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Terminology

Whiteside, S. A., et al. (2015). "The microbiome of the urinary tract– a role beyond infection." 
Nat Rev Urol 12(2): 81-90.

Microbiota
16S rRNA
Taxonomic identification

Metagenome
Genes and genomes 
of microbiota

Microbiome
Genes, genomes, products, 
host proteins



NIH Human Microbiome
Project

Phase I (2008 – 2012)

- cataloging microbes in / on human body

- 242 healthy American adults (18 – 44 years old)

- ~ 10,000 bacterial species

Phase II (2013 – 2015)

- Biological properties of both microbiome and host

- microbial composition, gene expression, proteins and metabolities

- longitudinal cohort studies



Microbial genomes may code for 
100x as many genes as human 
genome

~2,000,000 bacterial genes

~23,000 human genes

Many bacterial species previously not 
recognized because unculturable with 
current methods



Healthy adults: Unique microbial 
community composition in each body part



Relative abundance of taxa at the 
phylum level by anatomical site

• Substantial within 
individual variation 
across anatomical 
site

• Presence of 
pathogens associated 
with ecology

• Variations between 
individuals

Nature Reviews | Genetics
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Figure 1 | Compositional differences in the microbiome by anatomical site. 

High-throughput sequencing has revealed substantial intra-individual microbiome 

variation at different anatomical sites, and inter-individual variation at the same 

anatomical sites4,5,25,52,89,93. However, higher-level (for example, at the level of phyla) 

taxonomic features display temporal (longitudinal) stability in individuals at specific 

anatomical sites. Such site-specific differences and the observed conservation 

between human hosts provide an important framework to determine the biological 

and pathological significance of a particular microbiome composition. The figure 

indicates the relative proportion of sequences determined at the taxonomic phylum 

level at eight anatomical sites. Certain features, such as the presence (+) or absence (–) 

of Helicobacter pylori, can lead to permanent and marked perturbations in 

community composition93.

16S ribosomal RNA

A component of the 30S  

small subunit of prokaryotic 

ribosomes. Sequencing of the 

16S rRNA has been used to 

identify prokaryotic taxonomy 

in complete environmental 

samples such as the 

microbiome.

Microbiome

The totality of microbes, their 

genetic information and the 

milieu in which they interact. 

Microbiomes typically consist 

of environmental or biological 

niches containing complex 

communities of microbes.

alterations can in turn be induced through selection by 

environmental factors10,15, such as dietary changes or 

exposure to antibiotics10,15.

Tools for studying the metagenome. The taxonomic 

diversity that is inherent in complex environmental 

communities and the task of identifying specific asso-

ciations with host traits create unique challenges. One 

approach to metagenome analysis involves assigning 

unassembled sequences generated by shotgun high-

throughput sequencing (HTS)16 to the NCBI non-

redundant Clusters of Orthologous Groups (COG) 

or the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) databases17. This method facilitates the assess-

ment of interactions that occur within the microbiome, 

and potentially between a microbiome and its host18. 

However, because a substantial fraction of the meta-

genome (~33%) is not well-represented by reference 

genomes, this strategy provides only a limited under-

standing of the functional potential of the microbiota. 

An alternative approach is to use catalogues of known 

genes to identify functional clusters in a sample; such 

clusters could correspond to the proposed taxonomic 

enterotypes5. A catalogue of the microbial genes present 

in the human gut, for example, is being generated using 

several approaches including sequencing, assembling 

and characterizing non-redundant microbial genes 

from faecal samples19, and whole-genome sequencing 

of reference microbial species20.

As technologies for sequencing and bioinformat-

ics continue to evolve (see REF. 21 for a review of the 

state-of-the-art technologies), scientific priorities will 

include elucidating the ‘core’ metagenome that occupies 

a specific human niche and discerning the differences 

between normal and diseased hosts. As an example of 

the latter goal, Greenblum et al.22 applied new tools to 

understand interhost metagenomic variation in relation 

to phenotypes such as obesity and inflammatory bowel 

disease (IBD). By categorizing metagenomic sequences 

based on gene function, they constructed community-

level metabolic networks varying in gene abundance, 

and examined the topological features of these networks 

in relation to host phenotype. Their analysis identified 

specific network topologies related to obesity and IBD; 

skewed topologies chiefly differ in genes related to host 

interactivity, particularly metabolic functions. Such  

topological tools can now be applied to explore differences  

in other host disease states.

