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Basic Introduction

ATACGTGTTG
ATCTGTCGAT
ACGCTAGCTA
ACGTCAGTCA
ATACATCACG

TACTGTGTGTTA
ATTACGTGTTGT
ATGCTGTCGATA
ACGGCTAGCTAA
ACGTCCCAGTCA
ATACATCGTCAC




Outline

Overview

Genome Sequencing
— Strategies: Bottom Up, Top Down

— Next Gen and Assembly (will be covered in considerable
detail later in the course, Snyder and Noonan)

— Examples

Metagenomics

— Why do we need it and what is it?

— Comparative Metagenomics

— Examples

Synthetic Biology

— Definitions

— Applications to biofuels

Summary and Additional Resources



Overview: Major Scientific
Discoveries

| Major Milestones in Genomics

0 Maxam & Gilbert sequencing S. cerevisiae & M. jannaschii =
sequenced
0 454 encing -
0 Sanger & Gilbert Nobel Prize = Scducndng
B - Watson & Crick double helix ~ L. Hood first automatic Global Ocean Survey 7
0 seq machine
1950 1960 1970 1980 1990 2000
0 Sequence of Bacteriophage X174 First free-living genome sequenced
0
B = HECOmDRREDNA - Sargasso Sea metagenomics
Begin human genome project
0
|

Draft of Human Genome =

Gianoulis, 2009




Genome Sequencing:
Main Strategies

What is the anatomy of a genome sequence project? What are the main strategies?
What is the historical context? What types of questions can we answer with it? What are
the computational challenges?



Anatomy of a Traditional Sequencing Project

B
— Bioleical s
— Submission to public database
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Conceptual: Two Sequencing
Strategies
Bottom Up

Green et al, Nat Rev 2001



Technical: Sequencing Strategies
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Top-Down Approach
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The “op-down” approach to
whole genome sequencing.
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Bottom-Up

shotgun Seguencing
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Sanger Sequencing

Prirmer for
5’ >3’ replication
< [T “;Ti.
‘;‘;« = Strand fo be sequenced
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of a phosphodiester bond between two nucleotides,

thus terminating DNA strand extension and resulting in various

DNA fragments of varying length.

http://www.scq.ubc.ca/wp-content/uploads/2006/08/sequencing?2.gif



Sanger Sequencing I

DNA fragments visualized on a gel A
with each of the four reactions run ;
in one of the lanes (G,C,A,T). DNA c
can either be visualized either via T
exposing the gel to UV and reading T
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Comparison of Next Gen Seq Project Set up

— Identity set af clomes
that span region of genome
1o be sequenced

— Make sety of smaller clones
from mapped clones
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Next-Gen Sequencing

Margulies et al., (2005) Nature



Next-Gen Sequencing

Margulies et al., (2005) Nature



Next-Gen Sequencing

Margulies et al., (2005) Nature



Next-Gen Sequencing

454 Sequencing

SOLiD
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Table 1. Comparing metrics and performance of next-generation DNA sequencers

Platform
Roche({454) lllumina SOLID
Sequencing chemistry Pyrosequencing Polymerase-based sequencing-by-synthesis Ligation-based sequencing
Amplification approach Emulsion PCR Bridge amplification Emulsion PCR
Paired ends/separation Yes/3 kb yes/200 bp Yes/3 kb
Mb/run 100 Mb 1300 Mb 3000 Mb
Time/run (paired ends) 7h 4 days 5 days
Read length 250 bp 32-40 bp 35 bp
Cost per run (total direct®) $8439 $8950 $17 447
Cost per Mb $84.39 $5.97 $5.81

*Total direct costs include the reagents and consumables, the labor, instrument amortization cost and the disc storage space required for data storage/access.




