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Class Date Topic(s)

1 Oct. 14th

-Why is this course possible? (introduction to next-gen sequencing - David Guttman) 
-What is Hazelnut Blight? (introduction to bacterial plant pathogens - David Guttman)
-Where can we see the data? (introduction to servers, directories and files - Alan Moses)
O i i f h-Organization of the course.

-Assignment of short read assembly papers

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

3 Nov. 4th -Student teams present assembly results

4 Nov. 11th -Gene finding and annotation (Alan Moses)
-Assignment of annotation (gene finding) papers

5 Nov. 18th -Discussion of gene-finding papers
-Formation of annotation teams

6 Dec. 2nd -Student teams presentation of annotation results
-Assignment of final projects

David Guttman david.guttman@utoronto.ca

Al M l @Alan Moses alan.moses@utoronto.ca

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

• Class participation (50%)

• Class presentations (25%)

• Comparative genome analysis (25%)Comparative genome analysis (25%)
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Special Topics in Genomics Special Topics in Genomics -- The Hazelnut Blight Genome ProjectThe Hazelnut Blight Genome ProjectSpecial Topics in Genomics Special Topics in Genomics -- The Hazelnut Blight Genome ProjectThe Hazelnut Blight Genome Project

Outline

• Next gen genomics background• Next-gen genomics background

• Applications of next-gen genomics

• Pseudomonas syringae genomics

• Massively parallel analysis of type III effector interactions

• Next-generation mapping of Arabidopsis thaliana cell wall accessibility 

mutants

• P. syringae pv. avellanae and Hazelnut Blight

Growth of GenomicsGrowth of GenomicsGrowth of GenomicsGrowth of Genomics

December 2008

GenBank
99,116,431,942 bp
98,868,465 entries

WGSWGS
141,374,971,004  bp
48,394,838 entries



Growth of GenomicsGrowth of GenomicsGrowth of GenomicsGrowth of Genomics Growth of GenomicsGrowth of GenomicsGrowth of GenomicsGrowth of Genomics

Platform Read Lgth Run Time DNA Frag / Data / Run Cost / Gp
(bp) (days/Gb) Run  

Sanger 1000 500 96-384 75-300 Kb $1M

454 450 1 500K 450 Mb $20,000

Sole a 100 0 5 120M 25 Gb $1000Solexa 100 0.5 120M 25 Gb $1000

SOLiD 50 0.5 500M 50 Gb $1000

approximate values and costs

Roche 454 PyrosequencingRoche 454 PyrosequencingRoche 454 PyrosequencingRoche 454 Pyrosequencing

• Fragment DNA 
• Immobilize to bead• Immobilize to bead
• Deposit in well of picoliter plate
• Amplify

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

which drives the production of light.
• The amount of light is proportional• The amount of light is proportional 

to the number of nucleotides 
bound (repeat stretch).

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

Applied Applied BiosystemsBiosystems SOLiDSOLiD (Supported Oligonucleotide + Ligation Detection)(Supported Oligonucleotide + Ligation Detection)Applied Applied BiosystemsBiosystems SOLiDSOLiD (Supported Oligonucleotide + Ligation Detection)(Supported Oligonucleotide + Ligation Detection)

Sequencing by Ligation

• Prepare amplified clonal bead 
populationsp p

• Add sequencing primer.

• Add four fluorescently labeled di-y
base probes.

• Ligation to the primer will occur if 
first two bases match. 

• Detect color tag. 

• Cleave off tag and repeat cycles.g p y



Illumina (Solexa) Genome AnalyzerIllumina (Solexa) Genome AnalyzerIllumina (Solexa) Genome AnalyzerIllumina (Solexa) Genome Analyzer Future of GenomicsFuture of GenomicsFuture of GenomicsFuture of Genomics

True direct sequencing from a 
single molecule of  DNA or RNA

Illumina (Solexa) Genome AnalyzerIllumina (Solexa) Genome AnalyzerIllumina (Solexa) Genome AnalyzerIllumina (Solexa) Genome Analyzer Sequencing ProcessSequencing ProcessSequencing ProcessSequencing Process

