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GENOMICS?
METAGENOMICS?

TRANSCRIPTOMICS?
METAFRANSCRIPFOMICS?
+PHARMACOMIGROBIOMICS?-

RIDICU LOMICS*?
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Central Dogma of Molecular Biology : Eukaryotic Mode
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Metagenomics: Environmental Shotgun Sequencing

Sampling from habitat

filtering particles,
typically by size

DNA extraction and lysis

cloning and library

sequence the clones
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Wooley JC, Godzik A, Friedberg | (2010) A Primer on Metagenomics. PL0S .

g
Comput Biol 6(2): €1000667. doi:10.1371/journal.pchi.L000667 @ PLos ‘ COMPUTATIONAL
http://www.ploscompbiol.org/article/info:d0i/10.1371/journal.pchbi.1000667 "k, BIOLOGY



http://www.ploscompbiol.org/article/info:doi/10.1371/journal.pcbi.1000667

Why do you care?

* Metagenomics

— Create new sources of energy
e Biofuels

— Human health

* Evidence that diabetes and Crohn’s disease related to the bacteria
in your gut (microbiome)

* Transplanting bacteria from one person to another cures
“incurable” hospital bacterial infection (C. difficile)

 Genomics and Transcriptomics
— Human health
* Find genes/factors controlling disease/health

— Agriculture
* Drought resistant crops — dealing with climate change
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Cost per Genome

Moore's Law

||||]|“"|"mll|”| National Human

||||| ||||| Genome Research
Institute

genome.gov/sequencingcosts
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643 HiSeqs = 6.5 Pb/year
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Genomics analysis:
two basic flavors

» Loosely-coupled problems

Sequence alignment and Variant Calling: Read many
short DNA sequences from disk and map to a reference

genome
— Lots of disk 1/0
— Fits well with MapReduce framework

 Tightly-coupled problems

De novo assembly: Assemble a complete genome from
short genome fragments generated by sequencers

— Primarily a large graph problem
— Works best with a lot of shared memory
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Blacklight: SGI Altix UV 1000
2x16 TB of cache-coherent shared memory
4096 cores




Tackling some of the most challenging
problems in genomics with Blacklight
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2 x 16 TB RAM: 8 x4 TB RAM 32 x 1 TB RAM
Capability Capability + Large Memory +
Throughput High Throughput
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Lignocellulose: A chewy problem

Katharine Sanderson

Nature 474, $12-814 (23 June 2011) | doi:10.1038/4745012a
Published online 22 June 2011

FROM THE FIELD TO THE PUMP

Most waste plant matter is wood or straw-dde material, which

containg sugars that are hard 1o access, Many strategies to free Q‘%
these sugars are beng investigatod 5o that these energy-dense

molecuies can Da convertod into the fuels of the future
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Main hemicelluloses
—  Xyloghucan IR HOomogalactuonan

— > Aainoian  AAmAndduns Xylogaacturonan

Copyright © 2005 Nature Publishing Group
Nature Reviews | Molecular Cell Biology

Daniel J. Cosgrove

Nature Reviews Molecular Cell Biology 6, 850-861 |



HEMICELLULASES
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IEQE% MICROBIOLOGY |

Nature Reviews Microbiology 7, 756 (October 2009) | doi:10.1038/nrmicro2119-c1

Soil genomics
Brajesh K. Siﬂghl, Colin D. Campbelll, Soren J. Sorenson? & Jizhong Zhou3

constitute 60% of the Earth's biomass. A current global estimate suggests that sail

contains 4-5 % 1029 microbial cells (excluding viruses), 10 times more than the seas. In
addition to reservoirs of industrial products worth UK£100s of billions, microorganisms

play vital parts in biogeochemical cycling and SL.IStEIiFIEIbth‘y’E. Therefore, understanding
microbial community structure, diversity, functions and stability is essential to our
understanding of evolution, community formation and sustainability of life on the Earth.
However, obtaining this information has been difficult, owing to our inability to grow
microorganisms in laboratory conditions. It 1s estimated that =99% of microorganisms are

currently unculturable under laboratory conditions=. Recent developments in technologies

such as metagenomics offer a real opportunity for discoveries in the fundamental science

of evolution and community formation.
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nature
REVIEWS MICROBIOLOGY

Nature Reviews Microbiology 7, 252 (April 2009) | doi:10.1038/nrmicro2119

TerraGenome: a consortium for the sequencing of a soil
metagenome
See also: Correspondence by Brajesh K. Singh et.al | Correspondence by Philippe C.

