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DIARRHEAL DISEASE KILLS 800,000 CHILDREN EACH

YEAR
(more than HIV, malaria, and measles combined)

GEMS study: 22,000 children under 5

from 7 African and Asian countries
(Lancet, 2013)

Over half of all cases could not be attributed to
any known pathogen



Healthy Sick

3000 samples
~1000 clinical variables
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~60,000 "organisms”
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~10,000 sequences/sample



17th century biology
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21st century biology

>F4BTOV001CZSIM rank=0000138 x=1110.0 y=2700.0 leng
ACTGCTCTCATGCTGCCTCCCGTAGGAGTGCCTCCCTGAGCCAGGATCAAA!
>F4BTOVO01BBIQS rank=0000155 x=424.0 y=1826.0 lengtl
ACTGACTGCATGCTGCCTCCCGTAGGAGTGCCTCCCTGCGCCATCAA
>F4BTOVOO1EDG35 rank=0000182 x=1676.0 y=2387.0 leng
ACTGACTGCATGCTGCCTCCCGTAGGAGTCGCCGTCCTCGACNC
>F4BTOV001D2HQQ rank=0000196 x=1551.0 y=1984.0 leng
ACTGACTGCATGCTGCCTCCCGTAGGAGTGCCGTCCCTCGAC
>F4BTOV001CM392 rank=0000206 x=966.0 y=1240.0 lengtl
AANCAGCTCTCATGCTCGCCCTGACTTGGCATGTGTTAAGCCTGTAGGCTA!
>F4BTOVOO1EIMFX rank=0000250 x=1735.0 y=907.0 lengtli—=v
ACTGACTGCATGCTGCCTCCCGTAGGAGTGTCGCGCCATCAGACTG
>F4BTOVOO1ENDKR rank=0000262 x=1789.0 y=1513.0 length=56
GACACTGTCATGCTGCCTCCCGTAGGAGTGCCTCCCTGAGCCAGGATCAAACTCTG
>F4BTOVO01D91IMI rank=0000288 x=1637.0 y=2088.0 length=56
ACTGCTCTCATGCTGCCTCCCGTAGGAGTGCCTCCCTGAGCCAGGATCAAACTCTG
>F4BTOVO01DOY5G rank=0000341 x=1534.0 y=866.0 length=75
GTCTGTGACATGCTGCCTCCCGTAGGAGTCTACACAAGTTGTGGCCCAGAACCACTGAGCCAGGATCAAACTCTG
>F4BTOVOO1lEMLE1 rank=0000365 x=1780.0 y=1883.0 length=84
ACTGACTGCATGCTGCCTCCCGTAGGAGTGCCTCCCTGCGCCATCAATGCTGCATGCTGCTCCCTGAGCCAGGATCAAACTCTG




Same versus different

WGS

meta-genome assembly



16S analysis is easy

It's ultimately just clustering...
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Must compare all versus all
(at least)

30,000,000 X 30,000,000 =9 X 10™(900 trillion pairs)

ACTGCT--CATGCTGCCT--CGTAGGAGTGCCTCCCTGAGCCAGGATCAAACGTCTG
ACTGCTCTCATGGTG-CTCCCGTAGTAGTGCCTCC-TGAGCTAGGATC-ACCTC---

(each pair, a full dynamic programming alignment)



ACTGACTGCATGCTGCCTCCCGTAGGAGTGCCTCCCTGCGL

trie
of sequences

Indexing can help

Backtrack within
dynamic programming table

ACTG/

ACTGCATGCTGCCTCCCGTAGGAGTCGCCGTCCTCGACNC

ACTG:!
ACTG

ACTGCATGCTGCCTCCCGTAGGAGTGCCTCCCTGCGCCATCAA
ACTGCATGCTGCCTCCCGTAGGAGTGICGCGCCATCAGACTG

ACTG¢

CTCTCATGCTGCCTCCCGTAGGAGTGCCTCCCTGAGCCAGGATCAAACTCTG

DNAclust — Ghodsi et al. 2011



Large clusters can be found quickly

Select a random set of V¥n sequences
Cluster them => O(n+c-o(nL))
Recruit sequences to the clusters found
n sequences of length L

c clusters
... repeat
35000000 250
30000000
200
25000000
150
20000000
-li= sequences clustered
15000000 o0 === sequences per second
= —l— —
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50
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—
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Still too slow - curse of dimensionality
* If we want to find all clusters O(n?) seems unavoidable