Fragment DNA

Repair ends / Add A overhang

Ligate adapters

Library prep (~ 6 hrs)1

Ligate adapters

Select ligated DNA

2 Automated Cluster Generation (~ 5 hrs)2 Hybridize to flow cell

Extend hybridized oligos

Perform bridge amplification

1-8 samples
Perform bridge amplification

Sequencing (~ 4 days*)3 Perform sequencing on forward strand

Re generate re erse strand1-8 samples Re-generate reverse strand

Perform sequencing on reverse strand

1-8 samples

* < 2 days for single read sequencing



Genomic DNA Library PrepGenomic DNA Library PrepGenomic DNA Library PrepGenomic DNA Library Prep

DNA fragments

Blunting by Fill in and exonucleaseBlunting by Fill-in and exonuclease

Ph h l tiPhosphorylation

Addition of A-overhang

Ligation to adaptersLigation to adapters

Selecting fragments attached to adaptersSelecting fragments attached to adaptersSelecting fragments attached to adaptersSelecting fragments attached to adapters

PCR
Denature
Hybridize 1st primer
Extend

D tDenature
Hybridize 1st primer
Hybridize 2nd primer
Extend

6-15 times

Separate on a gel

Cut out region Library

Sequencing ProcessSequencing ProcessSequencing ProcessSequencing Process

Fragment DNA

Repair ends / Add A overhang

Ligate adapters

Library prep (~ 6 hrs)1

2

Ligate adapters

Select ligated DNA

Automated Cluster Generation (~ 5 hrs)2 Hybridize to flow cell

Extend hybridized oligos

Perform bridge amplification

1-8 samples
Perform bridge amplification

Sequencing (~ 4 days*)3 Perform sequencing on forward strand

Re generate re erse strand1-8 samples Re-generate reverse strand

Perform sequencing on reverse strand

1-8 samples

* < 2 days for single read sequencing

Flow cellFlow cellFlow cellFlow cell

8 channels

Surface of flow cell 
coated with a lawn 
of oligo pairsof oligo pairs



Cluster stationCluster stationCluster stationCluster station

• Aspirates DNA 
samples into flow cell

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

Flow cell 
(clamped 
into place)

DNA 
libraries

p )

100M single 
molecules

100M single 
clusters

Cluster Generation:  Cluster Generation:  Hybridize Fragment & ExtendHybridize Fragment & ExtendCluster Generation:  Cluster Generation:  Hybridize Fragment & ExtendHybridize Fragment & Extend

> 100 M i l l l h b idi

Adapter 
sequence

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

• Bound molecules are then extended 
by polymerases

3’ 
extension

Cluster Generation:  Cluster Generation:  Denature DoubleDenature Double--stranded DNAstranded DNACluster Generation:  Cluster Generation:  Denature DoubleDenature Double--stranded DNAstranded DNA

Newly 
synthesized 
strand

• Double-stranded 
molecule is 
denatured

• Original template is 
strandOriginal 

template

g
washed away

• Newly synthesized 
covalently attached 
to the flow cell

discard

to the flow cell 
surface

Cluster Generation:  Cluster Generation:  CovalentlyCovalently--Bound Spatially Separated Single MoleculesBound Spatially Separated Single MoleculesCluster Generation:  Cluster Generation:  CovalentlyCovalently--Bound Spatially Separated Single MoleculesBound Spatially Separated Single Molecules

Single molecules 
bound to flow cell 
in a random 
pattern



Cluster Generation:  Cluster Generation:  Bridge AmplificationBridge AmplificationCluster Generation:  Cluster Generation:  Bridge AmplificationBridge Amplification

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

• Hybridized primer isHybridized primer is 
extended by polymerases

Cluster Generation:  Cluster Generation:  Bridge AmplificationBridge AmplificationCluster Generation:  Cluster Generation:  Bridge AmplificationBridge Amplification

• Double-stranded bridge is formed

Cluster Generation:  Cluster Generation:  Bridge AmplificationBridge AmplificationCluster Generation:  Cluster Generation:  Bridge AmplificationBridge Amplification

• Double-stranded bridge 
is denatured

• Result: Two copies of 
covalently bound singlecovalently bound single-
stranded templates

Cluster Generation:  Cluster Generation:  Bridge AmplificationBridge AmplificationCluster Generation:  Cluster Generation:  Bridge AmplificationBridge Amplification

• Single strands flip over to hybridize• Single-strands flip over to hybridize 
to adjacent primers to form bridges

