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KEY QUESTIONS IN MICROBIOME RESEARCH

• to what extent do microbiomes influence (eco)system functions?
• what factors, mechanisms drive microbiome assembly & activity?
• are there general patterns in microbiome dynamics & functioning?

à systems approach to study & engineer microbiomes

Who?
What?
How?



LEARNING GOALS
- The tool box
- Deciding what to do …
- 16/ITS/18S rRNA
- Clustering vs ASVs
- Microbial diversity measures (alpha)
- Beta diversity
- Differential abundance



Which microbes 
are there?

How are the 
microbes doing?

What is the 
genomic/genetic 

potential?

Metabolomics

THE TOOLBOX …

Genomics, classical 
microbiology and 
molecular biology



1. What is the research question or hypothesis that the study aims to address?
• Taxonomy, functions or both …

2. What is the biological sample that will be analyzed (e.g., fecal samples, soil samples, 
water samples, etc.)?

• Possible contaminants, sampling bias …

3. What is the expected complexity of the microbial community in the sample?
• Soil > Rhizosphere > Endosphere … sequencing depth

4. What are the limitations and potential biases of the sequencing technology and analysis 
methods used?

• Illumina, nanopore, pacbio

5. What are the appropriate controls to ensure the accuracy and reliability of the results?

6. How will the data be analyzed and interpreted to answer the research question or 
hypothesis?

• MetagenomeSeq/Deseq2/EdgeR 

QUESTIONS BEFORE CHOOSING A TOOL



WHAT ABOUT THE METADATA?

● Metadata is information about your samples other than 
the primary ‘omics’ data. It is data in itself.
● Examples:
 ○ Date and location where sample was collected
 ○ Location of raw sample
 ○ Experimental metadata: controls, replicates, etc.
 ○ Physical and chemical properties of the environment
 ○ Ontology designations (ENVO, EMPO)
 ○ Taxonomy of sample and host

QIITA workshop, L. Thompson



QIITA workshop, L. Thompson

● Data are meaningless if you don’t know where they came from.

● Microbial communities are highly adapted to their environments; 
metadata are required to make sense of these patterns.

● Primary data (e.g., sequences and metabolite profiles) can often 
be regenerated (and may be if technologies improve), but metadata 
doesn’t change and often must be collected at time of sampling.

WHY METADATA IS SO IMPORTANT?



QIITA workshop, L. Thompson

METADATA AND SEQUENCE DATABASES



- Amplicon sequencing (16S ribosomal RNA (rRNA), 18S rRNA, ITS) 
Sequence a small section of taxonomically informative target DNA to 
study microbial composition and diversity

- Shotgun metagenomic sequencing
Randomly break up the DNA, sequence all of the fragments to study 
potential gene function and assemble genomes/partial genomes

TWO COMMON OPTIONS FOR MICROBIAL DNA



THREE MAIN QUESTIONS FOR MICROBIOME RESEARCH

Who is there?

16S/18S/ITS amplicon sequencing

Which microbes 
are there?

How are the 
microbes doing?

What is the 
genomic/genetic 

potential?



SO WHAT CHARACTERISTICS OF A GENE MAKE IT A GOOD 
MARKER?

- Genes that are ubiquitous (e.g. important to the function of all living 
organisms)

- Genes that contains both:
 > Conserved region – common between all microbes of interest e.g. a gene
 region present in all bacteria and archaea (so universal primers can find it)

 > Variable region – different between taxa contained within your microbial
 group of interest e.g. a region within a bacterial marker gene that 

differentiates E. coli or P. aeruginosa



LOOKING FOR A MARKER GENE FOR TAXONOMIC AND 
PHYLOGENETIC INFORMATION IN MICROBIAL ECOLOGY

ü Present in all species (ancient gene)

ü Variable and conserved regions 
(alternated)

ü Evolutionary chronometer

Other genes:

rpoA – codified for RNA polimerase

gyrB – codifies for gyrase protein

(Yang et al., BMC Bioinformatics, 2016). 