* Curse of dimensionality

3.35.(500)~95-1012 sequences within 5 mismatches in first 500bp and one mismatch in
last position

N e © @ ©
@ O 5 O(n?) time required to find
O ® @ 9 o unclusterable sequences
o
” o

@ O
PR

« Simple filtering techniques do not work
« Key issue - error

10



Annotation

Now that clustering is solved
What do the clusters represent?

11



Google: "taxonomic annotation”

taxonomic annotation =

Web Images Videos Advanced Bookmark this search

Ads by Google related to: taxonomic annotation

ProofMe: Free Markup Tool - Proofivle.com
www.prooime.comfiree-annotation-tool

Collaborate with our free annotation tool. Sign up now!
Unlimited Users - Review many file types

Learn more - FAQs

Enterprise Vocabularies - poolparty biz

. poolparty_biztaxonomy-management
Taxonomy and ontology management for enterprises
Thesaurus Server - Waltch videos

W

MTR: taxonomic annotation of short metagenomic reads ... - NCEBI
www.ncbi.nimonih.gowpubmed/21127032 Proxy Highlight

Bioinformatics. 2011 Jan 1527(2):196-203. doi: 10.1083/bioinformatics/btgs49.

Epub 2010 Dec 1. MTR: taxonomic annotation of short metagenomic reads ...

MetaCluster-TA: taxonomic annotation for metagenomic data based ...

www.ncbi.nlmonih.gow/pmcfanicles/PMCA40467 14/ Proxy Highlight
Jan 24, 2014 .. Taxonomic annotation of reads is an imporant problem in
metagenomic analysis. Existing annotation tools, which rely on the approach of .

MTR: taxonomic annotation of short metagenomic ... - Bioinformatics
bioinformatics. oxfordjournals org/content/27/2/196 _full Proxy Highlight

Dec 1, 2010 __. Similarity-based taxonomic annotation methods assign reads to
organisms or taxa using similarities of reads to reference sequences of a given _..

Annotating BLAST Reports with Taxonomy Information - MathWorks
www.mathworks_com/examples/matiab/community/11819-anmn...

Proxy Highlight
Annotating BLAST Reports with Taxonomy Information. This demo illustrates a
simple approach 1o provide taxonomy annotation of BLAST hits. It requires the ...

MetaCluster: unsupervised binning of environmental genomic ...

Database of known pages
Report all that contain
keyword

Ranking important (which
of the thousands is most
relevant)



Annotation — as easy as a database search

5467_464 HM038000.1.1446 E-value: 6e-96 Bit score: 350

Bacteria;Cyanobacteria;Melainabacteria;Vampirovibrionales;Vampirovibrio chlorellavorus

E-value — how many random alignments one expects for the same alignment score/quality
Note: database organized hierarchically to allow one to generalize from inexact matches

Kingdom;Phylum;Class;Order;Family;Genus;Species;



5467_464 HM038000.1.1446 Identity:©80.00%> E-value: 6e-96 Bitscore: 350
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1in 5 letters is different

Bacteria;Cyanobacteria;Melainabacteria;Vampirovibrionales;Vampirovibrio chlorellavorus
Bacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Brevundimonas;

Brevundimonas mediterranea

Bacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Brevundimonas;

Brevundimonas bacteroides

Bacteria;Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Butyricicoccus;Butyricicoccus pullicaecorum



Why biological annotation is hard

 When sequence is in database — it's a CS problem
 How do we generalize from unknown sequences?

 How do we know we are right?

