Topic(s)

-Why is this course possible? (introduction to next-gen sequencing - David Guttman)
-What is Hazelnut Blight? (introduction to bacterial plant pathogens - David Guttman)

1 Oct. 14" -Where can we see the data? (introduction to servers, directories and files - Alan Moses)
-Organization of the course.
-Assignment of short read assembly papers

-Assembly of short reads (Mike Brudno)
2 Oct. 21t -Discussion of short read assembly papers
-Formation of assembly teams

3 Nov. 4th  -Student teams present assembly results

-Gene finding and annotation (Alan Moses)

th
8 o -Assignment of annotation (gene finding) papers
5 Nov. 18t -Discusslion of gene-fir!ding papers
-Formation of annotation teams
6 Dec, 21 -Stufient teams Presentetion of annotation results
-Assignment of final projects
David Guttman david.guttman@utoronto.ca
Alan Moses alan.moses@utoronto.ca

http://www.moseslab.csb.utoronto.ca/alan/STIG-HBGP.html

Grading:
« Class participation (50%)
« Class presentations (25%)

« Comparative genome analysis (25%)

David Guttman david.guttman@utoronto.ca
Alan Moses alan.moses@utoronto.ca

http://www.moseslab.csb.utoronto.ca/alan/STIG-HBGP.html

Outline
* Next-gen genomics background
» Applications of next-gen genomics
¢ Pseudomonas syringae genomics
« Massively parallel analysis of type Il effector interactions
* Next-generation mapping of Arabidopsis thaliana cell wall accessibility
mutants

» P. syringae pv. avellanae and Hazelnut Blight
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——Base Pairs
—_—ES GenBank
99,116,431,942 bp
98,868,465 entries
1.0E+11
WGS
141,374,971,004 bp
48,394,838 entries
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illumina

Solexa

fosed, {1

Sanger 1000 96-384 75-300 Kb

454 450 1 500K 450 Mb $20,000
Solexa 100 0.5 120M 25 Gb $1000

SOLiD 50 0.5 500M 50 Gb $1000

approximate values and costs

* Fragment DNA

» Immobilize to bead

« Deposit in well of picoliter plate
* Amplify

« Add one nucleotide (A, T,C,or G).
« If binds, releases pyrophosphate

which drives the production of light.

* The amount of light is proportional
to the number of nucleotides
bound (repeat stretch).

« Degrade unincorporated
nucleotides, and starts again with
a different nucleotide.

©

paL LN

DNA Capture Bead
contaning millons of
coples of 8 single
clonal kagment

) \OAMTCOACATOCTAAABTC

polutise

o,

AP Luciferin

Light + exyhictferin

AC
“TGCCATTTGA

Lr ACGG
~TGCCATTTGA

» Detect color tag.

« Cleave off tag and repeat cycles.

1. Prime and Ligate 4. Claave off Flusr

Sequencing by Ligation s | '"HI (o)

Cesvageagem 3

soemis e
* Prepare amplified clonal bead = e ’

populations

2. Imaga e 5. Repeat stops 1-4 to Extend Sequence

» Add sequencing primer. ¥ e il v
» Add four fluorescently labeled di-

base probes. 3.Cap Unextendsd Strands & Primar Rasat

* wn.,,_:,lﬂnmn..?{ s

« Ligation to the primer will occur if i A

first two bases match.

7. Repeat steps 15 with new primer
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True direct sequencing from a
single molecule of DNA or RNA '- e The imy

k\ Helicos P e e e e

1SM5™ Tachnoiogy Demo

Faatured Applcatons

ofl_ibrary prep (~ 6 hrs) e Fragmin DNA N
Repair ends / Add A overhang
Ligate adapters

\ Select ligated DNA /

4 Hybridize to flow cell

Extend hybridized oligos

\_ Perform bridge amplification Y,

4 Perform sequenciT on forward strand

1-8 samples Re-generate reverse strand

\_ Perform sequencing on reverse strand

* < 2 days for single read sequencing




Genomic DNA Library.Prep

DNA fragments
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i PCR »
e Denature e
* Hybridize 15t primer h\'_\‘f'ﬁ o
Extend \.;{b;\. o
T et i?!':."-'iil's?'.‘-‘;‘i‘““\ (‘_,n""
AL ELE | 1} P
R AR RRRRNNIL e rirsmbdobe v il
Denature
i l Hybridize 1st primer

6-15 times Hybridize 2" primer o

Extend AT i
A ACTCTF I I AT AL G T EE AT A b G s
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1 Separate on a gel

Cut out region = Library

qLibrary prep (~ 6 hrs) é Fragment DNA
Repair ends / Add A overhang
Ligate adapters