• Hybridized primer is extended by 
polymerase



Cluster Generation:  Cluster Generation:  Bridge AmplificationBridge AmplificationCluster Generation:  Cluster Generation:  Bridge AmplificationBridge Amplification

• Bridge amplification cycle 
repeated until multiple bridges 
are formed

Cluster GenerationCluster GenerationCluster GenerationCluster Generation

• dsDNA
bridges 
denatured
R• Reverse 
strands 
cleaved and 
washed 
away

Cluster GenerationCluster GenerationCluster GenerationCluster Generation

• …leaving 
a cluster 
with 
forward 
strands 
only

Cluster GenerationCluster GenerationCluster GenerationCluster Generation

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



SequencingSequencingSequencingSequencing

• Sequencing 
primer is 
hybridized to 
adapteradapter 
sequence

Sequencing 
primer

Sequencing ProcessSequencing ProcessSequencing ProcessSequencing Process

Fragment DNA

Repair ends / Add A overhang

Ligate adapters

Library prep (~ 6 hrs)1

2

Ligate adapters

Select ligated DNA

Automated Cluster Generation (~ 5 hrs)2 Hybridize to flow cell

Extend hybridized oligos

Perform bridge amplification

1-8 samples
Perform bridge amplification

Sequencing (~ 4 days*)3 Perform sequencing on forward strand

Re generate re erse strand1-8 samples Re-generate reverse strand

Perform sequencing on reverse strand

1-8 samples

* < 2 days for single read sequencing

SequencingSequencingSequencingSequencing

Hybridize 
sequencing 
primer

Add 4 Fl-
NTP’s + 
Polymerase

Incorporated 
Fl-NTP is 
imaged

Terminator and 
fluorescent dye 
are cleaved from 
the Fl-NTP

X 36 - 75

Genome Analyzer ImagingGenome Analyzer ImagingGenome Analyzer ImagingGenome Analyzer Imaging

3-4.5 TB/run

Camera
. .

Tile
3 4.5 TB/run

640,000 images x 7 MB/image

75-100 x 2 bases

Obj

Camera .
.

.

. 4 images/base

8 channels/flow cellObj.
lens 2 columns/channel

50 tiles/column



SequencingSequencingSequencingSequencing

100+ Million Clusters 
Per Flow Cell

Paired-End Sequencing
• Provides long range information
• Important for many short read applications
• Sample multiplexing (identifier tags) Per Flow Cell• Sample multiplexing (identifier tags)
• Increases output per flowcell

20 Microns

100 Microns

Sequencing with Paired EndsSequencing with Paired EndsSequencing with Paired EndsSequencing with Paired Ends

This is really the best way to do sequencingReference

This is really the best way to do sequencing

This is really the best way to do sequencing

Single-reads

This is really the best way to do sequencing

This is really the best way to do sequencing

…

…

This is really the best way to do sequencing

This is really the best way to do sequencing

…

… y y q g

This is really the best way to do sequencing(-----------------26 characters-----------------)Paired-reads

Paired End SequencingPaired End SequencingPaired End SequencingPaired End Sequencing

• Sequenced strand is 
stripped off

• 3’-ends of template 
strands and lawn

Sequenced 
strand

Blocked 
3’-ends

strands and lawn 
primers are unblocked

Paired End SequencingPaired End SequencingPaired End SequencingPaired End Sequencing

• Single-stranded template loops over 
to form a bridge by hybridizing with a 
lawn primer

• 3’ ends of lawn primer is extended• 3 -ends of lawn primer is extended

Bridge 
formationformation

3’ extension



Paired End SequencingPaired End SequencingPaired End SequencingPaired End Sequencing

Double 
stranded 
DNADNA

Paired End SequencingPaired End SequencingPaired End SequencingPaired End Sequencing

• Bridges are linearized
and the original forward 
template is cleaved off

Blocked 
3’-ends

Original 
forward 
strandstrand

Paired end sequencingPaired end sequencingPaired end sequencingPaired end sequencing

Blocked 

• Free 3’ ends of the 
reverse template and 
lawn primers are 
blocked to prevent

3’-ends

blocked to prevent 
unwanted DNA 
priming

ReverseReverse 
strand
template

Special Topics in Genomics Special Topics in Genomics -- The Hazelnut Blight Genome ProjectThe Hazelnut Blight Genome ProjectSpecial Topics in Genomics Special Topics in Genomics -- The Hazelnut Blight Genome ProjectThe Hazelnut Blight Genome Project

