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Why the Human Microbiome? 

Each human cell has the same protein-
encoding potential.  Microbes are more 
diverse and dynamic than human genome. 

Fungi

Bacteria Viruses

Archaea

2 



NHGRI Current Topics in Genome Analysis 2010 
Week 9: Microbes and Microbiome 

March 16, 2010 
Julie Segre, Ph.D. 

2 

Human Microbiome Project (HMP) Goals: 
Baseline to empower future clinical studies 

Assess microbial 
diversity of 250 healthy 
individuals at 5 sites 
(gut, nasal, oral, vaginal 
and skin)  

3 

HMP Research Goals  

• Sequence bacterial reference genomes  

• Metagenomics, the analysis of the combined 
coding potential of a mixed population. 

• Correlation of changes in microbial 
communities with disease states. 

• Explore ethical, legal and social implications 
of this new field of research. 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Microbial Diversity 
Studied in the 
Environment 
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HyperSaline mat diversity Guerro Negro, MX 
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And human-
environment 

diversity: shower 
heads across USA 
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TOPIC 1.  
Bacterial Diversity: 16S rRNA gene  

Orange= rRNA ;  
Blue = small subunit proteins 
Green = large subunit proteins 

8 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16S gene was amplified using forward primer 63F  
(5‐GCAGGCCTAACACATGCAAGTC‐3) and reverse primer 355R  
(5‐CTGCTGCCTCCCGTAGGAGT‐3) to yield a 292‐bp PCR product. 
(Castillo M…Gasa J…2006) 

Bacterial Load:   
qPCR wth primers in conserved regions 

9 

Calculating Bacterial Load 

Ct of qPCR of bacterial DNA to calculate relative bacterial counts 
of each sampling method.   The function used to calculate copy 
number is as follows: Ct = -3.42x +34.06; R2 =0.99; where Ct = 
threshold cycle and x = log copy number.   

Grice et al, Genome Research 2008 

• Swab yields 10,000 bacteria/cm2  
• Scrape yields 50,000 bacteria/cm2 

• Biopsy yields 1,000,000 bacteria/cm2 

10 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How to study microbial diversity 
•  Fingerprinting: cheapest, but very limited (Anderson and 

Cairney, Envir Microbiol 2004) 

•  PhyloChip orGeoChip: like microarray,  

will be powerful to assess changes in diversity (when 
predominate species enumerated) but like all Chips 
will never find UNIQUE species  (Wilson  Appl Environ 
Microbiol 2002 and He ISME J 2007) 

•  Sequencing: taxonomic classification and 
function, dynamic range and compare multiple 
complex samples.  

For a SMALL study, SEQUENCE is limiting;  
For a LARGE study, BIOINFORMATICS is limiting. 

11 

PhyloChip to examine intestinal 
microbiota in first year of life 
Palmer, Relman, Brown 2007 PLOS Bio 

12 

Great diversity between 
infants and between time 
points with ‘blooms’ 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16S Bacterial rRNA gene conserved, variable and 
hypervariable regions.  Primers put into conserved 
regions, phylogeny determined by variable regions, 
‘species’ by hypervariable regions.  

PRIMERS SIGNIFICANTLY DETERMINE MICROBIAL DIVERSITY 
RECOVERED.  CAN NOT A PRIORI COMPARE YOUR DATASET 
TO SOMEONE ELSES IF DIFFERENT PRIMER OR 
AMPLIFICATION CONDITIONS WERE USED  13 

Full Length 16S Sanger 

454XLR  454XLR 

How many reads do you need? 
Depends on site diversity (slide 

34,35) and taxonomic aim of study 
•  Sanger: Full-length 1.6 kb gives you a 

match to a cultured isolate, 384 
sequences/sample 

•  454/Roche: 400 bp V1-V3 or V6-V9 
region, allows you to assign to genera, 
10-50,000 reads/sample 

•  Solexa/Illumina: 100 bp tags still too small 
to identify bacterial genera (but great for 
whole genome bacterial sequencing) 

14 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FIG. 1. Overall classification accuracy by query size (exhaustive leave‐one‐out testing using 
the Bergey corpus). Numbers are percentages of tests correctly classified. 

