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Genomics and marine microbes 

Fraser, Eisen, and Salzman
Nature 406, 799-803 (17 August 2000) 

Shotgun genome sequencing

1.   Trace files (dye signals) are analyzed and bases called 
to create chromatograms. 

2.   Chromatograms from opposite strands are reconciled 
with software to create double-stranded sequence 
data. 
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Sanger sequencing has become much cheaper 
Joint Genome Institute (JGI) statistics  

S
eq

ue
nc

e 
pr

od
uc

tio
n 

 (B
ill

io
ns

 o
f b

as
es

/m
on

th
)

0.50

0.80

  1.00

0.30
0.40

0.20
0.10
0

0.70
0.60

0.90

C
ost: C

ents per base.6

1.0
.8

.4

.2
0

1.6
1.4
1.2

2.0
1.8

3.1

0.46¢  

1989 1991 1993 1995 1997 1999 2003 20052001

 0.10¢ 

Courtesy of Phil Hugenholtz (JGI) 

New technologies… 
454 DNA sequencing �

500,000 DNA fragments sequenced at once 
– Average read length 250 nt 
–   100 million nt per run 
–  One 454 run = 4 hours 
–  < $10,000 reagent cost
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Pyrosequencing - 454 GS20 and FLX

Genome Sequencer GS20
~ 40 million bases/run
~ >100bp
~ 400,000 reads

Genome Sequencer FLX
~ 100 million bases/run
~ >250bp
~ 400,000 reads

OLD:

NEWER:

NEWEST : “Titanium”
 ~ 250 million bases/run
~ > 450 bp
~ 500, 000 reads

Pyrosequencing - Library construction

cDNA

Images courtesy of Roche (Technical presentation)

Pyrosequencing - emPCR Pyrosequencing - sequencing

Pyrosequencing - imagine processing

TCAG

Solexa technology

The sequencing of the “DNA 
clusters” relies on reversible 
terminators (like dideoxys) 
on fluorescently labelled 
nucleotides.  Each round of 
synthesis gives the next 
base in sequence, by its 
color. 

(sequence by synthesis)



3

~ 70 bp reads 

7 million reads/lane ! 

Solid Technology (ABI)
Next Gen Platform Comparisons

Cost per run ~$50 ~$12K ~$5K
Bases read/run 72Kb 100Mb 720Mb
Bases per read 750 250 36
Reads per run 96 reads/run 400K reads/run 20M reads/run
$ per Mbp $ 694  $ 120   $ 7
AB3730 work 
equivalent - 100x AB3730/dy 300x AB3730/dy

Errors Diverse 
(cloning bias)

Homopolymeric 
runs

Diverse
(base subn.)

Run time 1 hour 6.5 hours 2-4 days*

AB3730 454 FLX Solexa/Illumina

Pacific Bioscience’s single molecule DNA sequencing strategy (2010) 

Attenuated light from the excitation beam  

in a detection volume of 20 zeptoliters (10-21 liters).  

SUMMARY CURRENT ‘NEXT GEN’ TECHNOLOGIES 
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TTCAATTGCCAAATCCATCACTAGATGAATGATTCTGAATCAGATATAAAATTACGTAATTGTAATAAGA
ATTGAGTTTTAAAACACATTATGGAAAAAAGGATTGTATTTCATGTTGATTTTGACTATTTTTATGCACA
GTGTGAAGAGATTAGAGATTCTAAAATAAAAGGGAAATGTGTTGCAGTTTGTATATTTTCTGATAGAGGA
GGAGATAGTGGAGCAATAGCTACTGCAAATTACAATGCAAGAAACTTTGGAGTAAAATCAGGAATTCCAA
TTATGCTTGCAAAAAATAAATTAAAAGAGCAAGATTCAGTATTTTTGCCAGCTGATTTTGATTATTATTC
AGAAGTATCATCAAAAGCAATGGAAATAATTGAAAAGTATGCAGATGTATTTGAATATGTTGGAAGAGAT
GAAGCATATCTTGATGTTACAAAAAAAACTGAGAGTGATTTTCATAATGCAGAACATCTAGCGCAACAGT
TGAAAAATGAAATAAGAAATAGTCTAAAACTTACATGTTCTGTAGGGATCACGCCAAATAAACTACTTTC
AAAAATTGCTTCAGATTATAAGAAACCAGATGGATTGACAACTGTAAAACCAGAACAAGTTGATGAGTTT
TTATCACCATTAAAAATAAGAGTAATTCCAGGTATAGGTAAAAAAACAGAAGATTTTTTTGTACAAATGC
ATGTGAATACAATAGAAGACCTAAGAGAAATTAATATTTTTGATTTAAACAAAATGTTTGGGAGAAAAAC
TGGAGGACATATTTTTAATTCTTCAAGAGGAATTGATGAAGAAATGGTTAAACCGAAAGCGCCTACAATT
CAGTTTAGCAAGATTATCACTTTAAAGAAAAATTCTAAAGAACTTAAATTTCTACGTGAAAACATAGAAA
AACTATGTGTGCAATTGAATGAAATTGCAATTGAAAACAACAAAATGTATCGCTCAATTGGAATCCAGTT
TGTAAACGAGGATTTATCCACAAGAACTAAATCAAAAATGATAAAAAATCCAGGAAATAATGTGATTGAA
TTAAAAAAAGTTGTAAATCAATTACTAGAAGAAGCATTGATAGAACAAGAAATGTTAGTTAGAAGAATTG
GAGTTAGAATTTCAGAGTTTTCAGATGTAGAGGGTCAGAGAGACATTACAAATTATTTTTAGATGTTTTT
TCAGATTCTATTCGCTTGAGTCGTTTTGTTTCAACTACTGTCACAATCAGTAAAAAGATGAATAACCACG
GAAGAAACATTATTTCGCCTGCTACAGAATGAAATTCTTCCCATGCTTCAGGATCAGTAGTCACTTTTAG
TGCGTAAACAGATAACGAAAAGATTCGAATCAAATTTACAAATATAGTTCCAAGAATTCCTAAAATAAAA

