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Part I: Introduction



Biodiversity and functional genomics in the human microbiome
Morgan et al (2013) Trends in Genetics. http://doi.org/10.1016/j.tig.2012.09.005



What are microbes?

A new view of the tree of life
Hug et al. (2016) Nature Microbiology
doi:10.1038/nmicrobiol.2016.48



Your second genome?

Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans
Sender et al (2016) Cell. http://doi.org/10.1016/j.cell.2016.01.013

Human body:
~10 trillion cells

Human brain:
~3.3 lbs

Microbiome
~100 trillion cells

Total mass:
~3.3 lbs



Okay, maybe not 10x more cells 
but still a lot! J

Revised Estimates for the Number of Human and Bacteria Cells in the Body
Sender et al (2016) PLOS Biology. https://doi.org/10.1371/journal.pbio.1002533



Pre-PCR: Gram-Staining
Gram staining 
differentiates bacteria by 
the chemical and physical 
properties of their cell 
walls by detecting 
peptidoglycan, which is 
present in the cell wall of 
Gram-positive bacteria



16S rRNA

The 16S rRNA gene is a section of prokaryotic DNA found in all bacteria 
and archaea.  This gene codes for an rRNA, and this rRNA in turn makes 
up part of the ribosome. 

The 16S rRNA gene is a commonly used tool for identifying bacteria for 
several reasons. First, traditional characterization depended upon phenotypic 
traits like gram positive or gram negative, bacillus or coccus, etc. Taxonomists 
today consider analysis of an organism's DNA more reliable than classification 
based solely on phenotypes. Secondly, researchers may, for a number of 
reasons, want to identify or classify only the bacteria within a given 
environmental or medical sample. Thirdly, the 16S rRNA gene is relatively short 
at 1.5 kb, making it faster and cheaper to sequence than many other unique 
bacterial genes. 

http://greengenes.lbl.gov/cgi-bin/JD_Tutorial/nph-16S.cgi







Microbial diversity and the genetic nature of microbial species
Achtman & Wagner (2008) Nature Reviews Microbiology. doi:10.1038/nrmicro1872



Microbial diversity and the genetic nature of microbial species
Achtman & Wagner (2008) Nature Reviews Microbiology. doi:10.1038/nrmicro1872



Chapter 12: Human Microbiome Analysis
Morgan & Huttenhower  (2012) PLOS Comp Bio.https://doi.org/10.1371/journal.pcbi.1002808

Operational Taxonomic Units (OTUs)

• Although much of the 16S rRNA gene is highly conserved, several of the 
sequenced regions are variable or hypervariable, so small numbers of base pairs 
can change in a very short period of evolutionary time.

• Because 16S regions are typically sequenced using only a single pass, there is a 
fair chance that they will thus contain at least one sequencing error. This means 
that requiring tags to be 100% identical will be extremely conservative and treat 
essentially clonal genomes as different organisms. 

• Some degree of sequence divergence is typically allowed - 95%, 97%, or 99% 
are sequence similarity cutoffs often used in practice [18] - and the resulting 
cluster of nearly-identical tags (and thus assumedly identical genomes) is 
referred to as an Operational Taxonomic Unit (OTU) or sometimes phylotype. 

OTUs take the place of 
“species” in many microbiome 
diversity analyses because 
named species genomes are 
often unavailable for particular 
marker sequences.





16S versus shotgun NGS

16S

Fast (minutes – hours)
Directed analysis

Cheap per sample 
Family/Genus Identification

NGS

Slower (hours to days)
Whole Metagenome

More expensive per sample
Species/Strain Identification
Genes presence/absence

Variant analysis
Eukaryotic hosts

Can ID fungi, viruses, etc.



The Importance of Sub-species/strain Level Identification

Commensal? Pathogenic?
Strain
O157:H7

Hemorrhagi
c enteritis

?