Applied and Environmental Microbiology, August 2007, p. 5261‐5267, Vol. 73, No. 16 
Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial 
Taxonomy , Qiong Wang,1 George M. Garrity,1,2 James M. Tiedje,1,2 and James R. Cole1 

Also see: Liu, DeSantis, Andersen and Knight, NAR 2008  15 

DEFINITION  Staphylococcus aureus strain 16S ribosomal RNA gene, 	

	
    1 ggcgcgcgtt atcgctggcg gcgtgcctaa tacatgcaag tcgagcgaac ggacgagaag	

       61 cttctctgat gttagcggcg gacgggtgag taacacgtgg ataacctacc tataagactg	

      121 ggataacttc gggaaaccgg agctaatacc ggataatatt ttgaaccgca tggttcaaaa	

      181 gtgaaagacg gtcttgctgt cacttataga tggatccgcg ctgcattagc tagttggtaa	

      241 ggtaacggct taccaaggca acgatgcata gccgacctga gagggtgatc ggccacactg	

      301 gaactgagac acggtccaga ctcctacggg aggcagcagt agggaatctt ccgcaatggg	

      361 cgaaagcctg acggagcaac ccgcgtgagt gatgaaggtc ttcggatcgt aaaactctgt	

      421 tattagggaa gaacatatgt gtaagtaact gtgcacatct tgacggtact aatcagaaag	

      481 ccacggctaa ctacgtgcca gcagccgcgg taatacgtag gtggcaagcg ttatccggaa	

      541 ttattgggcg taaagcgcgc gtaggcggtt ttttaagtct gatgtgaaag cccacggctc	

      601 aaccgtggag ggtcattgga aactggaaaa cttgagtgca gaagaggaaa gtggaattcc	

      661 atgtgtagcg gtgaaatgcg cagagatatg gaggaacacc agtggcgaag gcgacttctg	

      721 gtctgtaact gacgctgatg tgcgaaagcg tggggatcaa acaggattag ataccctggt	

      781 agtccacgcc gtaaacgatg agtgctaagt gttagggggt ttccgcccct tagtgctgca	

      841 gctaacgcat taagcactcc gcctggggag tacgaccgca aggttgaaac tcaaaggaat	

      901 tgacggggac ccgcacaagc ggtggagcat gtggtttaat tcgaagcaac gcgaaacctt	

      961 accaaatctt gacatccttt gacaactcta gagatagagc cttccccttc gggggacaaa	

     1021 gtgacaggtg gtgcatggtt gtcgtcagct cgtgtcgtga gatgttgggt taagtcccgc	

     1081 aacgagcgca acccttaagc ttagttgcca tcattaagtt gggcactcta agttgactgc	

     1141 cggtgacaaa ccggaggaag gtggggatga cgtcaaatca tcatgcccct tatgatttgg	

     1201 gctacacacg tgctacaatg gacaatacaa agggcagcga aaccgcgagg tcaacaaatc	

     1261 ccataaagtt gttctcagtt cggattgtag tctgcaactc gactacatga agctggaatc	

     1321 gctagtaatc gtagatcagc atgctacggt gaatacgttc ccgggtcttg tacacaccgc	

     1381 ccgtcacacc acgagagttt gtaacacccg aagccggtgg agtaaccttt tagggctagc	

     1441 cggaaggtgg g	
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How to identify a bacterial 
sequence and align sequences? 

 Matches MANY sequences.  
Maybe your sequence is 
previously UNCULTURED? 

17 

RDP Database 
•  RDP 10.18 consists of 920,643 aligned and 

annotated 16S rRNA sequences.  Naïve Baysian 
classifier based on Bergey’s taxonomy.  (Note: other 
taxonomies such as Euzeby and NCBI exist). 

•  Tools: RDP classifier, Seqmatch, Probematch 

http://rdp.cme.msu.edu/ 

18 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RDP Pyrosequencing Pipeline 

19 

Gordon: lean versus obese mice 

Ley, ... Gordon PNAS 2005 
20 

Obesity (in mice) 
correlates with 
an increase in 
Firmicutes/ 
Bacteriodetes 
ratio 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Also true in humans 

21 

Chimeras: PCR generated 
(template switching) 

Evaluate Accuracy: 
– True Positives (TP): artificial chimeras flagged 
– False Positives (FP): reference (non‐chimera) flagged 

22 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How Do Chimeras Occur? 
Incomplete extension of PCR,  

Template Switching at Conserved Regions 

23 

Pintail Chimera Detection Program 
Given a dubious query sequence and a trusted 
reference sequence with computed average 
divergence, there is an expected divergence profile.  
Pintail identifies sequence anomalies.  Requires 
checking sequences individually.  Primarily used at 
RDP.  Reimplemented by Broad Institute as WigeoN. 

24 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Bellerophon chimera checker 
http://greengenes.lbl.gov/ 

…weighted the likelihood of a sequence being chimeric according 
to the similarity of the parent sequences. The more distantly 
related the parent sequences were to each other relative ...., the 
greater the likelihood that the inferred chimera was real.  

25 

ChimeraSlayer Detection Program 
http://microbiomeutil.sourceforge.net 

Compatible with near‐full length Sanger sequences and shorter 454‐
FLX sequences (~500 bp). 
Given a candidate chimera query sequence, candidate parental 
sequences of a chimera are identified by a homology search. The 
ends of the query sequence are searched separately to identify 
candidate parental sequences. ... Those candidate parents identified 
by this alignment fitting procedure are tested in all pairwise 
combinations as potential parents of the putative chimeric query 
sequence using a modified Bellerophon‐like algorithm. 