Formally: name equivalent to function

Isolate
perform experiments
come up with correct Latin declination

Al

e

f

Parabacteroides_johnsoni_M-165
Bacteroides_ovatus_JCM_5824
Prevotella_copri_JCM_13454
Alistipes_finegoldi_DSM_17242
Y<198982=Clostridiales/Ruminococcaceae
Yd425669=Clostridiales/Lachnospiraceas/Coprococcus
Yietu_338_V3VE=NGS1:
Coprococcus_eutactus_ATCC_27759
Blautia_coccoides_DSM_2088
$192741=Clostridiales
Coprococcus_comes_ATCC_27758
Acetomicrobium_faecale_D3M_20678
Veillonella_parvula_JCM_12872
Catabacter_hongkongensis_HKU16
Christensenella_minuta_strain_TT_12065
Ye402903=Clostridiales
¢l 76318=Clostridiales/Christensenellaceae
viotu_428_V3VE=HG3159
Clostridium_butyricum_VPI3265
Peptostreptococcus_anaerobius_NCTC_11450
Acidaminobacter_hydrogencformans_glu_85
et 171_VIVE=IGET4
Eubacterium_sirasum_ATCC_29065
et 2T _VIVENGITT
Intestinimonas_butyriciproducens_SRB-521-5-
Faecalibacterium_prausnitzii ATCC_27768
Yrotu_553_V3V5=MGS103
A465124=Clostridiales/Clostridiaceae/Clostridium
Yrotu_268_V3VE=MGS110
Yetu_243_V3Vi=NGE49
¢197988=Clostridiales/Ruminococcaceae/Oscilospira
Yeetu_T17_V3V=HGE49
Yotu_B40_V3V5=NGIET
Oscilibacter_valericigenes_Sjm18-20
Ozcilibacter_ruminantium_GH1
¥@19353=Clostridiales/Ruminococcaceas
4354405=Clostridiales/Ruminococcaceas
otu_250_V3IVE=NGS121
*utuj 38 VIVE=NGS121
P20 _lsolate
YRuminococcaceas_bacterium_LM158



New information: correlation across samples
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Borenstein — Metagenomic deconvolution
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# Incorrect matches

25

20

Associating taxonomy markers with genes

" —— accuracy vs. error — all matches
g ____ accuracy vs. efror -

. ignoring Lachnospiraceae

" ---- Pearson Correlation
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# Correct matches

80

P2C1
Isolate

MGS121
Vi.Uucs-0

Picrust
otu_I38 V3V3

177

300
362

Parabacteroides_johnsonii_M-165
Bacteroides_ovatus_JCM_5824
Prevotela_copri_JCM_13454
Alistipes_finegoldii_DSM_17242
196882=Clostridiales/Ruminococcaceae

44256869=Clostridiales/Lachnospiraceae/Coprococcus

otu_339_V3W5=NGS131
Coprococcus_eutactus ATCC_2775%
Blautia_coccoides_DSM_2088
192741=Clostridiales
Coprococcus_comes_ATCC_27758
Acetomicrobium_faecale_DSM_20678
Veillonella_parvula_JCW_12972
Catabacter_hongkengensis_HKU16
Christensenella_minuta_strain_YT_12065
£402903=Clostridiales
176318=Clostridiales/Christensenellaceae
otu_428 V3V5=NGS159
Clostridium_butyricum_VPI3265

Peptostreptococcus_anaerobius_NCTC_11480
Acidaminobacter_hydrogenoformans_glu_85

otu_171_V3V5=NGST4
Eubacterium_sirasum_ATCC_23055
otu_271_V3VS=NGS17T

Intestinimenas_butyriciproducens_SRB-521-5-1

Faecalibacterium_prausnitzi_ATCC_Z7758
otu_553_V3V5=NGS103

Tttt 1

4465124=Clostridiales/Clostridiaceae/Clostridium

otu_268_V3IW5=MGS110
otu_243_V3V5=NGS49

197988=Clostridiales/Ruminococcaceae/Oscilospira

otu_T17_V3V5=NGS48
otu_640_V3WS=MGSET
Oscilibacter_walericigenes_Sjm18-20
Oscilibacter_ruminantium_GH1
815353=Clostridiales/Ruminococcaceas
. "

lostr occaceas

otu_250_V3W5=NGS121
otu_138_V3V5=NGS121
P2C1_lsclate
Ruminoccoccaceae_bacterium_LM158
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# Incorrect matches