Outline

• Next gen genomics background• Next-gen genomics background

• Applications of next-gen genomics

• Pseudomonas syringae genomics

• Massively parallel analysis of type III effector interactions

• Next-generation mapping of Arabidopsis thaliana cell wall accessibility 

mutants

• P. syringae pv. avellanae and Hazelnut Blight



Type III Secreted Effector ProteinsType III Secreted Effector Proteins

Type III Secretion System:Type III Secretion System:
• animal pathogens:

• Escherichia coli
• Salmonella enterica
• Shigella spp• Shigella spp.
• Yersinia spp.
• etc.

• plant pathogens:
• Pseudomonas syringae• Pseudomonas syringae
• Xanthomonas spp.
• Ralstonia spp.
• Erwinia spp.
• etc• etc.

Type III Secreted Effectors:
• inhibition of innate immunity

disruption of signal transduction• disruption of signal transduction
• cytoskeleton rearrangements
• cytotoxicity
• inducers of host immunity

Host-Pathogen InteractionsHost-Pathogen Interactions

PAMPPAMP TriggeredTriggeredPAMP PAMP TriggeredTriggered
ImmunityImmunity

Host-Pathogen InteractionsHost-Pathogen Interactions

PAMPPAMP TriggeredTriggeredEffector TriggeredEffector TriggeredPAMP PAMP TriggeredTriggered
ImmunityImmunity

Effector Triggered Effector Triggered 
SensitivitySensitivity

Host-Pathogen InteractionsHost-Pathogen Interactions

RRRR

Effector TriggeredEffector TriggeredEffector TriggeredEffector TriggeredEffector TriggeredEffector Triggered
ImmunityImmunity

Effector Triggered Effector Triggered 
SensitivitySensitivity



Host-Pathogen InteractionsHost-Pathogen Interactions

RRRR

PAMPPAMP TriggeredTriggeredEffector TriggeredEffector TriggeredPAMP PAMP TriggeredTriggered
ImmunityImmunity

Effector Triggered Effector Triggered 
SensitivitySensitivity

Pseudomonas syringae GenomicsPseudomonas syringae Genomics

Dynamic Bacterial GenomesDynamic Bacterial GenomesDynamic Bacterial GenomesDynamic Bacterial Genomes

2nd circle
blue – backbone
red – insertions in CFT073
orange substitution in CFT073orange – substitution in CFT073
purple – insertions in K12

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

Vertical vs. Horizontal EvolutionVertical vs. Horizontal EvolutionVertical vs. Horizontal EvolutionVertical vs. Horizontal Evolution



The The P. syringaeP. syringae Species ComplexSpecies ComplexThe The P. syringaeP. syringae Species ComplexSpecies Complex

33

22

55

44

11

Pseudomonas syringae Pseudomonas syringae phylogroup 3phylogroup 3Pseudomonas syringae Pseudomonas syringae phylogroup 3phylogroup 3

none low high Growth

What evolutionary changes permitted or drove
the diversification onto bean?

Genome Sequence StatsGenome Sequence StatsGenome Sequence StatsGenome Sequence Stats

Strain Host N Contigs N50 (bp) Max Contig (bp)

Pgy BR1 Soybean 1,492 43,010 140,733

P LN10 S b 1 548 38 674 145 485PgyLN10 Soybean 1,548 38,674 145,485

PgyKN44 Soybean 1,387 33,571 139,678

PgyUnB647 Bean 1,154 38,237 140,574

Pph1302A Bean 1,144 29,634 140,206

PphY5-2 Bean 738 41,333 278,663

PphNPS3121 Bean 736 42,628 155,374

PmeN6801 Tobacco 341 78,471 427,475

Pta6606 Tobacco 308 120,651 321,702

PseHC-1 Sesame 935 46,955 174,422

PmaES4326 Radish 675 57,962 298,778

Coverage of Pph1302ACoverage of Pph1302ACoverage of Pph1302ACoverage of Pph1302A



Comparative Genomics of Comparative Genomics of P. syringae P. syringae phylogroup 3phylogroup 3Comparative Genomics of Comparative Genomics of P. syringae P. syringae phylogroup 3phylogroup 3