26 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Host Sequence Contamination 

•  Important when dealing with human-
derived samples 

•  Ethically, projects should attempt to filter 
human subject sequences before 
submission to public databases 

•  This is actually harder than it sounds 

27 

How to align sequences? 
Query  225   ATTAGCTAGTTGGTAAGGTAACGGCT---TACCAAGGC-A-ACG-ATGCATAGCC-GACC  277	

             |||||||||| |||  ||||||||||   | || |||| |  || || | ||||| |  |	

Sbjct  212   ATTAGCTAGTAGGTGGGGTAACGGCTCCATCCCTAGGCGAGCCGAATCCTTAGCCTGGTC  271	


Query  278   TGAGAGG-GTGATCGGCCACACTGGAACTGAG-ACACGGTCCAGACTCCTACGGGAGGCA  335	

             |||||||  ||| | |||||||||| |||||| |||||||||||||||||||||||||||	

Sbjct  272   TGAGAGGAATGACCAGCCACACTGGGACTGAGAACACGGTCCAGACTCCTACGGGAGGCA  331	


WANT TO USE A PROGRAM THAT TAKES 16S 
STRUCTURE INTO CONSIDERATION.  GAPS 
ARE MORE LIKELY IN LOOPS THAN STEMS 

28 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NAST and NASTier 
fixed-width character alignment format 

29 

Pruesse, E., C. Quast, K. Knittel, B. Fuchs, W. Ludwig, J. Peplies, and F. O. Glöckner. 
SILVA: a comprehensive online resource for quality checked and aligned ribosomal 
RNA sequence data compatible with ARB. 
Nuc. Acids Res. 2007; Vol. 35, No. 21, p. 7188‐7196 

Silva Database (ARB): http://www.arb-silva.de/ 
Build a Phylogenetic Tree and Calculate Branch Length 

30 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Figure 3. The ARB main 
window showing part of an 
ARB parsimony‐generated 
dendrogram. The 
rectangles represent 
`online compressed' 
monophyletic 
groups which can be 
`unfolded' by mouse click. 
Database ®eld entries such 
as taxonomic name, public 
database accession number 
and strain designation as 
reported in EMBL (1), RDP 
(3) and the European rRNA 
databases (DEW) (4,5) are 
visualized at the terminal 
nodes of the `unfolded' 
Desulfohalobiaceae. 

31 

Defining Taxonomic Groups by 
sequence similarity: DOTUR, 

SONS and MOTHUR 
http://www.mothur.org 

32 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OTU: Operational Taxonomic Unit 
Cluster Sequences Based on Furthest Joining Method; i.e. 
Every sequence is at most X% different from every other 
sequence in the group 

% identity within group 
determines the number of 
OTUs produced.  This 
should be done on the 
TOTAL dataset.  Most 
experiments classify at the 
97% or 99% identity.  

33 

Community 
Membership  
(Categories of fruit in 
common) 
= 2/5= 0.4 

Community 
Structure  
(Pieces of fruit in 
common)  
= ~ 0.9 

Comparing Bacterial Diversity: 
Community Membership & Structure 

Grp A  Grp B 

60  50 

34  50 

2  0 

2  0 

2  0 
34 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Community Membership:  
Pups are most like their mothers 

35 

Community Structure: 
Pups cluster according to genotype 

Scharschmidt et al. JID 2009 

36 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UniFrac: Unique Fraction Metric 
•  Measures fraction of branch length in a tree that is 

unique to a community 
•  Weighted or unweighted for abundance 
•  Can be used with multivariate statistical methods 

(UPGMA and PCA) for visualization 
•  Calculate parsimonious changes to obtain p value 

37 

UniFrac allows you to: 
1. Determine if the environments in the input phylogenetic 
tree have significantly different microbial communities. 
2. Determine if community differences are concentrated 
within particular lineages of the phylogenetic tree. 

38 

D=1  D=0.5 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How much diversity is there in the population?  
Have you sequenced enough to capture the 

diversity? Chao1 rarefaction curves  

0

1

2

3

4

5

6

7

8

9

10

Toeweb space 
4 OTUs observed 
4 predicted total OTUs 

0

20

40

60

80

100

120

140

160

Umbilicus 
55 OTUs observed 
142 predicted total OTUs 

0 seqs        100            200         300              400 

39 

 0        100            200           300           400 

Richness, evenness, diversity: 
Shannon and Simpson diversity 

Richness: Number of OTUs   Evenness: Shannon Equitability Index 
Relative distribution of  sequences among the OTUs.  
0 is least even.  1 is most even distribution  