25

20

15

10

Naming is still an issue

" —— accuracy vs. error — all matches
____ accuracy vs. efror -

D ignoring Lachnospiraceae

" ---- Pearson Correlation

Catabacter hongkongiensis

1.0

N .
Christensenella minuta

——
[

Pearson correlation

T T T T
0 20 40 60

# Correct matches

80

Christensenellaceae

P2C1
Isolate

MGS121
Vi.Uucs-0

Picrust
otu_I38 V3V3

177

300
362

Parabacteroides_johnsonii_M-165
Bacteroides_ovatus_JCM_5824
Prevotela_copri_JCM_13454
Alistipes_finegoldii_DSM_17242
196882=Clostridiales/Ruminococcaceae
44256869=Clostridiales/Lachnospiraceae/Coprococcus
otu_339_V3W5=NGS131
Coprococcus_eutactus ATCC_2775%
Blautia_coccoides_DSM_2088
192741=Clostridiales
Coprococcus_comes_ATCC_27758
Acetomicrobium_faecale_DSM_20678
Veillonella_parvula_JCW_12972
Catabacter_hongkengensis_HKU16
Christensenella_minuta_strain_¥M_12065

fostridium_butyricum_VPI3285
Peptostreptococcus_anaerobius_NCTC_11480
Acidaminobacter_hydrogenoformans_glu_85
otu_171_V3V5=NGST4
Eubacterium_sirasum_ATCC_23055
otu_271_V3VS=NGS17T
Intestinimenas_butyriciproducens_SRB-521-5-1
Faecalibacterium_prausnitzi_ATCC_Z7758
otu_553_V3V5=MGS103 ==
4465124=Clostridiales/Clostridiaceae/Clostridium
otu_268_VaV5=MGS110

otu_243_V3IV5=NG549
197988=Clostridiales/Ruminococcaceae/Oscilospira
otu_T17_V3V5=NGS48
otu_B40_V3VS=NGSET <=
Oscilibacter_walericigenes_Sjm18-20
Oscilibacter_ruminantium_GH1
815353=Clostridiales/Ruminococcaceas
4 lostridi i OCccaceae
otu_250_V3W5=NGS121
otu_138_V3V5=NGS121
P2C1_lsclate
Ryminococcaceae_bacterium_LM158




Database correctness iIs still an issue

VoL. 25, 1975

Despite considerable variation in the kinds of
carbohydrates fermented, the isolates described
here appear to fall into a single group and are
assigned to a single new species. The variation
in the kinds of carbohydrate fermented appears
to be the result primarily of the amount of

GEMMIGER FORMICILIS N.GEN., N.SP. 205

genus was restricted to organisms that do not
require fermentable carbohydrate and that ob-

tain their energy primarily from
amino acids. Bacteria in the genus| Veillonella

produce propionic acid as a maj
energy metabolism., The genus Megasphaera

BaCte"a; growth in individual cultures, which is affected was limited to include only those org
F- = t . by the age and size of inoculum and, in some with the morphology and fermentation ps
iIrmicu es! cases, by the presence of Tween 80 and/or of M. elsdenii (11), which the presen
Clostridia. rumen fluid in the medium (Table 2). scribed species does not resemble. Bo
yumsn . unequal size are frequently seen (althou .
DISCUSSION much lesser extent than with this speci Bacterla;
This species does not have characteristics strains of Peptostreptococcus productus, . .
A that permlt its inclusion in any previously tococcus constellatus, and Pepto FlrmlcuteS;
; i nt for fermenta- magnus, buf these are all species of | v . .
ble carbch_vTraI; lf c:aracferlﬂtlc of organisms gram-positive organisms whose metabolic char- NegatIVIcuteS;
in the genus| Ruminococcus wever, rumino-  acteristics are significantly different from those .
cocci do not produce butyric acid and are gram of the species described here. The method of cell Se|en0m0nada|es,

positive. The gram-negative anaerobic cocci
that p id were placed in the
genus Acidaminococcus .

division which is thought to occur in the pres-
ently described species has been observed in two
water bacteria (13, 15). However,

Bacteria;Proteobacteria; AIphaproteobacterla Rhizobiales;Hyphomicrobiaceae;Gemmiger;
Gemmiger formicilis

RESEARCH
This article has Open Peer Review reports available.