GIGGATAACT TGEGTAGAA TGECGACCCC T TCTCATCAGGAAGGET TAATCT TTAAATGATT TCGAATT TAAAACGCAGACATAGGGCGATACACATGCTTTGGACA”
GACTGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACGTCT TTGCGATCTGGATTCGCCCTTTAGTAGCTGAAGAAGT AGAGGGCGATACTACGTCTCTATGCA'
TCCTAAT CCT AT TCCACGCE T T AT AT TCAAGAGAATCAT T TAGAGT TAAT T TCTATAT TGGCTGAACAATTGTCAGAAGGECGGECTGCGTCAGGTTCGAAATTTT!
GGTAGATTCTCGTCCTGETAGTATT T TGTCCTCTAGTGAACAGCCTGCAACAACTACAGCAGCTTTACAAACTCGCCCCTATACCTCAACCTGCTAAGCTTARRAG!
AGRACCGGARCCTGTITGCTAATACTGCAGTTAGTICTARCGAGTTCAAAAARGAAACTATTARATCCACAATTTACTTTTTCACTATTTGTTGAAGGCCGTTCTAA'
ATCGAATGGCAGCAGARACCTCTAGAARAGTATTAACACAGT TAGCTGC T TCTCAACATAACCCT I TATTT I TATATGCTCCGACAGETCTAGCTAAGACTCACTT!
AATGCAAGCAGTTGCTAATGCCT TACTGCAAGCGAAGCCCAATGCAAGAGTCATGTATATGACT TCAGRAAGTTTTGTACRAGATTTTGTGAGCTCATTACARAA
AGGAAAGGTAGAAGAGTTTAAGARAAAATTGCCCETCTCTAGCTAGCATGCTACGTACTACGTACACGATCAGCATTATATATCGCCCGCTACCGATCGATCTACGTY
GIGGATAACT TGGGTAGAATCCCGACCCC T TCTCATGAGCGAAGGETTAATCT TTARATGATTTGAATT TAAAACGCAGACATAGGGCGATACACATGCTTTGGACA”
GACTGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACCGTC T TTGCGATCTGGAT TCGCCCTTTAGTAGCTGAAGARAGTAGAGGGCGATACTACGTCTCTATGCT!
TCCTAAT CCT AT TCCACGCE T TAT AT TCAAGAGAATCAT T TAGAGT TAAT T TCTATATTGCCTGAACAATTGTCAGAACGGELGGETGUGTCAGGTTCGAAATT TG,
GTAGATTCTCGTCCTGETAGTAT T T TGTCCTCTGAGTGAACAGCCTGCAACAACTACAGCAGCTTTACAAACTGCCCCTATACCTCAACCTGCTAAGCTTARAAG
AGAACCGGAACC TG TGCTAATACTGCAG T TAGT T CTAAGAGT TCAAAAARGAAACTATTARAATCCACAATTTACTTTTTCACTATTTGTTGAAGGCCGTTCTAA"
CCARAA TGGCAGCAGARACCTCTAGAARAGTATTAACACAGT TAGCTGC T TCTCAACATAACCCT TTATTTTTATATGGTCCGACAGCTCTAGCTAAGACTCACTTY
AATGCAAGCAGTTGGTAATGCCT TACTGCAAGCCGAAGCCCAATGCAAGAGTCATGTATATGACT TCAGAAAGTTTTGTACARAGATTTTGTGAGCTCATTACARRAA'
AGGAAAGGTAGAAGAGT T TAAGAAAAATTGCCCEETCAGTCGATAGTGATCTATATATATGCGCGTACGCTACTAGC TAGCTAGCTAGC TAGCTAGTCAGTAGCTAL
TAGATTCTCETCCTGETAGTATT T TGTCCTCTCGAGTGAACAGCCTGCAACAACTACAGCAGCTTTACARACTGCCCCTATACCTCAACCTGCTAAGGTTAAAAGT!
AGAACCGGAACC TG TGCTAATACTGCAGT TAGT TCTAAGAGT TCAA AR AAGARACTATTAAATCCACRATTTACTTTTTCACTATTTGT TGAAGGCCGTTCTAAS
GIGGATAACT T GGGTAGAATGCCGACCCC T TCTCATGAGCAAGGE T TAATCT TTARATGATTTCGAATT TAAAACCGCAGACATAGGCGCGATACACATGCT TTGGACAL
TGCTTAACTCGCTTGCGACAACGAGCTCTCTGATAACGTCTTTGCCGATGTGCGATTCCCCCTTTAGTAGCTGAAGRAGTAGAGGEGATACTACGTCTCTATGCTCCTY
CCT AT T GCACGCGT TATAT TCAAGAGAATCAT TTAGAGCT TAA T T TCTATAT TGGCTGAACAAT TGTCAGAAGCGLGGGTGCGTCAGGTTGARATTTTGGTAGAT!
CGTCCTGGTAGTAT T TTGTCCTCTGAGTGAACAGCCTGCAACAACTACAGCAGCT T TACAAACTGCCCCTATACCTCAACCTGCTAAGGTTAAAAGAGAACCGGAL
TGTTGCTAATACTGCAG T TAGT TCTAACGAGT TCAAARAACGARAACTATTAAATCCACAATTTACT TTTTCACTATTTGTTCGAAGGCCCTTCTAACCAAATGGCAGT
AN T G AGAAAAGT AT TAACACAG T TAGGTGCT T CTCAACAT AACCCTTTATT T T TATATGCTCCGACAGGTCTAGGTAAGACTCACTTAATGCAAGCAGTTGE!
TGCCT TACT GCAAGCCAAGCCGAATGCAAGAGTCATGTATATGACT TCAGAAAGT T TTGTACAAGATT TTGTGAGC TCAT TACAARRAAGGARAGGTAGAAGAGTT!
GARARAATTCCCGGCGCTAGCTCGATCTAGC TAGCTAGC TAGC TAGTAGTAGGCGCGCEGCGCATCGTACTACTAGTAGCTAGCTATAGCTACTGATCTACGTACGTAL
GIGGATAACCT IGGETAGAA T GECGACCCC T I C T CAT CAGGAAGEET TAATC T T TAAATGAT TTGAAT TTARAACGCAGACATAGGGGATACACATGCTTTGGAL!
CTGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACGTCT T TGCGATGTGGAT TCGCCCT T TAGTAGCTGAAGAAGTAGAGGGGATACTACGTCTCTATGCTCE
TCCTTATTGGACGCCTTATATTCAAGAGAATCATT TAGAGT TAATTTCTATATTGCCTGAACAATTGTCAGAAGCCGCGGETGCGTCAGGTTGAAATTTTGGTAG!
CTCGTCCIGETAGTATTTTGTCCTCTAGTGAACAGCCTCCAACAACTACAGCAGCTTTACAAACTGCCETGTGTTCCTATACCTCAACCTGCTAAGGTTAAAAGT”
AGAACCGGAACC TG TGCTAATACTGCAGT TAGT TCTAAGAGT TCAA AR AAGARACTATTARATCCACRATTTACTTTTTCACTATTTGT TGRAAGGCCGTTCTAAL
AN GECAGCAGAAACCTGTAGAAAAGTAT TAACACAGT TAGETGCTITCTCAACATARCCCTTTATTTTTATATCGCTCCGACAGGTCTAGGTAAGACTCACTTAATY
AGCAGTTGCTAATGCCT TACTGCAAGCCGAAGCCGAATGCRAAGGTCTTGAGTCATGTATATGACT TCAGAAAGTTTTGTACRAGATTTTGTGAGCTCATTACARAA)
AARGCTAGAAGAGTTTAAGARRAATTCCCGGARAGGTAGRAGACCGCGLGCCCGGCCCCGGCARAGAAARAT TGCCGEGATATTATATATAGCATCGATCCGATGCATC!
GIGCATAACT TGGGTAGAATGCCGACCCC T TCTCATGAGCGAAGGE T TAATCT TTAAATGAT T TGAATT TAAAACCGCAGACATAGGGCATACACATGCTTTGGACAL
TGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACGTCTTTGCCGATGTGCGATTCCCCCTTTAGTAGCTGAAGAAGTAGAGGEGATACTACCGTCTCTATGCTCCT!
CCT AT TGCACGCG I TATAT TCAAGAGAATCAT TTAGAGT TAA T T TCTATAT TGGCTGAACAAT TGTCAGAAGCCUGGGTGCGTCAGGTTGAAATTTTGGTAGAT!
CGICCTGGTAGTATTTTGTCCTCTGAGTGAACAGCCTGCRACAACTACAGCAGCTTTACAAACTGCCCCTATACCTCAACCTGCTAAGGTTARAAGAGAACCGGAI
TGTITGCTAATACTGCAGTTAGT TCTARGAGT TCARARAAGARAACTATTARATCCACAATTTACTTTTTCACTATTTGT TCGAAGGCCCTTCTAACCAAATGGCAGT)
ANCCTGTAGAAAAGT AT TAACACAGT TAGGTGCT I CTCAACATAACCCTTTATTTTTATATGCTCCGACAGGTCTAGGTAAGACTCACTTAATGCAAGCAGTTGG
TGCCT TACTGCAAGCGAAGCCCAATGCAAGAGTCATG T ATATGACT TCAGAAAGT T TTGTACAAGAT T TTGTGAGCTCAT TACAAAAAGGARAGGTACGAAGAGTT.
A A A AT T T A T A T T A T A T A T A T ACT AL T A O RO AT L TAC T AN TACT AT AT AT AT ACTEATTACCTACGRTAL