Taxonomic variation. The composition of the micro-

biome varies by anatomical site (FIG. 1). The primary 

determinant of community composition is anatomical 

location: interpersonal variation is substantial23,24 and is 

higher than the temporal variability seen at most sites 

in a single individual25. The temporal stability observed 

at an anatomical site suggests that individuals can be 

grouped according to the major enterotypes present 

in the colon5 or the vagina4. However, minor perturba-

tions such as dietary changes can rapidly cause substan-

tial intestinal metagenomic changes, and enterotypes 

are known to cluster based on the dietary abundance 

of animal protein relative to carbohydrate26. Similarly, 

nasopharyngeal microbiota in young children varies 

seasonally24, and vaginal microbiota varies with menses4.

In the absence of marked perturbations the aggregate 

microbiota of an individual varies rather narrowly within 

host-specific boundaries; the basis of such bounda-

ries have not been established, but may represent Nash  

equilibria13. Because minor microbial populations have 

the potential to bloom, the temporal variation observed 

in a host may be mirrored by the inter-individual vari-

ation observed at a single time point27; that the system 

is dynamic suggests that there are greater interpersonal 

similarities than a snap-shot view indicates. However, 

large perturbations such as antibiotic exposure28 

or enteric infections (L.A. David, Harvard Society  

of Fellows, Cambridge, USA, personal communica-

tion), can lead to transient disequilibrium29 or to the  

development of a new stable state.

REVIEWS
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Microbiome – innate immune system interactions

Thaiss et al. Nature 2016

Diseases:
Inflammatory
Metabolic
Neoplastic



Dysbiosis
Microbial imbalance

Changes in quantity and quality

Causes:

- antibiotics

- lifestyle, stress

- age

- genetic predisposition

Consequences:

- immune stimulation



Fungal Dysbiosis

Iliev, I. D. and I. Leonardi (2017). "Fungal dysbiosis: immunity and interactions at 
mucosal barriers." Nat Rev Immuno

HIV

CF

ABx

Wounds



What do we want to ask?

Microbiome/Dysbiosis
◦ Presence/Absence
◦ Differential abundance
◦ Diversity
◦ Functional capabilities
◦ Activity

Disease/Outcomes
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What is my target?

16S rRNA
(Bacteria)

ITS/ 18S 
rRNA

(Fungi)

Shotgun 
metagenome 

(Mixed 
community)

RNA-
Seq

Other 
Ampli-

Seq

A lot of data describing many organisms in multiple samples



16s rRNA Sequencing

16S rRNA gene present in all bacterial species

Highly conserved and variable sequences

Variable = “molecular fingerprint”

Amplification with degenerate primers 

targeting conserved regions

Large public database for comparisons



18S rRNA/ITS Sequencing 
18S rRNA eukaryotic gene homologous to 16S rRNA in bacteria

For fungi, variability in 18S rRNA may not be sufficient to classify species

ITS = Intergenic Transcribed Spacer → 2 ITS regions in each eukaryotic 
cistron

◦ Higher resolution for fungi, but longer reads generated

Taylor, D. L., et al. (2016). "Accurate Estimation of Fungal Diversity and Abundance through Improved Lineage-Specific 
Primers Optimized for Illumina Amplicon Sequencing." Applied and Environmental Microbiology 82(24): 7217-7226.



