (cluster very similar sequences) 

• Identify and remove chimeras and contaminants 

• Cluster reads into Operational Taxonomic Units (OTUs)

Preprocessing of reads

qiime.org

http://qiime.org
http://blog.mothur.org
http://www.mothur.org


• “closed-reference clustering”: compare 
sequences to a reference catalog, group together 
sequences that are similar to the same references. 

• “distance-based/de novo clustering”: cluster 
based on pairwise distances among sequences. 

• “open-reference clustering”: closed-reference 
clustering followed by de novo clustering of 
unclassified sequences

OTU generation



• “closed-reference clustering”: compare 
sequences to a reference catalog, group together 
sequences that are similar to the same references. 

• “distance-based/de novo clustering”: cluster based 
on pairwise distances among sequences. 

• “open-reference clustering”: closed-reference 
clustering followed by de novo clustering of 
unclassified sequences

OTU generation

• Fast, parallelizable 
• OTU assignment independent of other sequences 
• Comparable OTUs across studies 

• Relies on accuracy and completeness of reference catalog 
• Sequence can be similar to multiple reference sequences 
• Similarity among clustered sequences may be lower than the 

similarity between each of them and the reference



• “closed-reference clustering”: compare 
sequences to a reference catalog, group together 
sequences that are similar to the same references. 

• “distance-based/de novo clustering”: cluster 
based on pairwise distances among sequences. 

• “open-reference clustering”: closed-reference 
clustering followed by de novo clustering of 
unclassified sequences

OTU generation

• Independent of reference catalog 

• Scales quadratically with number of sequences 
• OTU assignment depends on which other sequences are 

present



• results depend on clustering method 

• single-linkage tends to be (too?) “inclusive” while 
average-linkage/complete-linkage are more 
“exclusive” 

de novo OTU clustering



Which similarity 
threshold?

• Typical (but arbitrary) similarity 
threshold: 97% (for species 
level) 

• This means different things 
depending on the clustering 
method that was used!

https://en.wikipedia.org/wiki/File:Biological_classification_L_Pengo_vflip.svg

https://en.wikipedia.org/wiki/File:Biological_classification_L_Pengo_vflip.svg


Representation in R - phyloseq object



Representation in R - phyloseq object



Construct phyloseq object



Filtering and subsetting



Richness and alpha diversity

• richness = number of species observed in a sample 

• alpha diversity ~ diversity (“unevenness”) of 
species abundances within a sample

http://www.knightslab.org/#!bugs/c1sjx

http://www.knightslab.org/#!bugs/c1sjx


Richness and alpha diversity



Richness and alpha diversity



Richness and alpha diversity

Shannon: H = �
X

i

pi log pi

Simpson: D = 1�
X

i

p2i

relative abundance of species i



Richness and alpha diversity - HMP data
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• Library sizes vary greatly between samples 

• OTU abundances are often normalized by 
rarefaction (subsampling to equal sequencing 
depth across samples) or by representing them as 
relative abundances.  

• Recent studies have suggested using scaling 
normalization (similar to RNA-seq).

Normalization

log10(sample_sums(phylo) + 1)
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Normalization

• Library sizes vary greatly between samples 

• OTU abundances are often normalized by 
rarefying (subsampling to equal sequencing depth 
across samples) or by representing them as 
relative abundances.  

• Recent studies have suggested using scaling 
normalization (similar to RNA-seq).

McMurdie & Holmes (2014); Weiss et al. (2015) 



• Lots of zero counts! 

• Assumption that “most 
things don’t change” 
across samples may not 
be valid. 

• RNA-seq normalization 
methods require (e.g.) at 
least one OTU which is 
observed in all samples.

Scaling normalization - challenges

Fraction of zeros per OTU
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• Lots of zero counts! 

• Many of them are likely 
due to undersampling - 
would be nonzero if the 
library size increased  
 
 
 
 

Scaling normalization - challenges
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• What do we want to test? 

• Difference between mean 
abundance 

• Difference in fraction of 
zeros 

• Difference between mean 
abundance conditioning on 
being present 

• Overall difference in OTU 
composition

Differential abundance testing

Condition 1 Condition 2
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• RNA-seq methods like 
edgeR and DESeq2 can be 
used, but  

• be careful when 
comparing very different 
habitats 

• “outliers” may influence 
the results



• What do we want to test? 

• Difference between mean 
abundance 

• Difference in fraction of 
zeros 

• Difference between mean 
abundance conditioning on 
being present 

• Overall difference in OTU 
composition

Differential abundance testing

Condition 1 Condition 2

• metagenomeSeq can test 
for differences in mean of 
non-zero component, as 
well as differences in zero 
fraction



• Calculate pairwise dissimilarities between samples 
(a.k.a. beta diversity) 

• Based on presence/absence of OTUs 
(“unweighted”) 

• Incorporating abundances of OTUs (“weighted”) 

• Common dissimilarity measures: UniFrac, Bray-Curtis 

• Generate low-dimensional representation that 
preserves these distances

Visualization/ordination



Visualization/ordination

Human Microbiome Project (2012)
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