GIGCATAACT GGG TAGAA T CECGACCCC T TCTCATCAGCAAGGETTAATCT TTAAATGATT TCGAATT TAAAACCCAGACATAGGCCATACACATGCTITGGACA”
GACTGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACGTCTTTGCGATGTGGATTC CCCTTTuGTAGCTGAAQAHGTAGAGGCGATACTA“””CTCTA”CCA’
ICCTAA T CC T TAT TCCACGCE T TATAT TCAAGACAATCATTTAGACGT TAATTTCTATATTGCCTGAACRATTGTCAGAAGGGCGGETG G”CAGGTTGAA&”TTTi
GGTAGATTCTCGICCTGGTAGTATTTTCTCCTCTAGTGAACAGCCTGCARCAACTACAGCACGCTTTA CAAAC”CCCCC“ATA"C“CAACC“CCTAAGCTT
AGAACCGGARACCTGTITGCTAATACTGCAGTTAGTICTAACGAGT TCAAARARGAAACTATTAAATCCACAATTTACTTTTTCACTA TP"TTGAAGGCCGP?CTAAZ
ATCGAATGGCAGCAGAAA CC T CTAGAAAAGTAT TAACACAGT TAGCTGC T TCTCAACATAACCCTTTATTTTTATATGETCCGACAGETCTAGCTAAGACTCACTT.
AATCCAAGCAGTTGETAATGCCT TACT GCAAGC CAAGCCCAATGCAAGAGTCATGTATATGACT TCACGAAAGTTTTGTACAAGATTTTGTGAGCTCATTACA
AGCAAAGGTAGAAGACT TTAACGARARMAATTGCCECEICTCTAGCTACGCATGCTACGTACTACGTACACGATCAGCATTATATATCGCCCGCTACCGATCGATCTACET!
GIGCATAAC T TGGGTAGAA T CECGACCCC T TCTCATGAGCAAGGE T TAA T CT TTAAATGAT T TGAATT TAAAACCCAGACATAGGCCGATACACATGCTTTGGACA”
GACTGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACCTCT TTCCGATCTGGAT TCGCCCTTTAGTAGCTGAAGAAGTAGAGGGCGATACTACGTCTCTATGCTY
TCCTAA T CC T TA T TCCACGCE T AT AT TCAAGACAATCAT T TAGACT TAATT TCTATAT TGCCTGAACAAT TGTCAGAACGCGECGGETGCGTCAGGTTGAAATTTGS
GTAGATTCTCGTCCTGETAGTATTITTGTCCTCTGAGTGAACAGCCTGCAACAACTACAGCAGCTTTACAAACTCCCCCTATACCTCAACCTCGCTAAGCTTAARAG!
AGRACCGGAACCTGITGCTAATACTGCAGTTAGTICTARCAGTTCAAAAARGAAACTATTARATCCACAATTTACTTTTTCACTATTTGTTCGAAGGCCGTTCTAA'
CCARATGGCAGCAGAAACCTGTAGAARAGTATTAACACACGT TAGETGC T TCTCAACATAACCCT T TATTT T TATATGGTCCGACAGGTCTAGCTAAGACTCACTT!
AARTGCAAGCAGTTGECTAATGCCT TACT GCAAGCCAAGCCCAATGCAAGAGTCATGTATATGACT TCACGRAAGTTTTGTACRAGATTTTGTGAGCTCATTACARAA"
AGGAAAGGTAGAAGACGT TTAAGAAAAATTGCCCEETCAGTCGATAGTGATCTATATATATGCCCGTAGCTACTAGC TAGCTAGCTAGCTAGCTAGTCAGTAGCTAL
TAGATTCTCETCCTGETAGTAT T I TGTCCTCTCAGTGAACAGCCTCGCAACAACTACAGCAGCTTTACAAACTGCCCCTATACCTCAACCTGCTAAGGT TAARAGTI
AGAACCGGAACCTGTTGCTAATACTGCAGTTAGTTCTAACGAGT TCAR AR AAGARACTATTAAATCCACRATT TACTTTTTCACTATTTGT TCGAAGGCCETTCTAR”
GIGGATAACT T GGGTAGAATGCCGACCCC T TCTCATGAGCAAGGET TAATCT TTAAATGAT T TCGAATT TAAAACGCAGACATAGGCCGATACACATGCT TTGGACAL
TGCTTAACTCGCTTGCGACAAGAGCTCTCTGATAACGTCTTTGCCGATGTGGATTCCCCCT TTAGTAGCTGAAGAAGTAGACGGGGATACTACGTCTCTATGCTCCT!
CCT AT TGCACGCGT TATAT TCAAGAGAATCAT TTAGAGCT TAA T T TCTATAT TGGCTGAACAAT TGTCAGAAGGGLGGGTGCGTCAGGTTGARATTTTGGTAGAT!