\_ \ Select ligated DNA

6Automated Cluster Generation (=~ 5 hrs) 4

Hybridize to flow cell

Extend hybridized oligos

1-8 samples

Perform bridge amplification

)\

K 7 AN )
- y' 4 .
Sequencing (~ 4 days”) L / Perform sequencing on forward strand ) |

; 1-8 samples Re-generate reverse strand
\_ Perform sequencing on reverse strand ) |
4

»'J * < 2 days for single read sequencing

8 channels

Surface of flow cell
coated with a lawn
of oligo pairs
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¢ Aspirates DNA
samples into flow cell

¢ Automates the
formation of amplified
clonal clusters from
the DNA single
molecules

DNA
—_ libraries

100M single
molecules

100M single
clusters

Flow cell
(clamped

« >100 M single molecules hybridize
to the lawn of primers

« Bound molecules are then extended
by polymerases
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Adapter
sequence
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« Double-stranded
molecule is

denatured
¢ Original template is

Newly
synthesized
strand

washed away

* Newly synthesized
covalently attached

to the flow cell
surface

Original
template

e

freccconcae
freeeceecee
feecccecece

[—

oecoeccece FEr

.—«u.um Nreeeteceen oy oo

fececaccee

eescecince

[

feecereccce

.
k

3L
i
L

® :.. 0® :0 : Single molecules
e o ® bound to flow cell
T . 2 in a random
e%e
o. o © pattern
)
o o%e
)
@ 8. ) ®
S E:Z
..... )
e O
@ ) )
6B OF 0~
..o )
e *s °
26 =
e .’:
)
o.o..
) p
) ° ¢
) ok
O ) i |
g § A4 1
F L s |
g ¥ 2
: § 3
Vv U |
L.

IR 7}
Yyl R

- g
1 L i




¢ Single-strand flips over to
hybridize to adjacent
primers to form a bridge

e Hybridized primer is
extended by polymerases

e
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« Double-stranded bridge is formed
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« Double-stranded bridge
is denatured

¢ Result: Two copies of
covalently bound single-
stranded templates
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Single-strands flip over to hybridize
to adjacent primers to form bridges

Hybridized primer is extended by

polymerase
s B !
g 3 gt g
! 1 il
-
& g
P
g e




Cluster Generation:

« Bridge amplification cycle
repeated until multiple bridges
are formed

Cluster Generation

« dsDNA
bridges
denatured

* Reverse
strands
cleaved and
washed
away

Cluster Generation

e« ..leaving
a cluster
with
forward
strands
only

N

i e,

Py

\

[

Cluster Generation

¢ Free 3’ ends
are blocked
to prevent
unwanted
DNA priming




M— . —

+  Sequencing . 0 Library prep (~ 6 hrs) Fragment DNA
- . i i
ﬁrl?%r. ISd . é z § § = Repair ends / Add A overhang
ybridized to
adapter 1 Ligate adapters
sequence : I e —
i Sequencing Select ligated DNA
primer
, { 9 Automated Cluster Generation (~ 5 hrs) Hybridize to flow cell
1-8 samples Extend hybridized oligos
- i Perform bridge amplification
: i
,‘}!/ /i 4 /I‘
17 ‘ : Sequencing (~ 4 days”) A A (" Perform sequencif; on forward strand
L V48
A § 1 1-8 samples Re-generate reverse strand
& i H 1 |
§ : § = \_ Perform sequencing on reverse strand
e & i L
- i ] * < 2 days for single read sequencing

Hybridize
sequencing

o primer

3-4.5 TB/run

eT
e

640,000 images x 7 MB/image

75-100 x 2 bases

“G

4 images/base

o A
A
. 1940 x 2048 (3.97 MPixels) 8 channels/flow cell
ﬁ * T 2 columns/channel

50 tiles/column

T
|

Terminator and
fluorescent dye
are cleaved from
the FI-NTP

Add 4 Fl- m—— NCOrporated
NTP’s + FI-NTP is
Polymerase imaged

X 36 - 75
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Reference This is really the best way to do sequencing
Paired-End Sequencing . .
« Provides long range information Slngle-reads This is
8 - Important for many short read applications 100+ Million Clusters
@ * Sample multiplexing (identifier tags) - Per Flow Cell is reaIIy
i - Increases output per flowcell
) : really the
the best
sequencing
Paired-reads This is( 26 character ) sequencing

¢ Sequenced strand is

stripped off
¢ 3-ends of template g,IOCKEd
-ends
strands and lawn
primers are unblocked
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Sequenced
strand