(modified	Peiffer	et	al.,	PNAS,	2013).	

16S rRNA AMPLICON: MICROBIAL COMMUNITY ANALYSIS USING 
ONLY ONE GENE

http://www.earthmicrobiome.org/protocols-and-standards

Most commonly 
used



- Part of the small subunit in eukaryotic 
ribosomes

Ø Basic components of all eukaryotic cells.
Ø Structural RNA for the small component of eukaryotic 

cytoplasmic ribosomes
Ø Important for maintaining structure of the 

small subunit
Ø Active center of protein synthesis

18S RIBOSOMAL RNA

http://www.earthmicrobiome.org/protocols-and-standards

Modified from Ishaq and Wright, 2014



> Spacer DNA located between the small and large rRNA subunits genes (in the 
transcribed region)
> Most often used to identify fungi

INTERNAL TRANSCRIBED SPACER (ITS)

http://www.earthmicrobiome.org/protocols-and-standards



Pros
ü provides a snapshot of the taxonomic diversity
ü inexpensive, can process a lot of samples cheaply
ü works well with low biomass samples and samples with high amounts of 

host DNA

Cons
ü not good for strain level identification
ü can be biased based on primer choice, sample preservation methods, 

and other technical artifacts

STRENGTHS AND WEAKNESSES OF AMPLICON SEQUENCING



LEARNING GOALS
- The tool box
- Deciding what to do …
- 16/ITS/18S rRNA
- Clustering vs ASVs
- Microbial diversity measures (alpha)
- Beta diversity
- Microbiome data analysis
- Differential abundance



WHAT NORMALLY HAPPENS DURING SEQUENCING?



WHAT NORMALLY HAPPENS DURING SEQUENCING?



Clustering (OTUs)
ü remove noisy sequences and reduce the amount of sequences to process
ü works based on a given threshold, i.e. 97% similarity
ü There are different methods (1. closed or 2. open reference) and 

algorithms (UPARSE, uclust, CD-HIT)

Remove noise (ASVs)
ü Find the cleanest sequence
ü Correct and/or discard super noisy sequences
ü Examples are: DADA2 and Deblur

CLEANING AND MANIPULATING RAW SEQUENCES



Zheng et al., 2018

CLUSTERING (Operational Taxonomic Unit, OTU)

97% 16S rRNA sequence identity



1. Closed reference (must cluster with a  database sequence)

2. Open reference (use database, then de novo for sequences not 
hitting database)

CLUSTERING



1. CLOSED REFERENCE



2. OPEN REFERENCE



AMPLICON SEQUENCE VARIANT (ASV)



AMPLICON SEQUENCE VARIANT (ASV)

“ASVs are inferred by a de novo process in which biological 
sequences are discriminated from errors on the basis of, in 
part, the expectation that biological sequences are more 

likely to be repeatedly observed than are error-containing 
sequences.”



Accommodate Acommodate, accomodate

Definitely Definately, definatly

Embarrass Embarass, embaras

Occurrence Occurance, occurence

Separate Seperate, seperete

Weird Wierd, weired

AMPLICON SEQUENCE VARIANT (ASV)





TAXONOMIC CLASSIFICATION



ARE ALL THE SEQUENCES IDENTIFIED PART OF THE MICROBIOME?

Mitochondrial 16S sequences:
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rickettsiales;f__mitochondria

Chloroplast 16S rRNA sequences:
k__Bacteria;p__Cyanobacteria;c__Chloroplast;o__Chlorophyta;f__;g__
k__Bacteria;p__Cyanobacteria;c__Chloroplast;o__Chlorophyta;f__Trebouxiophyceae;g__
k__Bacteria;p__Cyanobacteria;c__Chloroplast;o__Streptophyta;f__;g__



OTU/ASV TABLES



LEARNING GOALS
- The tool box
- Deciding what to do …
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MICROBIAL DIVERSITY

Comparing microbial communities



DIVERSITY MEASURES

- What is there? How much is there?
 Alpha diversity: within sample.
  How many different OTUs/ASVs/ESVs are there? Alpha diversity
  richness (observed OTUs)
  evenness (Shannon)

- How similar or different are samples?
 Beta diversity: between samples.