10.1%

soybean

soybean

kidney  bean

soybean

kidney  bean

1.8%
snap bean

kidney  bean

kudzu

11.4%

kidney  bean

tobacco

cucumber

G Si

cucumber

sesame

Genome Size

Comparative Genomics of Comparative Genomics of P. syringaeP. syringae phylogroup 3phylogroup 3Comparative Genomics of Comparative Genomics of P. syringaeP. syringae phylogroup 3phylogroup 3

bean bean -- referencereference
bb

bean bean -- referencereference
bbsoybeansoybean

soybeansoybean
soybeansoybean
soybeansoybean
bb

soybeansoybean
soybeansoybean
soybeansoybean
soybeansoybean
bb

Reference genome:
P. syringae pv. phaseolicola 1448A

beanbean
tobaccotobacco
beanbean
tobaccotobacco

beanbean
tobaccotobacco
beanbean
tobaccotobacco

P. syringae pv. glycinea UnB647
P. syringae pv. glycinea BR1 
P. syringae pv. glycinea KN44 
P syringae pv glycinea LN10

sesamesesame
beanbean
sesamesesame
beanbean

P. syringae pv. glycinea LN10 
P. syringae pv. phaseolicola  Y5-2 
P. syringae pv. mellea N6801 
P. syringae pv. phaseolicola NPS3121 
P syringae pv tabaci 6606P. syringae pv. tabaci 6606 
P. syringae pv. sesami HC-1 
P. syringae pv. phaseolicola 1302A 
(from outermost to innermost circles)

Type III Effector ProfilesType III Effector ProfilesType III Effector ProfilesType III Effector Profiles

99

98

68100

9598 95

83

98

Host Specific GrowthHost Specific GrowthHost Specific GrowthHost Specific Growth

Soybean Kidney Bean



Type III Effector ProfilesType III Effector ProfilesType III Effector ProfilesType III Effector Profiles

99

98

68100

9598 95

83

98

avrPto1avrPto1avrPto1avrPto1

AvrPto1 as Bean Specificity FactorAvrPto1 as Bean Specificity FactorAvrPto1 as Bean Specificity FactorAvrPto1 as Bean Specificity Factor

P h1448APph1448A

PgyUnB647 (ev)

PgyBR1 (avrPto1)

PgyBR1 (ev)

Kidney Bean vs. Soybean PathogensKidney Bean vs. Soybean PathogensKidney Bean vs. Soybean PathogensKidney Bean vs. Soybean Pathogens

Pph1448A reference genome vs. PgyUnB647 & pooled Pgy genomic data
type III effector

Pgy UnB647

All soybean pathogens

Bean pathogen reference

avrE



Kidney Bean vs. Soybean PathogensKidney Bean vs. Soybean PathogensKidney Bean vs. Soybean PathogensKidney Bean vs. Soybean Pathogens

Pph1448A reference genome vs. PgyUnB647 & pooled Pgy genomic data
strain-specific genes

Pgy UnB647

All soybean pathogens

Bean pathogen reference

putative tabtoxinine-beta-lactam
li iti di tid

superoxide 
di t t

branched-chain amino 
id i t f limiting dipeptidasedismutatseacid amminotransferase

Type III Effector ProfilesType III Effector ProfilesType III Effector ProfilesType III Effector Profiles

99

98

68100

9598 95

83

98

Massively Parallel Analysis ofMassively Parallel Analysis of 
Type III Effector Interactions

Pseudomonas syringae Pseudomonas syringae HopZ FamilyHopZ FamilyPseudomonas syringae Pseudomonas syringae HopZ FamilyHopZ Family

• Member of the broadly distributed YopJ Effector familyy p y

• 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• Alleles are under strong positive selection
• Some alleles promote bacterial growth in planta
• The oldest allele (HopZ1a) induces 

an immune response in most hosts

• HopZ1a is recognized by the 
Arabidopsis thaliana ZAR1 
CC-NBS-LRR resistance proteinCC NBS LRR resistance protein

• Screen ARTIC R-gene collection
• Positional cloning



ArabidopsisArabidopsis RR Gene TGene T--DNA Insertion Collection (ARTIC)DNA Insertion Collection (ARTIC)ArabidopsisArabidopsis RR Gene TGene T--DNA Insertion Collection (ARTIC)DNA Insertion Collection (ARTIC)