* Single-stranded template loops over
to form a bridge by hybridizing with a

lawn primer

¢ 3-ends of lawn primer is extended
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Double
stranded
DNA
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Blocked

Bridges are linearized
3’-ends

and the original forward
template is cleaved off

Original
forward
strand
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Free 3’ ends of the
reverse template and
lawn primers are
blocked to prevent
unwanted DNA
priming
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Outline
* Next-gen genomics background
» Applications of next-gen genomics
* Pseudomonas syringae genomics
« Massively parallel analysis of type Il effector interactions
« Next-generation mapping of Arabidopsis thaliana cell wall accessibility
mutants

* P. syringae pv. avellanae and Hazelnut Blight




Type Il Secretion System:
« animal pathogens:

» Escherichia coli

» Salmonella enterica

« Shigella spp.

« Yersinia spp.

* etc.
« plant pathogens:

¢ Pseudomonas syringae

PELLPLEE Y s

s » Xanthomonas spp.

PILIIIISY s

« Ralstonia spp.
» Erwinia spp.
* etc.

Type Ill Secreted Effectors:
« inhibition of innate immunity
« disruption of signal transduction
» cytoskeleton rearrangements
¢ cytotoxicity
« inducers of host immunity I;;\MP Trigger_ea
Immunity




\ Pseudomonas syringae Genomics ’

MG1655 (K-12)
non-pathogenic

CFT073
uropathogenic

) 17.6%
Total proteins = 7638
2996 (39.2%) inall 3 ’
911 (11.9%) in2 out of 3 EDL933 (0157“7]‘
3554 (46.5%) in 1 out of 3 enterohaemorrhagic
2nd circle

blue — backbone
red — insertions in CFT073
orange — substitution in CFT073
purple — insertions in K12

Welch, et al. (2002) PNAS 99:17020
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low T Growth

What evolutionary changes permitted or drove
the diversification onto bean?

Strain

Pgy BR1
PgyLN10
PgyKN44
PgyUnB647
Pph1302A
PphY5-2
PphNPS3121
PmeN6801
Pta6606
PseHC-1
PmaES4326

Host
Soybean
Soybean
Soybean

Bean

Bean

Bean

Bean
Tobacco
Tobacco

Sesame

Radish

N Contigs

1,492
1,548
1,387
1,154
1,144
738
736
341
308
935
675

N50 (bp)

43,010
38,674
33,571
38,237
29,634
41,333
42,628
78,471
120,651
46,955
57,962

Max Contig (bp)

140,733
145,485
139,678
140,574
140,206
278,663
155,374
427,475
321,702
174,422
298,778

read depth (X)

10000

1000

-
o
=1

10

s

length (bp)




bean - reference

| soybean,

[lsoybean
pgyLL e ﬁb i
soybean S0
= PeyBR1 'S0\ it
soybean —10.1% )
= pgyunBaar
kidney bean Reference genome:
PayKNA4 _ P. syringae pv. phaseolicola 1448A
103 soybean -
#ph1302
kidney bean
n PRRHB10Y M Shared with Pph144KA
snap bean L1 8% P. syringae pv. glycinea UnB647
PphNFS3121 s . .
= kidney bean P. syringae pv. glycinea BR1
o Pph;‘-'z;i P. syringae pv. glycinea KN44
Pph1448A J P. syringae pv. glycinea LN10
Kddney bean M P. syringae pv. phaseolicola Y5-2
PmeNG201 X
tobacco P. syringae pv. mellea N6801
cu?u"mlég L 11.4% P. syringae pv. phaseolicola NPS3121
PlaYRATI02 P. syringae pv. tabaci 6606
b . .
eueumber P. syringae pv. sesami HC-1
PeeHLl _J X .
sesame ] = P. syringae pv. phaseolicola 1302A
0.E+00 3EH0G AE406 SEH0G (from outermost to innermost circles)
Genome Size
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Pseudomonas syringae Effector
AvrPto Blocks Innate Immunity by
Targeting Receptor Kinases

Report
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Rhs Fam. protein

*Contig starts at pos 16

Prevent host death fam
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(Psy13)
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Pz o Pef, AwPlo infilits PTI and enhances bacledad .
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of AvrPio In plants. The FLEZ-AvrPlo Inierastion and
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Pph1448A reference genome vs. PgyUnB647 & pooled Pgy genomic data
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Pph1448A reference genome vs. PgyUnB647 & pooled Pgy genomic data
strain-specific genes
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Massively Parallel Analysis of
Type Il Effector Interactions

puaomona

Member of the broadly distributed YopJ Effector family

Widespread throughout the P. syringae species complex
« Diversified by both mutation accumulation and horizontal gene transfer