CETCCTGGETAGTAT I TTGTCCTCTGAGTGAACAGCCTGCAACAACTACAGCAGC T I TACAAACTGCCCCTATACCTCAACCTGCTAAGGTTAAAAGAGAACCGGAL
TGITTGCTARTACTGCAGT TAGTTCTARCGAGT TCAAARARACGARAACTATTAARTCCACRATTTACTTTTTCACTATTTGTTCGAAGGCCGTTCTARCCAAATGGCAGE!
AACCTGTAGAAAAGTAT TAACACAGT TAGGTGCTTCTCAACATAACCCTTTATTTTTATATCGCTCCGACAGGTCTAGGTAAGACTCACTTARTGCAAGCAGTTGE!
TGCCT TACTGCAAGCGAAGCCGAATGCAAGAGTCATGTATATGACT TCAGAAAGT T TTGTACRAGATT TTGTGACGC TCAT TACAARRAAGGARAGGTAGAAGAGTT!
GARRAATTGCCGGCGCTAGCTGATCTAGC TAGCTAGCTAGC TAGTAGTAGCGCGCGCECGCATCGTACTACTAGTAGCTAGCTATAGCTACTGATCTACGTACGTAL
”“CCAT*&CGTTGGCTAGA&TGGCGACCCCTT AT CACGGARGEET TAATCT T TAAATGAT TTGRAT TTAAAACCCAGACATAGCGEGATACACATGCTTTGGAL!
TCECTTARCTCGCTTGCGACAAGAGCTCTCTGATAACGTCTTTGCCGATGTCGATTCCCCCTT TAGTACGCTGAAGAAGTACGAGGGGATACTACGTCTCTATGCTCC.
PCCTPA?TCCA“GCCWTA"ATT"AAGACAA”CATPT&GACTI AATTTCTATATTGCCTGAACAATTGTCAGAAGCCGCGEETGCGTCAGGTTCGAAATTTTGGTAG!
CTCGTCCTGETAGTATT T TGTCCTCTAGTGAACAGCCTCGCAACAACTACACGCAGCT TTACAAACTGCCETGTGTTCCTATACCTCAACCTGCTAAGGT TAARAGC?
AGAACCGGAACCTGTTGCTAATACTGCAGTTAGTTCTAACAGT TCAR AR AAGARACTATTAAATCCACRATT TACTTTTTCACTATTTGTTCGAAGGCCETTCTAAL
AATCGGCAGCAGARACCTGTAGAAAAGTAT TAACACAGT TAGEGTGCTTCTCAACATARCCCTTTATT TTTATATGCTCCGACAGGTC TAGGTAAGACTCACTTAAT(
AGCAGTIGETAATGCCT TACT GCAAGCGAAGCCCAATGCAAGGTCTTGAGTCATGTATATGACT TCACGAAAGTTTTGTACAAGATTTTGTGAGCTCATTACARAN)
ARRGGTAGAAGAGTTTAAGARARAATTCGCCGGARAGGTACAAGACGCGUGCGCGGCCGCCGGCAAGARARATTGCCCGGATATTATATATAGCATCGATCCGATGCATCY
GrGCATAACT TGGGTAGAATGCCGACCCC T TCTCATGAGCGAAGGE T TAATCT TTAAATGAT T TGAATT TAAAACGCAGACATAGGGCATACACATGCTTTGGACAL
TGCTTAACTCGCTTGCGACARCGAGCTCTCTGATAACGTCTTTGCGATGTGCGATTCCCCCTTTAGTAGCTGAAGAAGTAGAGGGGATACTACGTCTCTATGCTCCTY
CCTTATTGGACGCGI TATATTCAAGAGAATCAT TTAGAGTTAATT TCTATAT IGGCTGAACAAT TGTCAGAAGCCCGGGTGCGTCAGETTGAAATTTTGGTAGAT!
CGICCTGGTAGTAT T TTGTCCTCTGAGTGAACAGCCTGCAACAACTACAGCAGCTTTACAAACTGCCCCTATACCTCAACCTGCTAAGGTTAAAAGACGAACCGGA!
TG TGCTAATACTGCAGTTAGTTCTARGAGT TCARARARCGAAACTATTAAATCCACAATTTACTTTTTCACTATTTGT TCGAAGGCCCTTCTAACCAAATGGCAGE]
ANCCTGTAGAAAAGTAT TAACACAGT TAGGTGCTTCTCAACATARACCCTTTATT TTTATATCETCCGACAGGTCTAGCTAAGACTCACTTARTGCAAGCAGTTEG
TGCCT TACTGCAAGCGAAGCCCAATGCARGAGTCATGTATATGACTTCAGRAAGTTTTGTACAAGATTTTGTGAGC TCAT TACAARAAGGARAGGTAGRAGAGTT.
A A A AT T T A T A T T A T A T A T A T ACT AL T A G RO AT L TAC T AN TACT AT AT AT AT ACTEATTACCTACGRTAL