Baveye | Author's reply by Timothy M. Vogel et.al

Timothy M. Vogell, Pascal Simonetl, Janet K. Jansson;, Penny R. Hirschi, James M.

Tiedjeﬁ, Jan Dirk van Elsasﬁ, Mark J. Baileyg, Renaud NalinZ & Laurent F’hilippot§

Soll 15 the most biodiverse environment on the Earth: it 1s estimated to contain

approximately 1,000 Gbp of microbial genome sequences per gram of soll! Compared with

the Human Genome project (in which 3 Gbp were sequencedjl and sequencing projects

that target microbial habitats, such as the Sargasso Sea (for whiché Gbp were

sequenced]@, metagenomic sequencing of soll remains rudimentary and constitutes a

new and ambitious challenge. We propose that soil should be our next global

metagenomic sequencing inikiative.
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Genome engineering
Peter A Carrl & George M Church2

Nature Biotechnology 27, 1151 - 1162 (2009)
Published online: 9 December 2009 | doi:10.1038/nbt.1590
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Synthetic Ecosystem
Evolution
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Current Opinion in Microbiology

Volume 9, Issue 3, June 2006, Pages 252260

Microbial genomics for the improvement of natural product

discovery

Steven G Van Lanen, Ben Shen &

School of Pharmacy, University of Wisconsin-Madison, 777 Highland Avenue, Madison, WI 53705, USA

Genome
mining

Genome
scanning

Microbial

Y
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genomics

SRS metagenomics

Natural product
biosynthesis

Heterologous
expression
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Discovering
novel chemistry
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Coelichelin (1)

Dynemicin (2), Esperamycin (3)
Maduropeptin (4), Epothilone (5)

Pederin (6), Onnamide A (7)
Bryostatin 1 (8)

6-Deoxyerythronolide B (9)
Rebaccamycin (10), Staurosporin (11)
Daptomycin (12}, Myxochromide S, (13}

Coronatine (14), Pyoluteorin (15)
Jadomycin (16), Nystatin (17)
Oxytetracycline (18)

Current Opinion in Microbiclogy

“Natural products remain a consistent source of drug leads with
more than 40% of new chemical entities reported since 1981 being
derived from microbial natural products. Perhaps more
astonishing is that more than 60% of the anticancer and 70% of
the anti-infective antibiotics currently in clinical use are natural

products or natural product-based. ”
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Current Opinion in Biotechnology

Available online 2 May 2012

Genome-based bioprospecting of microbes for new therapeutics

Sergey B Zotchev': ™ Olga N Sekurova', Leonard Katz?

! Department of Biotechnology, Norwegian University of Science and Technology, Trondeim, Norway

2 Synthetic Biology Engineering Research Center, University of California-Berkeley, Berkeley, USA
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How to apply de Bruijn graphs to genome

assembly

Phillip E C Compeau, Pavel A Pevzner & Glenn Tesler

a v b v
. A [CGTGCAA] ATeGCGT
s GGCGTGC
& L
........ TGCAATG ATGGCGT L I
& Short-read TGCAATG
< 9 seqguencing &AA‘II'CIIGC
2 [ GGCGTGC | [ CAATGGC ] i
ATGGCG
Genome: ATGGCGTGCAATGGLG
Vertices are k-mers L ’ e . Vertices are (k—1)-mers

Edges are pairwise alignments _.-" ' el _Edges are k-mers

Fis a
v
ATG
GG
GGC
&Ca
¢GT
.............. > Ll .
k-mers from vertices GT(,E k-mers from edges
TGC
GCA
CAA
AAT
ATG

Genome: ATGGCGTGCAATG

Hamiltonian cycle
Visit each vertex once
(harder to solve)