Vitamin K

Colonization Barrier Effect Against Pathogens

Vitamin B12

E. coli





Part II: Methods



Chapter 12: Human Microbiome Analysis
Morgan & Huttenhower  (2012) PLOS Comp Bio.https://doi.org/10.1371/journal.pcbi.1002808



CosmosID Curated Database

Identify and characterize what matters most to you
• World’s larges and most comprehensive database 

o 10 Years of curation of public and proprietary data
o 150,000+ genomes and gene sequences
o commensals, pathogens, and environmental microbes

• Database ontology follows the phylogenetic hierarchy

• Genomic biomarkers uniquely identify microbes at each 
taxonomic level of a phylogenetic lineage

• Customizable content
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Kraken

Kraken: ultrafast metagenomic sequence classification using exact alignments
Wood and Salzberg (2014) Genome Biology. DOI: 10.1186/gb-2014-15-3-r46



Metagenomics Benchmarking

An evaluation of the accuracy and speed of metagenome analysis tools
Lindgreen et al (2016) Scientific Reports. doi:10.1038/srep19233



Krona Plots

Interactive metagenomic visualization in a Web browser
Ondov et al (2011) BMC Bioinformatics. DOI: 10.1186/1471-2105-12-385



Min-Hash: Comparing all 54,118 
RefSeq genomes in 1 day on a laptop

Mash: fast genome and metagenome distance estimation using MinHash
Ondov et al. (2016) Genome Biology. DOI: 10.1186/s13059-016-0997-x



Part III: Results



The first microbial genomes

Whole-genome random sequencing and assembly of Haemophilus influenzae Rd
Fleischmann et al (1995) Science. doi: 10.1126/science.7542800 

The Minimal Gene Complement of Mycoplasma genitalium
Fraiser et al (1995) Science. doi: 10.1126/science.270.5235.397 



Hervé Tettelin et al. PNAS 2005;102:13950-13955

©2005 by National Academy of Sciences

The first pan genome:
Streptococcus agalactiae 



Global Ocean Survey



Global Ocean Survey

The combined set of predicted proteins in NCBI-nr, PG, TGI-EST, and ENS, as 
expected, has a lot of redundancy. For instance, most of the PG protein 
predictions are in NCBI-nr. Removing exact substrings of longer sequences (i.e., 
100% identity) reduces this combined set to 3,167,979 predicted proteins. When 
we perform the same filtering on the GOS dataset, 5,654,638 predicted proteins 
remain. 

Thus, the GOS-predicted protein set is 1.8 times the size of the predicted 
protein set from current publicly available datasets.



Metasub

Geospatial Resolution of Human and Bacterial Diversity with City-Scale Metagenomics
Afshinnekoo et al (2016) Cell Systems. http://dx.doi.org/10.1016/j.cels.2015.01.001



Different subway stations resembled 
different body sites

Geospatial Resolution of Human and Bacterial Diversity with City-Scale Metagenomics
Afshinnekoo et al (2016) Cell Systems. http://dx.doi.org/10.1016/j.cels.2015.01.001



Antibiotic resistance genes that were found most frequently in samples were plotted on 
the map of New York City based on their origin.

Mapping Antimicrobial Resistance Factors: PathoMap







Microbes and Human Health

“MICROBE DIET  Mice fed microbes from obese people tend to gain fat. Microbes 
from lean people protect mice from excessive weight gain, even when animals eat a 
high-fat, low-fiber diet.”

Gut Microbiota from Twins Discordant for Obesity Modulate Metabolism in Mice
Ridaura et al (2013) Science. doi: 10.1126/science.1241214



Microbes and Human Health

The human microbiome: at the interface of health and disease
Cho & Blaser (2012) Nature Reviews Genetics. doi:10.1038/nrg3182



Human Microbiome Project

Structure, function and diversity of the healthy human microbiome
The Human Microbiome Project Consortium (2012) Nature. doi:10.1038/nature11234



Functional composition tends to be 
more stable than genome composition

Structure, function and diversity of the healthy human microbiome
The Human Microbiome Project Consortium (2012) Nature. doi:10.1038/nature11234



Part IV: The Future



Amerithrax Analysis

Bacillus anthracis comparative genome analysis in support of the Amerithrax investigation
Rasko et al (2011) PNAS. doi: 10.1073/pnas.1016657108



Diagnosing Brain Infections with NGS

Next-generation sequencing in neuropathologic diagnosis of infections of the nervous system
Salzberg et al (2016) Neurol Neuroimmunol Neuroinflamm dx.doi.org/10.1212/NXI.0000000000000251
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Listeria in ice cream