Shannon Diversity Index accounts for 
both richness and evenness of OTUs 

40 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If you are using 454 sequences, 
consider VAMPS to form OTUs 

http://vamps.mbl.edu/ 

41 

Fungal Diversity 

•  Similar strategy can be used to classify the 
18S rRNA or the intervening sequence 
(ITS) of fungi 

42 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Human Skin Sites Survey  

Grice, Kong, ..Turner, Segre,  
Science 2009 

44 

Sub‐site inter‐personal variation 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16S rRNA sequences cluster according to 
body site rather than individual 

46 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Topic 2: Sequencing Bacterial Genomes 

Roche/454-XLR 
Pyrosequencing 

Illumina/Solexa GA2 
Sequencing by synthesis 

• Emulsion PCR 
• 400-bp read (avg) 

• Bridge PCR 
• 75-bp read 

* Manufacturer specifications from Holt and Jones, Genome Research 18:839‐46 (2008) 

•  Roche/454 generates 1, 250,000 reads of ~400+ bp 
(5 Gbp).  

•  Illumina/Solexa generate shorter reads (75 bp) but 
generate more sequence data per run for cheaper 
price/base pair.  

48 

Unidirectional reads form contigs 

Paired end reads (8 kb inserts) scaffold contigs 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Assemblers (de novo) 
  Phrap 
  Newbler (454) 
  Velvet 
  ALL-PATHS, SSAKE, VCAKE, 

SHARCGS, Edena, AMOS 
  CAP3/PCAP 

49 

Newbler (gsAssembler) 
  Works in base-space and flow-space 
  Overlap-Layout-Consensus method 
  Homopolymer correction 
1.  Identify pairwise read overlaps 
2.  Build graph 

1.  Nodes are contiguous alignments 
2.  Edges connect nodes with branch points 

representing repeat boundaries 
3.  Detangle 
4.  Build consensus alignment 

50 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Velvet (Zerbino and Birney, 2008) 
  Works in base-space and color-space 
  Good for small genomes 
  Agnostic of read length 
1.  Construct k-mer hash 
2.  Build De Bruijn graph 
3.  Simplify graph 
4.  Resolve 

1.  Tips 
2.  Bubbles 

51 

Evaluating Assemblies 

•  Coverage is a measure of how deeply a 
region has been sequenced 

•  The Lander-Waterman model predicts 
8-10 fold coverage is needed to minimze 
the number of contigs for a 1 Mbp genome 

•  The N50 size is the point at which 50% of 
bases are in contigs this size or greater 

52 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USA 300 plasmid 

pKH14 plasmid 

rRNA operons 

pUSA01 

Evaluating High Coverage Contigs 

co
ve
ra
ge
 d
ep

th
 

53 

Is there a reference genome? Is it a fixed 
genome? Bacteria exchange information 

with horizontal gene transfer 

54 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Whole Genome Sequencing 
Reveals 

55 

Mutations 

Insertions 
Deletions 

TOPIC 3. Identifying Novel Virus: 
Transplant Associated Arenavirus 

(also SARS, Merkel cell carcinoma) 
Resequencing the 
human genome to 
identify viral associated 
disease is getting EASIER 
and CHEAPER.  Once you 
find them once, finding 
them again is PCR‐based.  
Very cheap and easy! 

56 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Three organ-transplant recipients 
died with a month of the 

transplant  

57 

The needle(s) in the haystack… 
103,632 reads from 454 FLX lane 
(length= 45‐337 nt, mean=162.) 

94,043 reads after filtering 

BLASTN largely uninformative 

BLASTX analysis identified 14 
fragments that were consistent with 

Old World arenaviruses 
(12 S‐segment and 2 L‐segment). 

PCR using primers based on the 
pyrosequeincing reads and consensus 

information from sequenced 
Arenaviruses 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Sequencing is just the start…
Koch’s postulates 

•  The microorganism must be found in abundance in all 
organisms suffering from the disease, but should not be 
found in healthy animals. 

•  The microorganism must be isolated from a diseased 
organism and grown in pure culture. 

•  The cultured microorganism should cause disease when 
introduced into a healthy organism. 

•  The microorganism must be reisolated from the 
inoculated, diseased experimental host and identified as 
being identical to the original specific causative agent. 

59 

TOPIC 4. METAGENOMICS: DNA 
sequence from multiple organisms 
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Fungal, Bacterial, Viral, Archaeal DNA all together 
(with human DNA).   
Very Complex mixture and very complex computationally. 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Metagenomics: types of bacteria similar 
between 2 populations, but pink genes 

enriched in top population 

61 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Tools do not yet exist to catalogue and 
comprehend metagenomic complexity 

63 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Why do we sterilize our exterior (skin) and 
populate our interior (gut)? 

Is this promoting health or disease?  Is this 
neutral to our health? To our environment? 