Eulerian cycle
Visit each edge once
(easier to solve)




SUPERCOMPUTING

\ PITTSBURGH
CENTER

= | GATEWAY TO DISCOVERY
7 | Marriott Marquis & Marina | July 22-25 | San Diego




Number of Paired Total

Time point End Reads Sequence
Initial (0-Weeks) 481,578,176 96GB
1.1 Millon (FLX
Intital (O-Weeks) Titanuim) 0.5GB
Shaker(6-Weeks) 487,079,477 97GB
Fermenter (8-
Weeks) 542,583,705 108GB

TOTAL 1,512,341,358 ~300GB



Assembly Characteristic
Velveth peak RAM Usage
Velveth CPU Hours

Ve
Ve

veth Wa

vetg pea

K

'Ime Hours

RAM Usage

(w/RAMDISK)

Velvetg CP
Velveth Wall 7

J Hours

'ime Hours

Value
3.6 TB (3,600GB)
1,200 (50 days)
60 (2.5 days)

1.0 TB (1,000GB)
1,600 (66 days)
83 (3.5 days)



Velvet
EMBL-EBI

[135452.458854] No more memory for memory chunk!

Could not find 500kb of continuous RAM In
6000GB (6TB):

the H OARD -‘ - Emery Berger

Associate Professor

memo ry al I Ocato Ir J Department of Computer Science

University of Massachusetts, Amherst
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Hoard: A Scalable Memory Allocator
for Multithreaded Applications

Emery D. Berger- Kathryn S. McKinley?

*Department of Computer Sciences
The University of Texas at Austin
Austin, Texas 78712

{emery, rdb, wilson}@CSAUtexas.edu

tl: %9 = malloc(s);

global heap

heap 1

t2: free(x2);

global heap

heap 1

Robert D. Blumofe* Paul R. Wilson*

tDepartment of Computer Science
University of Massachusetts
Ambherst, Massachusetts 01003

mckinley@cs.umass.edu

tl: free(yd);

global heap

heap 1

t2: free(x9);

global heap

heap 1




Velvet

EMBL-EBI :

232433.185224]
233050.932981]
233050.943863]
233050.943874]

244658.550910]

Inputting sequence 1511

000000 / 3022482716

=== Sequences loaded in 205756.407926 s
Done inputting sequences

Destroying splay table
Splay table destroyed

the HOARD
memory allocator
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Metagenomic
Assembly

MSCA Initial Soil
Sample

MSCF Fermenter
Enrichment

MSCS Shaker
Enrichment

Total Combined
Assembly

Velvet Assembly Size
(300 BP Contigs) /n50

112 MB/1.3kb

626 MB/2.8kb

577 MB /2.6kb

1.2 GB /2.6kb
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Microbial Consortium Aerobic-Adapted Microbial X, 3
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Average of 82% of all organisms in each Firmicutes

condition reported. A total of 7800 proteins
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2.2 Million Peptides
32,143 Glycoside [ydrolase

Number of Genes Models

PFAM Domain with Evalue < -4 PFAM Physiological role
Polyketide
Cyclase 1,597 Antibiotic Synthesis
NRPS 16 Peptide Secondary Metabolites
Snoal
Polyketide
Cyclase 1,597 Antibiotic Synthesis
Skimate Kinase 350 Aromatic Compound Precursor Synthesis
Terminal Step in Cyclic Antibiotic
Thioesterase 1,567 Synthesis
Antibiotic
Biosytheis

Monoxygenase 83 Antibiotic Synthesis
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The Genome of the Anaerobic Fungus Orpinomyces sp. Strain C1A

Reveals the Unique Evolutionary History of a Remarkable Plant
Biomass Degrader

Noha H. Youssef,* M. B. Couger,* Christopher G. Struchtemeyer,* Audra S. Liggenstoffer,® Rolf A. Prade,* Fares Z. Najar,®
Hasan K. Atiyeh,“ Mark R. Wilkins,© Mostafa S. Elshahed®

