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The Human Microbiome

Bäckhed, F., et.al. (2005); Shreiner, A. B., et.al. (2015)

• A healthy gut is like a forest, made up of various 
interacting species that compete for different 
ecological niches.

• The human body contains twice as many 
microbial cells as human cells.

• The genes in the human gut microbiota are 
estimated to be 100 times more than the genes 
in the human genome.

• The gut microbiota is made up of approximately 
1000 different species.



Microbiome, Health & Disease

The human microbiome in health
• Digestive enzyme activity
• Synthesis of vitamins
• Interaction with immune system
• Protection from pathogens, etc.

4
Kinross, J.M. Genome Medicine (2011)
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Metagenomics: Sequencing Approaches to Study the Microbiome

Sharpton, Thomas J. Frontiers in plant science (2014)



Sequencing Approaches
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Targeted Approaches
16S 23S 5S

18S 28S5.8S
ITS2ITS1

18S: Targeting Eukaryotes
V4 has the most complete

database info 

ITS: Targeting Fungi 

16S: Targeting Archaea/Bacteria

its1
its2

its3
its4

Shotgun Approach



16S Amplicon Sequencing
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• DNA à RNA à protein
• Ribosomal RNA (rRNA) is crucial for the survival of 

all living organisms. 
• Genes that encode ribosomal RNA can serve as 

excellent marker genes since they are present in all 
living organisms. 

• The 16S rRNA gene is a DNA sequence 
corresponding to the rRNA in bacteria, found in the 
genomes of all bacterial species. 

• The 16S rRNA is highly conserved throughout 
bacterial and other microbial evolution, earning it 
the designation of "the molecular fossil" of bacteria.

Why 16S rRNA(Ribosomal RNA)?

Yarza, P. et al. Nature Review Microbiology (2014)



16S Amplicon Sequencing
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Shahi, S. K., et. al, Gut Microbes (2017)

What?



16S Amplicon Sequencing
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How?

https://www.researchgate.net/profile/Emilio_Laserna-Mendieta/publication
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16S Amplicon Sequencing

Amplicon sequences Amplicon sequences you getUnique sequences



16S Amplicon Sequencing
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Output(FASTQ)

Sequences
1

2

3

4

@HWI-
EAS440_0386

the unique instrument name

1 flowcell lane

23 tile number within the flowcell lane

17547 'x'-coordinate of the cluster within the tile

1423 'y'-coordinate of the cluster within the tile

#0 index number for a multiplexed sample (0 
for no indexing)

1 the member of a pair, /1 or /2 (paired-end or 
mate-pair reads only)



16S Amplicon Sequencing
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Raw sequences

Demultiplexed
sequences

Demultiplex

ASVs

Denoise
(DADA2/Deblur)

Quality
control

Clustering

OTUs

Taxonomy
classification

Taxonomy

……



16S Amplicon Sequencing
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16S Amplicon Sequencing

Why picking OTU/ASV?

• Sequencing is far from error-free.
(i.e., base call errors)

• Tolerate/correct sequencing errors
• Reduce the dimensionality of the

data

Sequences to be grouped/clustered

Number of sequence variants number of species?



15

16S Amplicon Sequencing

De Novo OTU Picking
• Reads are clustered against each other 

without using an external reference 
sequence collection. This process must be 
repeated when new sequences are added.

• No reads are lost.
• Suitable for situations where a reference 

sequence collection is unavailable for 
clustering.

• Processing large datasets can be slow.



16

16S Amplicon Sequencing

Closed-reference OTU Picking • Reads are clustered against a reference 
sequence collection, and any reads that do 
not match a sequence in the reference 
collection are excluded from further 
analysis.

• This method offers speed benefits, 
especially for analyzing large datasets.

• It is not suitable for detecting novel 
diversity.

• Not applicable if a reference sequence 
collection is unavailable for comparison.
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16S Amplicon Sequencing

Open-reference OTU Picking
• Reads are clustered against a reference 

sequence collection, and any reads that do 
not match the reference collection are 
clustered de novo.

• All reads are included in the clustering 
process.

• This method is faster if a large portion of 
sequences match the reference database; 
otherwise, it remains slow, similar to de 
novo clustering.
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16S Amplicon Sequencing

Error model based ASV inference(DADA2/DEBLUR)

• Statistically infer whether each sequence is
an artifact or a real (error-free) sequence.

• Real amplicon sequence variants, not
representative consensus sequences.

• Not reference-based.
• Facilitate comparison across studies.
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16S Amplicon Sequencing

Error model based ASV picking (DADA2)

https://igcbioinformatics.github.io/biomeshinycourse/pages/dada2/Biodata.ptCrashCourses.html
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16S Amplicon Sequencing

Error model based ASV picking (DADA2)

https://igcbioinformatics.github.io/biomeshinycourse/pages/dada2/Biodata.ptCrashCourses.html
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Phylogenetics and taxonomy

ATGACG…

CGCATG…

ACTGGA…

ATGACC…

CTCACG…

8000

5000

2000

4000

600

ASV Counts

?