How do you make sense of this ???????
Determination of possible open 

reading frames in a DNA sequence. 

A simplistic view…

 

ORF = open reading frame = start codon…[GATC]n…..stop codon 

CDS = coding sequence (produces the actual protein/RNA species) 

Annotation of bacterial and archaeal genomes: improving accuracy and consistency.
Overbeek et al., Chem Rev. 2007.  107:3431-3447.

 

Computing the probability of GATC under a markov chain can be translated into: 
        Pchain(G|<startsymbol>) * Pchain (A|G) * Pchain (T|A) * Pchain(C|T) 

 

Factors affecting probabilities include : 
Different GC content in coding genes  
The GC content of the third position in a codon 
Nucleotide frequency  
Tri-nucleotide frequency 
Di-nucleotide frequency and other frequencies  
Presence of ribosomal binding sites (RBS)  

Annotation of bacterial and archaeal genomes: improving accuracy and consistency.
Overbeek et al., Chem Rev. 2007.  107:3431-3447.

Genome sequence of the endocellular bacterial symbiont of aphids Buchnera sp. 
 APS Shuji Shigenobu, Hidemi Watanabe, Masahira Hattori, Yoshiyuki Sakaki, Hajime Ishikawa 

Nature 407, 81-86 (07 Sep 2000) 
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Science 269:496-512 (1995)
KEGG map  - Prochlorococcus marinus (marine cyanobacterium)

Metabolic pathway analyses – what can the organism do ? 

Cartoon of physiological components detected in genome sequence Inter and intra-species comparative microbial genomics

Mechanisms of Evolution in 
Rickettsia conorii & R. prowazekii

Ogata et al, Science 14 September 2001:
Vol. 293. no. 5537, pp. 2093 - 2098

Genome size in  representative Bacteria 
Genome size in  representative Archaea 
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General trends in microbial genomes 

Trends between gene content and genome size in prokaryotic species with larger genomes 
Konstantinidis and Tiedje, PNAS 2004 vol. 101: 3160-3165 

Trends between gene content and genome size in prokaryotic species with larger genome 
Konstantinidis and Tiedje, PNAS 2004 vol. 101: 3160-3165 

KEGG map  - NITROSCOCOCCUS OCEANII (a chemolithotrophic nitrifier)
KYOTO ENCYCLOPEDIA OF GENES & GENOMES   (KEGG)

#ABC
transporter
genes

Genome size

Trends between gene content and genome size in prokaryotic species with larger genome 
Konstantinidis and Tiedje, PNAS 2004 vol. 101: 3160-3165 

Gene duplication and multigene families…

gene family expansion 

Genome expansion 

Gene duplication and gene family expansion 

Genomic Islands 

Lateral gene transfer (but NOT in oblibate symbionts) 

And contraction … 

Gene deletion 

Genome reduction 

Evolution in genome sequence and content
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Intraspecies genomic comparisons of E. coli 

Only 40% of the genome is share by all 3 E coli strains ! 

Welch, R. A. et al. (2002) Proc. Natl. Acad. Sci. USA 99, 17020-17024 

Ave.amino acid
composition
98% for core genes

Intraspecies genomic comparisons of E. coli 

UROPATHOGENIC vs. ENTEROHAEMORRHAGIC “HOT-SPOTS” 

Welch, R. A. et al. (2002) Proc. Natl. Acad. Sci. USA 99, 17020-17024 

2004 ‘island’ genes in CFT073, only 204 of which are shared with EDL933

Copyright ©2002 by the National Academy of Sciences 

Welch, R. A. et al. (2002) Proc. Natl. Acad. Sci. USA 99, 17020-17024 

Pathogenicity “islands”

ORFS DNA

Blue=backbone
Red/orange=islands

CFT073 compared
to E coli K12

CAI

GC skew
Genomic islands (GEIs) are horizontally acquired DNA regions that are usually chromosomally inserted in the vicinity Of tRNA genes. A 
typical GEI is flanked by direct repeat (DR) structures and carries several genes encoding traits that may increase bacterial adaptability or 
fitness under certain growth conditions (represented here by genes 1–3). Typically, GEIs carry multiple functional and fragmented 
insertion sequence (IS) elements and other mobility-related genes, as well as a functional integrase (int) gene, the product of which is 
involved in insertion and deletion of the DNA region that is flanked by DR structures. 