Department of Microblology and Molecular Genetics, Oklahoma State University, Stillwater, Oklahoma, USA*; Department of Chemistry and Biochemistry, University of
Oklahoma, Stillwater, Oklahoma, USA®; Depanment of Biosystems and Agriculiural Engineering, Oklahoma State University, Stillwater, Oidahoma, USAS

Lecanoromycetes
Eurotiomycetes
Sordariomycetes

el Pezizomycetes
] Saccharomycotina
e C2sidiomycota
——m Gomeromycota
Zygomycota p.p.
Chytridiomycota p.p.
[million years ago]
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Nature Biotechnology 30, 693-700 (2012) | doi:10.1038/nbt.2280
Received 26 October 2011 | Accepted 18 May 2012 | Published online 01 July 2012

a [ 7 PR = (1) ) ) ) |

Hybrid error correction and de novo assembly of
single-molecule sequencing reads
Sergey Koren, Michael C Schatz, Brian P Walenz, Jeffrey Martin, Jason T Howard,

Ganeshkumar Ganapathy, Zhong Wang, David A Rasko, W Richard McCombie, Erich D
Jarvis & Adam M Phillippy
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The Genome of the Anaerobic Fungus Orpinomyces sp. Strain C1A
Reveals the Unique Evolutionary History of a Remarkable Plant

Biomass Degrader

Noha H. Youssef,* M. B. Couger,* Christopher G. Struchtemeyer,® Audra S. Liggenstoffer,® Rolf A. Prade,* Fares Z. Najar,®

Hasan K. Atiyeh,” Mark R. Wilkins,“ Mostafa S. Elshahed®

Department of Microbiclegy and Molecular Genetics, Oklahoma State University, Stillwater, Oklahoma, USA*; Department of Chemistry and Biochemistry, University of
Oklahoma, Stillwater, Oklahoma, USA®, Depanment of Biosystems and Agricultural Engineering, Oklahoma State University, Stillwater, Oidahoma, USAS

Table 52. Comparison between genome assembly using [llumina only sequence data and

SMRT-Illumina hybrid assembly

Mumina Only PacBio/lllumina assembly
Genome assembly size 105.1 MB 100.85 MB
In 1kb+ Contigs 73.52 MB 100.95 MB
Number of ambiguous bp 91,688 bp 0
N50 of 1kb+ Contigs 2,226 bp 3,373 bp
NO90 of 1kb contigs 1,072 bp 1,829 bp
Average length of gene model 903 bp 1623 bp
Number of introns 2458 35,697
Number of gene models 14,594 16,437
GC% Content 15.8 17.0
Total PASA/Trinity Assemblies 10,115 14,009
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GC content (%)

il AEM

Joumaks ASMorg

The Genome of the Anaerobic Fungus Orpinomyces sp. Strain C1A
Reveals the Unique Evolutionary History of a Remarkable Plant

Biomass Degrader

Noha H. Youssef,* M. B. Couger,* Christopher G. Struchtemeyer,* Audra S. Liggenstoffer,® Rolf A.

Hasan K. Atiyeh,” Mark R. Wilkins,“ Mostafa S. Elshahed®

Prade, Fares Z. Najar,®

Department of Microblolegy and Molecular Genetics, Oklahoma State University, Stilhwater, Oklahoma, USA*; Department of Chemistry and Biochemistry, University of
Oklahoma, Stillwater, Oklahoma, USA®, Depantment of Blosystems and Agriculiural Engineering, Oklahoma State University, Stillwater, Oidahoma, USAS
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Cenomic Assembly of Novel Organisms

Polychaos dubium

Paris Japonica

140+ Giga
basepairs
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Trinotate: Transcriptome Functional Annotation and Analysis

Trinotate

O o

. %0
HMMER Un'prOt
lBLAST Pfam o

eggNOG WSQLite “Zthe Genie Ontology

RNA-Seqm) Trinity m) Transcripts/Proteinsm) Functional Data=) Discovery

Automated Higher Order Biological Analysis

ParaFly: Simple parallel unix command processing using OpenMP
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DNA Sequencing Caught in Deluge of Data