Donovan H Parks. Nucleic Acids Research (2022)

16S Amplicon Sequencing



https://docs.qiime2.org/2024.5/tutorials/overview

Phylogenetics and taxonomy

16S Amplicon Sequencing
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16S Amplicon Sequencing

Bioinformatic products and metadata

Taxonomy Table

OTU/ASV Table Sample Metadata
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16S Amplicon Sequencing

Bioinformatic products and metadata

Taxonomy Table

OTU/ASV Table Sample Metadata
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16S Amplicon Sequencing

Cons of 16S

• Taxonomy resolution: does not really get to the species/strain level. 
• No functional profiling (only prediction with PICRUSt, Tax4Fun). 
• Amplicon bias and primer bias: if the primer does not match, sequencing 

will fail. 
• No cross-domain analysis, only bacteria.
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Shotgun Metagenomic Sequencing

Why?
• Comprehensively samples all genes in all organisms present in given 

complex samples. 
• Identifies rare or novel organisms. 
• High taxonomy resolution. 
• Cross-domain, including viruses and fungi. 
• No amplification bias. 
• Functional profiling. 
• Can study antibiotic-resistant genes. 
• More expensive.
• Computation-intensive.
• ...
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Shotgun Metagenomic Sequencing

What?

chop up DNA

• Microbial DNA is fragmented and sequenced directly. 
• Infer the taxonomic and functional content based on the sequence fragments.

sequence fragments
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Shotgun Metagenomic Sequencing

What?
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Shotgun Metagenomic Sequencing

How?
Raw sequences

Clean
sequences

QC

Taxonomy
profiling

Functional
profiling
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Species
Bilophila_wadsworthia
Prevotella_stercorea
Bacteroides_plebeius
Parabacteroides_johnsonii
Bacteroides_fragilis
Bacteroides_salyersiae
Flavonifractor_plautii
Bacteroides_oleiciplenus
Clostridium_sp._KLE_1755
Alistipes_obesi
Bacteroides_stercoris
Ruthenibacterium_lactatiformans
[Clostridium]_bolteae
Alistipes_finegoldii
Blautia_obeum
Escherichia_coli
Bacteroides_ovatus
Bacteroides_coprophilus
Bacteroides_coprocola
Bacteroides_thetaiotaomicron
Parabacteroides_distasonis
Others
Bacteroides_vulgatus
Bacteroides_uniformis

Trimmomatic
Fastqc
BBmap

…

Diamond
MEGAN

HUMAnN
…

Kraken
Kaiju

MetaPhlAn
Centrifuge

…

Read-based Profiling
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Shotgun Metagenomic Sequencing

Simon, H. Ye, et al. Cell (2019)
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Shotgun Metagenomic Sequencing

Blanco-Míguez, A., et al. Nature Biotechnology (2023) 

MetaPhlAn4 
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Shotgun Metagenomic Sequencing

How?

Clean sequences ContigsAssembly

Assembly-based Analysis

Mapping
calculate coverages Binning

Refinement

Taxonomy
profiling

Comparative 
genome analysis

Gene
prediction

Pathway
prediction
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Shotgun Metagenomic Sequencing

How?

Clean sequences ContigsAssembly

MEGAHIT
metaSPAdes
Meta-IBDA

Assembly-based Analysis

Mapping
calculate coverages

MetaQUAST
Samtools
BBMap

Binning

MaxBin2
MetaBAT2
CONCOCT

Refinement CheckM
RefineM

Taxonomy
profiling Taxator-tk

Comparative 
genome analysis

Gene
prediction

prodigal
Prokka
RAST

Pathway
prediction

MinPath



Other Approaches
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• The study of the collective protein composition of multi-organism systems. 
• Goals: Identify and quantify all proteins present in complex samples, such as the human gut.
• Insights: provides deep insights into the biodiversity of microbial communities and the complex 

functional interplay between microbes and their hosts or environment.

Metaproteomics

Schiebenhoefer, H. et al. Nature Protocol (2020)



Other Approaches
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• Large-scale study of small molecules, commonly known as metabolites, within cells, biofluids, tissues 
or organisms.

• Goals: Identify and quantify the complete set of metabolites in a biological sample.
• Insights: Provides biochemical activity and physiological state insights, aiding in the understanding of 

metabolic pathways, disease mechanisms, and the effects of drugs or environmental changes.

Metabolomics

Pang, Z. et al., Metabolites (2020)



Other Approaches
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• Survey microbial community gene 
function and regulation at scale.

• Goals: Understand the active metabolic 
and regulatory processes by analyzing 
expressed genes.

• Insights: Provides information on the 
functional dynamics and interactions of 
the community under various conditions, 
helping to link gene expression with 
microbial functions and responses.

Metatranscriptomics



Other Approaches

37

• Study of individual microbial genomes, 
focuses on analyzing the genomes of 
individual microbial cells within a microbiome.

• Goals: Understand the genetic diversity, 
cellular heterogeneity, and functional 
capabilities of microbial communities at the 
single-cell level.

• Insights: Provides detailed information on the 
genetic composition and functional potential 
of individual microbes, allowing for the 
identification of rare or novel species, 
understanding of microbial interactions, and 
elucidation of community structure and 
dynamics.

Single-Cell genomics

Arikawa, K. et al. Microbiome (2021)
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Happy Mining ATGC!