OPEN ACCESS OPEM PEER REVIEW

Download FPDF

Export citations >

How does Open Peer Review work?

Citations & References
Mycoplasma contamination in the 1000 Genomes Project P ot R &

Manager, ReflWorks [(RIS)
William B Langdon &=

EndNote (.ENW)

| 4=

BioData Mining 2014 7:3 | DOI: 10.1186/1756-0381-7-3
Received: 23 May 2013 | Accepted: 19 February 2014

@ Langdon; licensee BioMed Central Ltd. 2014
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Important future/continuing challenges

Dealing with errors
 Algorithmic: . Feos | ok
— Incorrect reconstructions/predictions e | T e (S
— Missing information S

o Software errors
— 15-50 bugs/1000 lines of code
— Celera Assembler — 300,000 loc

Computationally modeling biology
... While not ighoring the biology

I= 1011000101000101011011




Assembling two cities

it was the best
was the age of

best of tins 15 the age o tines 1
wisdom it was the 9 of times 1t was

1t was the best was the best of
the worst of times
was the best of was the worst of

times 1t was the - . ]
it was the age times it was the

was the age of

worst of times it _ _
age of wisdom 1t

the best of times

it was the age

] of wisdom 1t was
1t was the worst

the age of wisdom of times it was

the age of foolishness o1



AAAGAAA
» AGTG.TAAA

v 4 o
GAAA.THRA 44 e

\ TAT GTTG

ACAG“\
GGGT. GAAn e A A
\ GTTG.CAAA

Trat.ctas®race £AGG

g

TAAC.TA
. MTaTCGC
TTCA. AACTS ! C..AATA

AAAG, TTAALACCA

- ATAG..TCAC
AATT.AACT ACCECATl AAAC. _AAGT CTACGCC
\\\ / ' TGCT...
T TTOs CAfLC.AGCC V4
S | CATC..AACG
ACCA._AGAA TGTG..CCC ‘%\ ad AGTG.AACG
GAl ACC. L. v - ACTE
[EATELIE TAATQAGT
/ AAA CAAC ' ® GAAG..CCCA
CACT. AGAA TCTT..AGCC
< ! o GGGT.CCCC / AGTT. AACA CRTT.AACA S
TACT.GGTT AN - - -
ATGG. AEAC 5 JGTG.GGGG ALY
CCCAA =
- O T ATTTAAA ATTA.GTTG 110
GTAT.TTTT . - TTAS =
GAAT.GGTT TG - - S
” X \AC AG. T AGGT.AGTC 1
TTTAT TGAG..AGTG TCAA..TOGG\A J
- ~ -
a4 y o CAAT..GGAT CTAG.Co oAt
ARGA.TTTT i . GGGG
ﬁTC TTTT CGCA.AAA f
AJC.GGG
/ TGCG CCAA. GGAT
/ AGT GEAG. AACC / AATG..AGTC GCTA.CAGC AGCTTA
CAAC.T. TCTT.AAAA AGTA.ACGG o
TAGG..GGGG / f ‘\ / M&TAG. AACT
' CAAA.TGGA \ cace P
CTTG.TAGT CC. TCAALATCG aA1cG TTTG.. AAAT -
‘\HUL, TAAA
, TTTG..AATC / AAGA_CTTA
~CTCC. T
TTTT.AGTC ALaeALLCP e Gt 4
“a CTGA.TTTA 1cpAC GTAGTA
CTTE-C G, GT1G CGTG..GAG '/ TG ACCA .\ //‘
AAD.CAAG ™ & TCAA..GAAT E
AATT.GAAG Th pU— _» CCCA GGGT..AGTA
CAAG.CAAG v aa - - GTAT.GTTA ~a
\GANGTTG v l A
. GATG.AATC cTC
(EEALL ACTET06E CTGC ATCA MMTC.TGTG
TGGC aacA Tco GCTC..CTAC \ el
» \ ATAT..AGCT ACA A CAAC \'\ 'TI'GC..TGTG
TCAA..GTTT AT G » A TGATACTT . “ECAA CATT an canc
ABTTT. 1A GAAC CCAGC
o TTCTAC 5 - A'I'l/'ﬂ'
CAAG.AGCT
TTGT. TG
AGG..CCAA TCCATT
TGCA.GTTT GAGT.GAAT T I-ATAA Z
G CCAA ’ % A s
TTTA. GAGC
AGAA.AACT
GGCG.TAAA TTAT.AAGG
// ‘\ GTTG..TCAA &
CCCA..CCAG AICTLCEAG \

- -
- "IW..GTT‘Z‘EA:CA
TAGTT &

Mycoplasma genitalium, 25 bp reads |

TTGG..GTTG

Kingsford et al.