- N H By ANDREW POLLACK
Ehf ;'\tw uork Glmcﬁ Fublished: November 30, 2011

Contracting Sequencing Costs Could
Mean Ballooning Informatics Prices

Aabha Khemani, Gauri Jaju

Genetic Engineerin
Biotechn%logy Negws

Biotechnology from bench to business

Dbama the wafrior

The Misgoverniing Argentina

Economist ||| meéetoromeshi inmwestia st
Genetically modified crops blossom
#ewn | The right to eatcats and dogs

| J1ins 0w it oo
AND HOW TO HANDLE IT: A 14-PAGE SPECIAL REPORT
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Genome engineering
Peter A Carrl & George M Church2

Nature Biotechnology 27, 1151 - 1162 (2009)
Published online: 9 December 2009 | doi:10.1038/nbt.1590
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WHAT IS A TRANSCRIPTOME?

« DNA s transcribed into corresponding molecules of RNA
« The transcriptome is all of the transcripts of a particular
cell

« The major type of RNA is messenger RNA (mRNA) which a
gene may produce various types of
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WHAT CAN THE TRANSCRIPTOME
TELL US?

 Thetranscriptome shows when and where each gene is
turned off or on in the cells and tissues of an organism

« Counting the number of transcripts for a given gene can
determine gene expression
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Grabherr et al., 2011




BUILDING THE
TRANSCRIPTOME FROM

RNA-SEQ READS WITH £
DE NOVO ASSEMBLY R ':é”
USING TRINITY LS

INCHWORM: All overlapping k-mers
are extracted from the RNA-seq
reads, and each unigue k-mer is
examined and transcript contigs are
generated using a greedy extension
based on (k-1)-mer overlaps.

Grabherr et al., 2011
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BUILDING THE
TRANSCRIPTOME FROM
RNA-SEQ READS WITH 7575
DE NOVO ASSEMBLY g & )
USING TRINITY il

CHRYSALIS: related Inchworm
contigs are clustered into components
using raw reads to group transcripts. A
de Bruijn graph for each cluster is built,
and then reads are partitioned among
the clusters.

Grabherr et al., 2011

Overlap linear
sequences by
overlaps of k-1
to build graph
components
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BUTTERFLY: The RNA-seq reads -
are traced through the graph and T —
connectivity based on the read 5 &
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determined. Butterfly processes | rnanosen
each de Bruijn graph in parallel and b i
reports the full-length transcripts for Compact graph
alternatively spliced isoforms. u.
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THE NON-HUMAN

6 Human
PRIMATE REFERENCE o ’,E
TRANSCRIPTOME Hominoids 8 Chimpanzee
RESOURCE |— Gorilla
(NHPRTR) Rhesus Macaque
Japanese Macaque
23-25 ul
Cynomolgus Macaque | g
9 Pig-tailed Macaque
3540 10 Olive Baboon
Old World Vervet
Sooty Mangabey
~/0 mya New World Monkeys Common Marmoset

Prosimian

Squirrel Monkey

Ring-tailed Lemur

Mouse Lemur




Samples

Cerebellum Bone Marrow
Frontal Cortex  Lymph Node
": Hippocampus Spleen
" Hypothalamus Thymus
Pituitary Thyroid
= Temporal Lobe Ovary
Whole blood Testis

Adipose
Colon
Heart

Kidney
Liver
Lung

Muscle

/ BE Isolation

All RNA +
Strand Specificity

L]

PolyA- capture

PolyA-capture +
Strand Specificity

L]

L]

Total RNA-Seq

mRNA-Seq

o .
.

._ {\‘444 Wag \—/—
A
.— ’ AMA‘A’““M

¢ fragmentation
everse transcriptase

A=

UDG + mRNA-Seq

Adq, aq
.— TIA— U
._ AAAM”“AM
Adaqy,
g,
._ A U

4
o Miga,

fragmentation
+ reverse transcriptase + UDG
H —
L IS
N\ — —-—

—
- =73

/—

—

* =

L]