Example 1: First free-living organism
sequenced H. influenzae

Fleischmann, RD et al Science (1995)



Example 2: Confirmation of the third branch of
life, M. jannischii ancient and WEIRD

* In the 1970s, Carl Woess hypothesized a third
domain of life.

» Sequencing of M jannischii showed Archaeal DNA
was no more similar to bacteria than to

fish or flowers!

ARCHAEA BACTERIA
hakdanes ¢ 5

Features of M. jannaschii

* Lives 2600 meters below sea level
e Temperature near boiling point

» Pressure high enough to crush a
submarine

* Methanogens - Survives on carbon
dioxide,

hydrogen, and some mineral

 Their proteins were found to
crystallize better

Science 1996



Example 3: Identifying Pathogenicity factors,
Acinetobacter baumannii

e Multidrug resistant, opportunistic pathogen
e Causative agent of pneumonia, meningitis, septicemia, etc

& Putative Alien Islands )
g e (predicted by synteny mapping) ‘;
& Putative Pathogenicity Islands 2
= 54 (predicted by sequence homology =
= and composition) * =
= B Confirmed Pathogenicity Islands 6 =
= S (by mutagenesis) B

?é_ Confirmed Pathogenicity Islands y 7

- (by mutagenesis or by sequence homology
and composition)
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Example 4: Unique evolutionary signatures,
The Platypus

:
\
i
o

a,
: =m= T mios gl
e . 5l3E7 F[zz Z[3F % 5
sl 3lz=s 83 z2lae g a
= =3 £1d N =5 ] 5]
5 T g Bz =N glss i @
&5 5 2'& L 7] o ?P" 5 E
Bl8s g g 3
., |4 s g
=]
3
5

vCrotasins

1448 Myr &
ago
148 s

g || Prototherian Therian  ojohlastic deavage wCLPs
= E rmarmmals mammals Placentation

] Viviparity

3 Testicular descant

Homeothemmy

Lactation
208

= Primitive \ /
Q mammals
= Diapsids
250 e
5
H erapsids
i ol mammaklike e
reptilas)
315 Myrago
355 Synapsi Sauropsids
Amnictas
360

Platypus consortium, Nature 2008
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Surprising findings from the Human Genome Project
 Just about 1.5% of the genome was exons
* There appear to be only about 20,000 human genes

NOTE: To put this in perspective, rice has 37,000 predicted genes.
What does this mean? What are the other ~99% doing? (will be covered

in detail by M. Snyder)



Metagenomics: Environments

What is metagenomics? What types of questions can we answer with it? What are the
computational challenges?



Why do we care?

Microbes are found everywhere: in the soil, the air, the sea, in
deep thermal vents, our skin and gut.

They are incredibly adaptable. Able to beg, steal, or borrow
DNA components from other microbes making their evolutionary
lineage difficult to determine.

Microbes have been identified that can thrive in extreme heat,
pH. They can survive without water, without sunlight, some can
even withstand nuclear radiation.

What can we learn about these adaptation strategies through
studying marine microbes in a continuum of habitats?



Prokaryotes: The "unseen” majority

Prokaryotes catalyze unique and indispensable transformations in the biogeochemical cycles of
the biosphere, produce important components of the earth’s atmosphere, and represent a large
portion of life’s genetic diversity. (Whitman et al, PNAS 1998).

» Estimated number of prokaryotes = 4-6x107*30 cells

» Estimated amount of cellular carbon = 350-550x10%15 g
e Estimated amount of nitrogen = 85-130x10”*15 g

» Estimated amount of phosphorous =9 -14 x 105 g

* 60% of the ocean’s biomass is prokaryotic

Note: 1x10715 is 1 trillion grams or 1102311 tons
or 44,000 elephants!