DIVERSITY MEASURES

What is there? How much is there?
Alpha diversity: within sample.

•Alpha diversity and species richness:  Number of species in a given sample

•Shannon: How even are species abundances distributed? 

•Phylogenetic diversity: The phylogenetic distance of the observed sequences 

•Coverage: The estimated proportion of total diversity observed in a given 
dataset

•Functional diversity: In genes or processes



TOOLS FOR THE ANALYSIS OF MICROBIOMES…



DIVERSITY MEASURES: ALPHA DIVERSITY
METHOD 1 -> SPECIES COUNT

Plant A
 Pseudomonas aeruginosa
 Pseudomonas fluorescens
 Pseudomonas putida
 Escherichia coli

Plant B
 Pseudomonas aeruginosa
 Pseudomonas fluorescens

Plant C
 Pseudomonas aeruginosa

Observed species
 Plant A: 4
 Plant B: 2
 Plant C: 1

Slide adapted from the Rob knight Lab

non-phylogenetic, alpha diversity metric measuring richness



SPECIES COUNT FAILS TO CAPTURE RELATEDNESS

Plant A
 Pseudomonas aeruginosa
 Pseudomonas fluorescens
 Pseudomonas putida

Plant B
 Pseudomonas aeruginosa
 Pseudomonas fluorescens
 Escherichia coli

Plant C
 Pseudomonas aeruginosa
 Giardia lamblia
 Methanobrevibacter smithii

Observed species
 Plant A -> 3
 Plant B -> 3
 Plant C -> 3

Conclusion
Plant A, B and C are 
equally diverse



Plant A
Pseudomonas aeruginosa
Pseudomonas fluorescens
Pseudomonas putida

Plant B
Pseudomonas aeruginosa
Pseudomonas fluorescens
Escherichia coli

Plant C
Pseudomonas aeruginosa
Giardia lamblia
Methanobrevibacter smithii

METHOD 2: PHYLOGENETIC DIVERSITY



Plant A
 Pseudomonas aeruginosa
 Pseudomonas fluorescens
 Pseudomonas putida



Plant B
 Pseudomonas aeruginosa
 Pseudomonas fluorescens
 Escherichia coli



Plant C
 Pseudomonas aeruginosa
 Giardia lamblia
 Methanobrevibacter smithii



METHOD 2: PHYLOGENETIC DIVERSITY

Plant A
Pseudomonas aeruginosa
Pseudomonas fluorescens
Pseudomonas putida

Plant B
Pseudomonas aeruginosa
Pseudomonas fluorescens
Escherichia coli

Plant C
Pseudomonas aeruginosa
Giardia lamblia
Methanobrevibacter smithii

PD = 0.35  < PD = 0.40 < PD = 0.95

Sample C is more diverse than sample B, which is more diverse than sample A



EXAMPLES

Quian et al., 2019



LEARNING GOALS
- The tool box
- Deciding what to do …
- 16/ITS/18S rRNA
- Clustering vs ASVs
- Microbial diversity measures (alpha)
- Beta diversity
- Microbiome data analysis
- Differential abundance
- Visualization



DIVERSITY MEASURES

- How similar or different are samples?
 Beta diversity: between samples.



Dimension reduction plot to map distance metric between samples

BETA DIVERSITY: PRINCIPAL COORDINATES ANALYSIS (PCoA)



Difference in microbiome composition between samples.

> Difference in microbiome composition between samples measured using 
distance metrics

> Dependent on what samples you are comparing

BETA DIVERSITY



BETA DIVERSITY: JACCARD DISTANCE 

Measure of dissimilarity. Does not consider abundance



Kowalska-Duplaga (2019)

BETA DIVERSITY



Pérez-Jaramillo et al., 2017

BETA DIVERSITY: EXAMPLE
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