Genomic islands in pathogenic and environmental microorganisms 
Ulrich Dobrindt, Bianca Hochhut, Ute Hentschel & Jörg Hacker 
Nature Reviews Microbiology 2, 414-424 (May 2004) 

Typical gene content in a genomic island…

Genomic islands in pathogenic and environmental microorganisms 
Ulrich Dobrindt, Bianca Hochhut, Ute Hentschel & Jörg Hacker 
Nature Reviews Microbiology 2, 414-424 (May 2004) Genomic islands in pathogenic and environmental microorganisms 

Ulrich Dobrindt, Bianca Hochhut, Ute Hentschel & Jörg Hacker 
Nature Reviews Microbiology 2, 414-424 (May 2004) 

“Island” formation…
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Fig. 2. Features of genomic islands (shaded) in the Prochlorococcus strain MIT931
2 genome compared with wild sequences from the Atlantic and Pacific Oceans.

Genomic Islands and the Ecology and Evolution of Prochlorococcus 
Maureen L. Coleman et al., Science 2006:311. pp. 1768 - 1770 

Coverage of shotgun sequencing reads from the Sargasso Sea on Pcc genome

aphid, Acyrthosiphon pisum 

Symbiont phylogeny mirrors insect host phylogeny - co-evolution

70 mya

150 mya

70 mya

150 mya

Aphid symbiont Essential amino acids are not in the bugs diet ! 

*

*

Genome sequence of the endocellular bacterial symbiont of aphids Buchnera sp. 
 APS Shuji Shigenobu, Hidemi Watanabe, Masahira Hattori, Yoshiyuki Sakaki, Hajime Ishikawa 

Nature 407, 81-86 (07 Sep 2000) 
Genome sequence of the endocellular bacterial symbiont of aphids Buchnera sp. 
 APS  Shuji Shigenobu, Hidemi Watanabe, Masahira Hattori, Yoshiyuki Sakaki, Hajime Ishikawa 

Nature 407, 81-86 (07 Sep 2000) 
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Genome sequence of the endocellular bacterial symbiont of aphids Buchnera sp. 
 APS  Shuji Shigenobu, Hidemi Watanabe, Masahira Hattori, Yoshiyuki Sakaki, Hajime Ishikawa 

Nature 407, 81-86 (07 Sep 2000) 

LITTLE CAPACITY FOR GENE REGULATION !
Only 2 sigma factors

No leader seqs
No attenuation

No 2 component
regulatory systems

No cAMP/crp

2000 genes lost from ancestor,  to Sg/Ap divergence
Must have been rapid evolution and gene loss !

X. axonopodis

X. campestris

X. fastidiosa

P. aeruginosa

V. cholerae

H. influenzae

P. multocida

B. aphidicola

W. brevipalpis

Y. pestis CO92

Y. pestis KIM

E. coli

S. typhimurium Many genes in most 
genomes arrived via 
LGT after the common 
ancestor. 

Most genes arriving via 
LGT come from distant 
sources (not in this 
group)

Many persist as 
vertically transmitted 
genes within the 
descendant clade.
---but many are lost 
quickly (many present 
only in tips of tree)

Gene uptake  
In gamma-
Proteobacteria
E. Lerat et al 03

Example of genome dynamics over time due to Lateral Gene Transfer

http://www.moore.org/microgenome/

Genome Streamlining in a Cosmopolitan Oceanic Bacterium
Giovanonni et al, Science 309:1242 (2005) General trends in microbial genomes 

Gene loss and 
reduced intergenic
regions in small genomes
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Genome Streamlining in a Cosmopolitan Oceanic Bacterium
Giovanonni et al, Science 309:1242 (2005)

Median size of intergenic spacers for 
bacterial and archaeal genomes 

Genome Streamlining in a Cosmopolitan Oceanic Bacterium
Giovanonni et al, Science 309:1242 (2005)

Control, seawater+nuts

DMSP
met
Thiosulfate
cys



11

Published by AAAS 

 D. E.  Hunt et al.,  Science  320, 1081 -1085 (2008)     

Fig. 1. Season and size fraction distributions and habitat predictions mapped onto Vibrionaceae isolate phylogeny 
inferred by maximum likelihood analysis of partial hsp60 gene sequences 

hsp60
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