Duplex-Specific Nuclease

¥

v

Sequencing to 41 Billion 100bp SE and 100x100 PE reads




TRINITY PIPELINE

:1.8 BiAIIion RNA—seg read§ from one primate s‘pecieské

v

Remove adapters
Quality filter
Remove Poly A/T
Remove mtDNA, rRNA
Convert to fasta
(performed in-house)

v

~1.4 Billion RNA-seq reads |

4

InchWorm
‘Typical Run time: 100 hours
| Cores qsed: 64

v

fChrysalis (Ruhﬂon RAM disk) Trinity + files on
‘Typical Run time: 400 hours RAM disk required
Cores used: 128 cores ~1 TB RAM

'

"-Quantify Graph & Butterfly (Run on RAM disk)a 5x faster on
Typical run time: 50 hours RAM disk
| Cores used: 64 cores




Species

Baboon

Chimpanzee

Cynomologus
Macaque Chinese

Cynomolgus
Macaque Mauritian

Gorilla

Japanese Macaque

Marmoset

Pig-tailed Macaque

Rhesus Macaque
Chinese

Rhesus Macaque
Indian

Ring-tailed Lemur
Sooty Mangabey

Library

TOT
UDG
UDG
RNA
UDG
RNA
TOT
UDG
UDG
RNA
TOT
uDG
RNA
uDG
RNA
uDG
RNA
uDG
ubDG
ubDG

#input
seqguences
(billion)

0.149
1.543
1.465
1.676
1.630
1.078
0.166
1.177
1.256
1.863
0.253
1.659
1.725
1.573
1.210
1.310
3.200
1.410
1.403
1.635

# contigs

658,581
1,131,951
987,615
911,282
990,604
1,142,531
526,723
1,015,657
732,336
703,246
332,782
814,235
969,993
1,301,087
923,017
969,421
703,246
1,051,149
611,678
1,188,472

281
844
1,433
864
1,055
929
200
834
1,122
738
118
476
1,044
1,222
836
850
738
833
822
1,466

N25
(bp)

1,029
3,534
6,356
4,769
5,479
4,368
657
4,360
5,878
5,010
545
2,206
5,189
5,015
4,694
4,638
5,010
3,966
6,169
6,431

N50
(bp)

434
1,368
3,806
2,316
2,822
1,813

377
1,927
3,680
2,687

357

785
2,807
2,265
2,230
2,114
2,687
1,644
3,630
3,483

N75
(bp)

276
479
1,666
706
875
525
266
532
1,804
898
261
359
916
668
639
594
898
519
1,468
1,116

Longest
contig

(bp)
35,170
131,395
47,873
59,032
122,916
30,364
36,976
22,239
33,526
21,620
14,561
122,518
25,056
32,637
32,796
34,020
21,620
68,269
33,401
30,331




CURRENT USES OF THE
DE NOVO ASSEMBLED
TRANSCRIPTOMES

* Improve existing genome annotation for species with
reference genomes
 Different splice variants
* Show extensions in 3’ and 5’ UTRs
» Establish genome annotation for species without
reference genomes
« Assist in genome annotation for the Baboon genome
consortium

Long-term goal is to have an excellent annotation data set
for each species to detect species-specific differences that
have functional consequences.



BLACKLIGHT AND XSEDE
HIGHLIGHTED IN RECENT
TRINITY PROTOCOL PAPER

< B &=

De novo transcript sequence reconstruction from
RNA-seq using the Trinity platform for reference
generation and analysis

Brian J Haas, Alexie Papanicolaou, Moran Yassour, Manfred Grabherr, Philip D Blood,
Joshua Bowden, Matthew Brian Couger, David Eccles, Bo Li, Matthias Lieber, Matthew D
MacManes, Michael Ott, Joshua Orvis, Nathalie Pochet, Francesco Strozzi, Nathan Weeks,
Rick Westerman, Thomas William, Colin N Dewey, Robert Henschel, Richard D LeDuc, Nir
Friedman & Aviv Regev
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Questions?

How can I:
* De novo assemble a 17 Gbp genome?

* Assemble a terabase of metagenomic
data?

* De novo assemble 30 transcriptomes
for 10 different primate species?

4mmmm YOUR QUESTION HERE

?

V4

: GATEWAY TO DISCOVERY
" . Marriott Marquis & Marina | July 22-25 | San Diego