Three major allele classes in P. syringae
« Different alleles result in different host-specific interactions
» Alleles are under strong positive selection
* Some alleles promote bacterial growth in planta

¢ The oldest allele (HopZ1a) induces . =
an immune response in most hosts [

Arited 10033
FopP1 Rab tonla (CAFIZ33)
Actfiuy Xanthomonss (YP_ 162202}
Hopll Psyringae PpiB95a 16700
= #villsT Yanthomongs (AADI9Z5S)
D L
O YAID Rhipbium (NP 441964

HopZ1la is recognized by the
Arabidopsis thaliana ZAR1
CC-NBS-LRR resistance protein

¢ Screen ARTIC R-gene collection
« Positional cloning

ORFB Erwini ifolis

XC_3802 (AA30842)
PopP2 Raktonia (CAD14570)
[r—0L) 3010 (A 08443}
ol (NP_T10166)
Oy 'Bpf Bortonells (CAFZGG1EY
0.2 o 0p)/bpP rsinia (A606230)
—_ “ vraSaimeonella (AAL21745)




» Collection of publically available T-DNA insertion lines for all predicted
A. thaliana Col-0 R genes

» Preference given to T-DNA insertion lines with a high confidence

insertion in gene of interest, and preferably in an exon near the
beginning of the gene.

» T-DNAinsertions available for 166 / 170 predicted R genes.
* Homozygous
» 118 Salk, 13 Sail ,1 WiscDsLox
* Heterozygous
e 17 Salk, 7 Sail

Col

zarl-1

MqCl,

Ev

AvrRpt2

Wt C216A

HopZia

g/DDay 0 PtoDC3000

*a

E7 '

= * *
:§-6 * : ;
W '

24

@3 . N i . . -»
2
31

a. -

Ev Z1a herptZ Ev Zia J\\erpQ

Col-0 zarl-1
ODay 0 Pci0788-9

S mDay 3 “
)
E4 i |
E
23 3 3 o o )
£ [ ! " 3
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31

o M | .

Ev_ Zla 71a® Ev Zla Z{a®
Col-0 zarl-1

Col-0

53/53  42/159

056 38/168

HopZla - HopZ1lb
75% nucleotide identity
72% amino acid identity




TIR-NBS-LRR CC-NBS-LRR
R Proteins R Proteins

RPP2, RPP4, RPP5, RPS2, RPM1, RPS5
RPP21, RPS4

EDS1, PAD4 NDR1

N/

HR
Immune responses

Massively Parallel Split Ubiquitin Yeast 2-Hybrid Screen
¢ Virulence targets of HopZ1la
e Guardees ZAR1

Type llI
Effector

Virulence
Target
(Gaurdee)

- Target
" (Gaurdee)

R Protein R Protein

AN
Inactive Active 1

HopZla C/A | Luciferase

~2000 clones ~2000 clones ~2000 clones ~2000 clones

j

-
5
\

HopzZla C/A  3.3M reads
ZAR1 3.9M reads
Luciferase 3.4M reads
Library 15.8M reads




dCUIO

scription HopZ1la ZAR1 Library Luciferase
NPL4 family protein 76,328.7 2,727.3 2,410.8 14,592.9
APG1 (ALBINO OR PALE GREEN MUTANT 1); methyltransferase 39,720.2 6,587.0 6,162.3 6,717.7 L5
Imodulin-bindi i 10,4756 4,492.5 3,093.3 365.7 R?=0.96
calmodulin-binding protein ,475. ,492. ,093. 5 LE<04
pectate lyase family protein 10,158.5 8,432.4 3,557.5 982.4 E\ A
]
protein kinase, putative 10,059.8 13,7799 42831  4,877.8 5 103
FLA16 (FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 16 10,017.1 0.0 438.3 73.7 }' 1E<02
B+
ATGPAT4/GPATA 1 8,606.7 2,539.8 3,266.1 707.4 [
o
tudor domain-containing protein / nuclease family protein 7,868.0 4,020.6 4,877.9 728.1 g 1.E-01
nucleic acid binding 6,731.4 8,609.6 7,053.0 4,450.1 8
o) L1E-00
ERD1 (EARLY RESPONSIVE TO DEHYDRATION 1) 6,596.7 9,864.9 3,186.6 2,199.4
PAL2 (p i ia-lyase 2); i ia-ly 6,116.1 1,033.1 1,264.7 708.6 1.E-01 T T T T |
20G-Fe(ll) family protein 5,346.0 a1 876.3 80.1 LE-01  1E«00 1E<01 1.E+02 1E<03 1E+04
ADT4 arogenate dehydratase/ prephenate dehydratase 5,202.5 258.6 354.4 25.6 Pr| mary L|brary
DIN4 (DARK INDUCIBLE 4) 5,139.0 8,812.6 5,288.0 6,188.6
MIF4G domain-containing protein / MA3 domain-containing protein 4,929.3 2,002.9 386.7 17.5
peptide methionine sulfoxide reductase, putative 4,650.0 0.3 69.8 21.0
PRP4 (PROLINE-RICH PROTEIN 4) 4,376.7 3,428.4 2,576.9 4,571.0
prary A 0 E
350
1E+05
HopZla 1
1E+04 -+
300 -
1E+03 -
-
::{ 1E-02 4
a
T
1E+01
LE-DD 1
1E-01 . . 3 =
1E01 1E+0D 1E+01 1E-02 1E+03 1E-04 1
Primary Library
) 1E+05 - >
Luciferase -
1E04 | 50
* .
1E+03
L = E F
-'é 1E02 1 bt
= Rf = 0.2009 N S
1E01 | ¥ N & .\653 “6@ Q§9 Q@
LA N H
EmETEETE ¢ 8¢
1E0 ’\Q\
Mean 1949.4 882.7
1E-1 1TE-00  LE-01 TE+03  1E+04 LE-08
Luciferase Median 9.7 23.7
t-test P=0.004