BMC Bioinformatics 2010



Is my assembly correct?

(a) Correct assembly (C) Correct assembly
A Ry R> B A Ry B R> C

(I e = [

\/ v A =
Eile Options

JFnsiL}nnlmz[ﬂﬂ i’ 4| »| Contigibj17 3 Chromo DB|xoc Inserts Contig Graph A A'MFindl ] >|
4 !
14200 s

420 s 42100 2 421

& & . i i
Consensus TGGTGGCCATCGCCAGCAATAACGGCGGCA GCTGGAGACGGTGCAGC

(b) Mis-assembly (d) Mis-assembly

- — P , — e P
\\ // b \\ \\ e
N P RN v
\\ - ‘5.__‘_,‘ B XOEBD56TF GTGGCCATCGCCAGC CGGCGGCAA
b ’t’ \ \ XOEET59TR *"TEGTGGCCATCGCCAGC CGGCGGCAAGCAIGCGCTGGAGA
S=—-- \\ \\ .:. XOEEF32TF “TEGTGGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCARC
\ \\ ’,-‘ ,-—4 XODAEBLTF *"TEGTGGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCARC
b ~ - d vamaTeoTn . RTERTGGLCATCGLCAGE CGGCGGCAAGCAGGCGCTGGAGACGGTGCASC
GGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCAAC
GGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCAANC
375 GGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCAABC
i -~ GGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCAANC
665 BAPDNSSTF J86bp GGCCATCGCCAGC CGGCGGCAAGCAGGCGCTGGAGACGGTGCASMC
- BAPDFS83TF 786bp | ol
428 - -
— BAPCM37TR 697bp 2l
668 -
BAPBWI17TR 1049bp
144337| . 168 rRNA | 146944
.
I
144203 145515 146226 147021
A0
GBS BAICN35TF 824bp
349
BAJIY3ITF 956bp
493
. BAIIO82TR 835bp
685 —=
BAITAS9TF 772bp
10bp

Work with Chris Hill, Atif Memon



Model-based testing

Unknown Genome Assembly

Magic
biological
biochemical
biophysical
signal processing
etc.

Model

Assembler °f_
computational magic Maglc

s

Read T~
eads - \\<

/
Same?

Work with Mohammad Ghodsi, Chris Hill, Bo Liu, Todd Treangen, Irina Astrovskaya



Back to biology



Impact of diarrhea on microbiota
A Bangladesh Kenya Mali The Gambia
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Polarized human colonic (T84) monolayers reveal variation in
injurious behavior for streptococcal isolates

250

Positive
200 control
- mmmm s T " (EAEC 042)

150

pg/ml ..
IL-8

50 ~

Uninfected
control

0 -

d O O © 5 WO WO O & 6
ng, (’,‘“Q’ N \)\G 3o N 6“0 & & © @0 (\‘0 &
& N & ° » &
% \SQ“ c) 0)0. X\ .(\ 05 (\Q, Cy"
575 c).\ o Q
ot 0

Streptococcal isolates incubated with polarized T84 monolayers at 37C for
3 hr; IL-8 release measured by EIA. Results of triplicates



Departure from Additivity in
Rotavirus/Shigella Co-infection

26 o
21
16 -
11 -
| -
1

Odds Ratio

Rotavirus Neg Pos Exp pos Obs pos
High level
of ipaH Neg Neg Pos EXxp pos Obs pos

% Significant increase in OR by factor >2



Departure from Additivity in
Lactobacillus/Shigella Co-infection

45 -
40 -

3.5 A

w
o
1

Odds ratio

g
o
1

*

1.5 A

1.0
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