Additional Note: Earth is estimated to
weight 6x10724 kg




What can we learn?

e The tiny, just 0.6 micrometer,
Prochlorococcus has just
under 1500 genes. It also
happens to account for 30-

80% of the primary productivity
of the world’s oceans.

e A single milliliter of water can
contain 100,000 cells or
more.

e Despite, its significance in
world-wide carbon cycling and
climate regulation, it wasn’t
discovered until 1986 by Sallie
Chisholm.

http://mitworld.mit.edu/video/421/



What is metagenomics?

Genomics Approach
Culture Microbes Extract DNA Sequence Assemble and Annotate
ATCGTATA oo G FE
5 @W > CGGANG s
ACGTCTGA o /*"
AGTGCTGCT T Ganig1 L)

Gianoulis et al., PNAS (in press, 2009)



What is metagenomics?

Genomics Approach

Culture Microbes Extract DNA Sequence Assemble and Annotate
ATCGTATA e, Wi
_ —» CGCGAAG —» ™= |i/f e
ACGTCTGA LA W G
AGTGCTGCT T Contg L)
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Metagenomics Approach
Collect Sample Extract DNA Sequence Partially Assemble and Annotate
ATCGTGATAGATGATAGTAGA
ATGCTGCATGCATCTAGCACT ; - ~—
ACGTAGCATGCTAGCTAGCAG
R ——)  ACGTACGTAGCTAGCTAGCTAG ———> SR——
ACGTACGTACGTAGCTAGCATC e
% AGTCGACTGAGCCAGTGATGAT B
ACGATGCATGAGCAGATGCTAC
&’Lﬂ AGATCGTAGCATGCTAGCATGCT —_—
ACGTACGTAGCTAGCTAGCTAAG
AGCTAGCATGCTAGTAGCATGAG _

ACGATGCTAGCTAGCTAGCTGATA
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Gianoulis et al., PNAS (in press, 2009)




Seeing the "unseen”. Sargasso Sea
S NOT a desert
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Comparative Metagenomics
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Do environments shape
nucleotide composition?
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137 functional processes (KEGG)

Sargasso Sea #2
Sargasso Sea #4
Sargasso Sea #3
Whale fall #3
Whale fall #2
Whale fall #1
Minnesota farm soil

Acid mine drainage l M I -

glycosaminoglycan degradation
1,2-dichloroethane degradation’
styrene (aromatics) degradation’

beta-lactam resistance -

flagellar assembly
synthesis and degradation of ketone bodies
ribosome —

I overrepresentation

I underrepresentation photosynthesis

basal transcription factors
proteasome

among predicted genes
inositol phosphate metabolism

in the environmental sample
two-component system

type Il secretion system

type IV secretion system - —
bacterial chemotaxis

Sargasso Sea Sargasso Sea

Minnesota
Farm Soll

Deep Sea
Whale Fall

Minnesota
Farm Soil

COGs

Deep Sea

Whale Fall Operons

Sargasso Sea Sargasso Sea

Minnesota
Farm Soll

Minnesota
Farm Soll

Deep Sea
Whale Fall

Deep Sea
Whale Fall

KEGG maps Functional role

>10 1 10" 107 107 <10
 ——

e-value of enrichment

sajdwes unbroys
ll?lUBluUOJ!I\UG 8

The predicted metaproteome,
based on fragmented sequence
data, is sufficient to identify
functional fingerprints that can
provide insight into the
environments from which microbial
communities originate. . . . Just as
the incomplete but information-
dense data represented by
expressed sequence tags have
provided useful insights into various
organisms and cell types, EGT-
based eco-genomic surveys
represent a practical and uniquely
informative means for
understanding microbial
communities and their
environments.

Tringe, et al
Science 2005
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Global Ocean Survey (GOS)

Environmental
Features

\ / * Temperature
Community e " Salinity
Function Q& * Chlorophyll

* SampleDepth
* WaterDepth

Sequences

6.25 GB of data
7.7M Reads
1 million CPU hours T
(0.5 cpu years) TE. ey
fsan) mm“""‘"’.‘”a
to process m’“‘“‘wm“nm ,
‘:??T":"":K‘Ll] i Atlant[t
16815 Ocean

Pacific Ocean

47
-

Rusch et. al., (2007) PLOS Biology



Knowing who is in the community doesn’t always

tell you what they are doing.

¥ PRESENCE AND ABUNDANCE OF DOMINANT RIBOTYRES
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Comparative Metagenomics

Water

Soil

Celilwall

% P Membrane transport
4| Virulence
<>Proteino 00

Respiration ]
s

Canonical discriminant function 2 (31.9%)

Canonical discriminant function 1 (48.0%)

Dinsdale et. al., Nature 2008

Comparison of different environmental
samples revealed changes in:

* AA composition and GC content (Foerstner
et al., EMBO, Tringe et al., Science)

» Metabolic capabilities (Tyson et. al.,Nature;
Rusch et. al. PLOS Biology)

* Genome size (“streamlining”) (Tringe et al.,
Science)