n HopZla
Putative Interactor C'; A
SNARE-associated protein 0.99 0.96 429.3
Leucine-rich repeat protein 0.98 0.00 170.6
COP1-interacting protein 0.96 0.00 378

Hits (per million)

ZAR1 Luc
155.7 1.8
9.9 1.2
0 1.8

255

0.6

12.0

value = (Bait — Luciferase) / (Bait + Luciferase + Library)

HopZla C/A  3.3Mreads

Bacterial Growth
(log cfu/cm?)

Col SNARE Col LRR COP1

Growth assays

ZAR1 3.9M reads —_—

Luciferase 3.4M reads « Mildly virulent PmaM6AE Thr_eelputatlvle |nte|ract9rs that

Library 15.8M reads « Homozygous T-DNA knockout lines | Posttively regulate plantimmunity
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Table 1. Pav strains used in this study

Strain* Origin Year of isolation
BPIC 631 Greece/Drama 1976
BPIC 641 Greece/Kilkis 1976
BPIC 665 Greece/Kilkis 1976
BPIC 710 Greece/Drama 1987
BPIC 714 Greece/Kavala 1987
BPIC 715 Greece/Kavala 1987
BPIC 1077 Greece/Kilkis 1987
BPIC 1422 Greece/Kilkis 1987
BPIC 1435 Greece/Kavala 1990
[SPaVe 013 Italy/Latium/Rome 1991
[SPaVe 011 Italy/Latium/Rome 1992
[SPaVe 037 Italy/Latium/Rome 1993
[SPaVe 439 Italy/Latium/Rome 1995
[SPaVe 2056 Italy/ Latium/Viterbo 1994
[SPaVe 2057 Italy/Latium/Viterbo 1994
[SPaVe 2058 Italy/ Latium/Viterbo 1994
[SPaVe 2059 Italy/Latium/Viterbo 1994
[SPaVe 683 Italy/Latium/Viterbo 199
ISF H1 Italy/ Latium/Viterbo 2002
ISF H2 Italy/Latium/Viterbo 2003
ISF H3 Italy/ Latium/Viterbo 2003
ISF H4 Italy/ Latium/Viterbo 2004

Phylogroup 2

*All strains were isolated from diseased tissue and confirmed to be

pathogenic on hazelnut.

Phylogroup 1

ltaly, Viterbo
Italy, Rome
Italy, Viterbo
Italy, Rome
Italy, Viterbo
Italy, Viterbo
Italy, Viterbo
Italy, Viterbo
Italy, Rome
Italy, Rome
Greece, Kilkis
Greece, Kavala
Italy, Viterbo
Italy, Viterbo
Italy, Viterbo
Greece, Drama
Italy, Viterbo
Greece, Kilkis
Greece, Kavala
Greece, Kavala
Greece, Kilkis
Greece, Kilkis
Greece, Drama

1994
1992
1994
1991
1994
1994
1994
1996
1993
1995
1987
1987
2003
2003
2004
1987
2002
1987
1990
1987
1976
1976
1976

ngae p

slopous §

e —.

Parel F HT
Partsd 83
FavBF1

laly, Vereta 1994
Raly, Voo 1934

Fav¥elUss  laly, VEebo 199
I (]

Raty, Viterbe
Maly, Viterks 2003
Giroocn, Drama 1987

Greece, Kavala 1967
Gresce, Klkis 197