“Shotgun” Metagenomics

Mixed microbial community DNA 

- What genes are present (from which organisms– maybe) → Functional 
potential of the system



Traditional Sanger Sequencing

https://www.khanacademy.org/science/biology/biotech-dna-technology/dna-sequencing-pcr-electrophoresis/a/dna-sequencing
https://unlockinglifescode.org/timeline/11

https://www.khanacademy.org/science/biology/biotech-dna-technology/dna-sequencing-pcr-electrophoresis/a/dna-sequencing
https://unlockinglifescode.org/timeline/11


Illumina MiSeq - SBS
SBS = Sequencing By Synthesis

Multiplexing samples into one run using indexes

Multiple reads per base pair 

DNA

(0.1-1.0 ug)

Single molecule array

Library 
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Adapter Ligation



Cluster Generation on Flow Cell



Sequencing





Sequencing Output



Quality Control
- Pair-ended read generation reduces sequence error rates 

- But, low quality reads can still be present

- Quality (Phred Score, Q Score) = Function of confidence in base calling

T A C G



Alignment – the key step
Sequencing projects are limited by the available reference 

databases

- Sequences clustered by similarity into Operational Taxonomic 
Units (OTUs) (97%,99%)

- Representative sequence from each cluster is aligned to a 
reference database (e.g. Greengenes, Silva, UNITE)

- Challenges: multiple matches, no matches (new OTU)

- Some species may share >97% similarity, no resolution at species 
level

- Taxonomic databases (16S/18S/ITS studies) vs. Functional 
databases (NCBI RefSeq, nr/nt)

Domain

Kingdom

Phylum

Class

Order

Family

Genus

Species
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Microbiome Study Design

- What microorganisms are present (who is there)?

- What functionality does this community represent (what can they do)?

- Alpha-diversity 

- Beta-diversity

Microbiome/Dysbiosis 
◦ Presence/Absence
◦ Differential abundance
◦ Diversity
◦ Functional capabilities
◦ Activity

Disease/Outcomes



Microbiome Study Design
Considerations:

- Outcomes vs. predictors
◦ A variable may be both, but need to collect enough information on all 

potential predictors and outcomes

- Power calculation (1-β), effect size → often not really known

β = Type II Error (False Positives)
↓ β = ↑ Power

↑ Sample Size leads to ↑ Power



Microbiome Study Design
Sample collection:

- Site of sampling

- Samples unlikely to be contaminated by other sites or after collection
◦ → ANY BACTERIA/FUNGI/ETC WILL BE AMPLIFIED

- Expected major bacterial/fungal organisms →may affect DNA 
extraction needed

- How much DNA? Depends on the type of sample (is it a mix of human 
and bacterial DNA? Fungi? etc.)



Metadata, Metadata, Metadata!

Variables should be consistently collected, coded, and easy to interpret (BY A COMPUTER)





Taxonomic Distribution
Bar chart Heat map



Alpha diversity 
Diversity within a sample – based on OTU assignments

Richness – number of species present (Chao index)

Evenness – abundance of different species (Shannon index)

Rich and
even

Not rich but
even



Beta diversity

Cross-sample relatedness

How different are types present?

Measure of genetic distance / dissimilarity between sample pair



UniFraq to determine beta-diversity -
sequence alignment based

What is shared vs. what 
differs across samples →
Distance Matrix



Principal Coordinate Analysis
Visualization of beta diversity matrix

Transform distance matrix into new set of orthogonal axes

2D or 3D



LEfSe – Effect sizes across 
sample groups

Segata, N., et al. (2011). "Metagenomic biomarker discovery and explanation." Genome Biol 12(6): R60.

Differential 
abundance of key 
taxa (biomarkers)



PICRUST – Inferring Functional 
Potential from Taxonomy



What do we want to ask?

Microbiome/Dysbiosis
◦ Presence/Absence
◦ Differential abundance
◦ Diversity
◦ Functional capabilities
◦ Activity

Disease/Outcomes



Summary
Microbiota can influence host in a number of ways → bacteria, fungi, viruses

16S rRNA sequencing remains the method of choice (cost, ease of use) for initial 
surveys of microbiome communities 

ITS gaining ground as databases improve fungal-host connections are made

Metagenomics more informative but with logistical limitations

Taxonomic profiles, alpha-diversity, beta-diversity, differential abundance of taxa 
can all give different sides of the picture

Importance of honing study design and data collection prior to sequencing

Many opportunities for growth and collaborations: immunology, metabolomic studies,  

validation in animal models, mycobiome; analysis of existing datasets, epidemiology and 

biostatistics
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