Comparative Metagenomics

Celilwall
Membrane transport
g °Protein& oo- Virulence
= < Sulphur
Water : *
£
3
S Respiration’ | g
S m
Soil S =
Canonical discriminant function 1 (48.0%)
Dinsdale et. al., Nature 2008
Comparison of different environmental
Do the proportions of pathways samples revealed changes in:
represented in these two samples « AA composition and GC content (Foerstner
differ? et al.,, EMBO, Tringe et al., Science)

» Metabolic capabilities (Tyson et. al.,Nature;
Rusch et. al. PLOS Biology)

* Genome size (“streamlining”) (Tringe et al.,
Science)



Trait-based Biogeography: Quantitative Description of
the Environment

Charles River,
MA

Long Island
Sound, CT

Do the proportions of pathways
represented in these two samples
CHANGE as a function of their
environments?
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Green et. al., Science 2008



Qualitative to Quantitative
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Global Ocean Survey (GOS)

Environmental
Features

\ / * Temperature
Community e " Salinity
Function Q& * Chlorophyll

* SampleDepth
* WaterDepth

Sequences
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7.7M Reads
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Pathwav Scores

READS ——> PROTEIN FAMILIES ——> PATHWAYS

CCGTGAGCACGATGCGC - ameamee

_ ATGCTCATGC T
ATCGTGACGCGATGC
CCGTGAGCACGATGCGETSETEATOCT——

ATCGTGACGC%—_ tASEGr%Afécf

GCGATCGA'CGATCGTAcé,, bt o ST
TGCTGCTAGCATGC T e

GCGATCGATCGATCGTAGC —ee

TGCTGCTAGCATGC T e aid
CCGTGAGCACGATGCGC —emmmmmemme -
GTATCGTAGCATGCTT—————
CCGTGAGCACGATGCG e
GCGATCGATCGATCGTAGC e

P=f+f+f

P=f +f +f

PATHWAYS

siigg; Dii—2%1%3 P,,=2+4+3

Pl,2=5+2+6 P2'1=5+7+6

Divide each pathway sum by the “mappable portion” of the site.
(Sum of all f for the site).



Simple Relationships: Pairwise Correlations
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Gianoulis et al., PNAS (2009)



Canonical Correlation Analysis: Simultaneous weighting

Score # of papers published Undergraduate Graduate School
Performance Index (UPI) | Performance Index (GPI)

GRE

GRE




Canonical Correlation Analysis: Simultaneous weighting

Score # of papers published Undergraduate Graduate School
Performance Index (UPI) | Performance Index (GPI)
GRE
GRE GPA
P —— —-
L Environmental Metabolic
Features Pathways
Temp  ©f¢ Photosynthesis  etc
( Chlorophyl Lipid Metabolism




Environmental-Metabolic Space

CCA Footprint
2 —
8 a5 e
o Ew /‘JaCI A |P3. \\
(=0 °
B1 P Ba E o P1 Depthy '\
. e = ] ﬁ‘\ ll
max s 1 Ba ek So 2. |
corr BN 2“1 b | 4 "
. \ P4. /
= '
NaCl egtt | | @ Buwi\ Ps. y
—— % = e
' S | Tempy .
Linear combination of Linear combination of S Q lannuneiwsadseviasnnas

lenvironmental| features. [pathways i0 05 00 05 10
Normalized Weights (Dim 1)
The goal of this technique is to interpret cross-variance matrices

We do this by defining a change of basis.
Given X = {xl,xz,....,xn} and Y={y1’,y2,...,ym}

., b
C— 2x EX,Y max Corr(U,V) = , ¢ 212 ’
S, Sy a,b @3 1a[D’ 3 b

Gianoulis et al., PNAS (2009)



Strength of Pathway co-variation
with environment

CCA structural correlation

Environmentally Environmentally
invariant variant

CCA structural correlation

Gianoulis et al., PNAS (2009)




Conclusion #1: Differences in Energy conversion
KEGG Modules

ATP synthase

complex
Photosynthesis ) :I::ﬂ
ATP synthase
B l complex
Oxidative
Phosphorylation k

Oxidative
phosphorylation

CCA structural correlation

0.3

Gianoulis et al., PNAS (2009)



Conclusion #2: Outer Membrane Components Vary with
the Environment

I métqs!z_e!.iam |

I \ Lipopolysaccharide
) biosynthgsig__
Keratan
sulfate
degradation

[ <+ iraﬁ:gomcacj

CCA structural correlation

(c] »-)lipid 0.3 1
b q ﬁj

Gianoulis et al., PNAS (i2009)



Biosensors: Beyond Canaries in a Coal Mine

Gianoulis et al., PNAS (i2009)



Metadata Integration
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Pollution Ocean Acidification

Halperin et. al., (2008) Science



Some additional examples

 Human microbiome
« Paleogenomics



The Human (mouse) Microbiome: not much of you is
you, what does that mean?

a = 0b2 (obfob) b‘ 0‘6 9 ia
’ ’ lean1 . B zan capillary sequencer
0.44 | 2 [ ] B ob1i capillary sequencer
ean
i4 4 P A leani pyrosequencer
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lean? lean? lean2 Carbohydrate Citrale cycle®
(3730) (GS20) (3730) COG category Pentose/glucuronate interconversions*
[4] Translation* Galaclose metabolism
[K] Transcription Starch/sucrose metabolism®
[L] Replication, racombination, repair® C5-branched dibasic acid metabalism *
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<0.001=0.01 <0.05 0 >0.95 >0.99>0.0950

Changes in relative proportions of bacteriodites and firmicutes
Turnbaugh PJ et al, Nature 2006



Mining Complexity

Person Features
Dietary Features
Lifestyle
Disease or
Clinical State

ENCODE

Genomes

Microbial
Communities

T

www.genome.gov

Environmental
Features
Toxins
Pollutants
Temperature

T

Transcriptome/
MetaTranscriptome

Environment




Paleogenomics: dead provide new clues for the living

Stone Age genomics. Neandertal skull and femur fragments that are approximately 40,000 years old were isolated
from sites of Neandertal habitation in the Altai region of Siberia.

Mackelprang & Rubin, Science 2008



Synthetic Biology:
Making stuff and Learning
from it

What is synthetic biology? Why do we want to do ‘it’? How far along are we? Can we
learn basic scientific principles? What are some example success stories? What are
some future goals and challenges?



Introduction to Synthetic Biology

Two Inter-related Types and Goals

Synthetic Systems: |dentify Synthetic Components: Use
interchangeable unnatural “synthetic” molecules to
parts from the natural world and reproduce emergent behaviors

assemble into new (synthetic)
systems or functions.

from natural biology,
with the goal of creating artificial life.




Synthesis to make “Stuff” and learn “Stuff”

Gain knowledge and
tools for using microbes
" and plants to build a national
biofuel capability to

@ Develop sustainable
energy crops.

‘@ Develop biotechnologies for
producing advanced biofuels.

Cleanup

Understand microbial and
plant impacts on subsurface
contaminant fate to
o Develop better assessment tools.
® Design improved
bioremediation
methodologies.

Climate
Stabilization

Determine ocean and terrestrial
ecosystem contributions to the
global carbon cycle to
® Improve projections of climate
change and its impacts.
e Create carbon-biosequestration
strategies.

DOE

“One of the metrics of the success of synthetic biology will be how well
the effort to assemble existing biological parts into machines, and how well
the effort to create artificial systems that reproduce the emergent
properties of living systems drives new discoveries and new theories.”

Benner, Nat Rev Gen 2006




Synthetic Systems
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a Standard nucleobases
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Example 1: Clinical Diagnostics Using
Expanded Genetic Alphabet more Sensitive
Assays

. . . Amplifi ith
Chiron and Bayer Diagnostics: hﬂfﬁ;;’

By reducing noise (cross-hybridization) \\ | abel prokize 8 \\,
the synthetic bases amplify real signal \\' \
allowing detection k
of HIV virus at a resolution of as few as x

8 molecules.

Pre-amplifier

Target probe

Target RNA

Copyright © 2005 Nature Publishing Group
Nature Reviews | Genetics



Example 2: Microbial Fuel Cell

Cathode reaction:
20, + 8Ht +8e - 4H,0

4H,0 20,

Electrons flow to
cathode, creating
an electrical current.

Biofilm of Geobacter cells on
anode surface revealed with

scanning electron microscopy

e .

v~ Geobacter

2CO, enraCts_ electrons I:E.} Acetate e mEaen Sediment organic matter
from sediment organic

matter and transfers
them to the anode.

The family Geobacteraceae can metabolize organic compounds directly at electrode surfaces,
transferring electrons and producing an electrical current.

“Electrode-Reducing Microorganisms that Harvest Energy from Marine Sediments,” Science 295, 483-85 (2002).



Example 3: Cellular Factories making
Pharmaceuticals through metabolic engineering

pMKPMK
pMevT
, |
ERG12 |[ERG8 ' MVD1 MMGPP
A- CUA-hAA CcA—H—IMG CDA—:- Meualﬁnate | pMBI FPP

\ ERG12 |ERGS, MVD1, [idi I-ABB-}

Yy v Ll T f
Mevalonate —eMev-P-slMev- PP+IPPHDMAPP

Amorphadiene

Mevalonate pathway g
DXP pathway .
pSOE4 o
ippHp = ispA | Artemisinin
- 'PP@DMAF’P Artemisinin
athwa
XPX»MEP+CDP-ME-#CDP-ME2P+ME-2 4cPP+HMB4PP — P y
ispC
Pyruvate B
E. coli DYM1

Martin VJ et al, Nat Biotech 2003



Cellulosic Biofnass

Develop crops
dedicated to
biofuel production

into shreds

enzymes.

Biomass is harvested
and delivered to
the biorefinery.

Biomass is cut

¥ and pretreated
,, With heat and
2% chemicals to
®¢ make cellulose
accessible to

Deconstruction Deconstruction
microbes enzymes

Improve enzymes and microbes
that break down biomass into sugars

Biofuels

Fermentation
microbes

Optimize microbes that
convert sugars into biofuels

—

l

L 0400400000000008004000000044
B ettt ettt
T s T e T T
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.
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@ Ethanol is

> purified through

distillation and
prepared for
distribution.

Enzymes break down
cellulose chains
into sugars.

Microbes ferment
sugars into
ethanol.
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Example 5: Fuel Producer - Mycodiesel
Gliocladium roseum

o Glucose

Cellulose

Courtesy of M. Griffin




The ultimate mash-up: identifying
and revising genetic components

Bioremediation 'iﬁﬁ.ﬂ'ﬂi‘.ﬂfﬁ'ﬁ;hm.jma.name o
Cellular factories R
Biofuels *
Testing theories

"Have we been bio-engineering in the swamp?"