• 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.g g g

• T-DNA insertions available for 166 / 170 predicted R genes. 
• Homozygousyg

• 118 Salk, 13 Sail ,1 WiscDsLox
• Heterozygous

• 17 Salk, 7 Sail,

HopZ1a Interaction with ZAR1HopZ1a Interaction with ZAR1HopZ1a Interaction with ZAR1HopZ1a Interaction with ZAR1

zar1-1

zar1-1

zar1-1

ZAR1 Does Not Recognize HopZ1bZAR1 Does Not Recognize HopZ1bZAR1 Does Not Recognize HopZ1bZAR1 Does Not Recognize HopZ1b

zar1-1

HopZ1a – HopZ1b
75% nucleotide identity75% nucleotide identity
72% amino acid identity

ZAR1 Coiled Coil Domain Evolutionary RelationshipsZAR1 Coiled Coil Domain Evolutionary RelationshipsZAR1 Coiled Coil Domain Evolutionary RelationshipsZAR1 Coiled Coil Domain Evolutionary Relationships



Defense Signaling PathwaysDefense Signaling PathwaysDefense Signaling PathwaysDefense Signaling Pathways

TIR-NBS-LRR 
R Proteins

CC-NBS-LRR 
R Proteins

RPP2, RPP4, RPP5, 
RPP21, RPS4

RPS2, RPM1, RPS5

EDS1 PAD4 NDR1EDS1, PAD4 NDR1

HR
Immune responses

Interactor ScreenInteractor Screen

f

Massively Parallel Split Ubiquitin Yeast 2-Hybrid ScreenMassively Parallel Split Ubiquitin Yeast 2-Hybrid Screen

• Virulence targets of HopZ1a

• Guardees ZAR1

Type III
Effector
Type III
Effector

VirulenceVirulenceVirulence VirulenceVirulenceVirulenceVirulence 
Target

(Gaurdee)

Virulence 
Target

(Gaurdee)

Virulence 
Target

(Gaurdee)

Virulence 
Target

(Gaurdee)

Virulence 
Target

(Gaurdee)

Virulence 
Target

(Gaurdee)

R ProteinR Protein R ProteinR Protein

InactiveInactive ActiveActive

Split Ubiquitin Yeast 2-Hybrid Screen Split Ubiquitin Yeast 2-Hybrid Screen 

BaitBait

C bC b

Prey

NubG

PreyPrey

NubGNubG
CubCub

VP16VP16

Massively Parallel Split Ubiquitin Yeast 2-Hybrid Interactor Screen Massively Parallel Split Ubiquitin Yeast 2-Hybrid Interactor Screen 

HopZ1a C/A ZAR1 Luciferase Library

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

HopZ1a C/A 3.3M reads
ZAR1 3.9M reads
Luciferase 3.4M reads
Library 15.8M reads



Interaction Data   Interaction Data   (hits / million)(hits / million)Interaction Data   Interaction Data   (hits / million)(hits / million)

D i ti H Z1 ZAR1 Lib L ifDescription HopZ1a 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 

calmodulin binding protein 10 475 6 4 492 5 3 093 3 365 7calmodulin-binding protein 10,475.6 4,492.5 3,093.3 365.7 

pectate lyase family protein 10,158.5 8,432.4 3,557.5 982.4 

protein kinase, putative 10,059.8 13,779.9 4,283.1 4,877.8 

FLA16 (FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 16 10,017.1 0.0 438.3 73.7( 10,017.1 0.0 438.3 73.7 

ATGPAT4/GPAT4 1 8,606.7 2,539.8 3,266.1 707.4 

tudor domain-containing protein / nuclease family protein 7,868.0 4,020.6 4,877.9 728.1 

nucleic acid binding 6,731.4 8,609.6 7,053.0 4,450.1 

ERD1 (EARLY RESPONSIVE TO DEHYDRATION 1) 6,596.7 9,864.9 3,186.6 2,199.4 

PAL2 (phenylalanine ammonia-lyase 2); phenylalanine ammonia-lyase 6,116.1 1,033.1 1,264.7 708.6 

oxidoreductase, 2OG-Fe(II) oxygenase family protein 5,346.0 4.1 876.3 80.1 

ADT4 arogenate dehydratase/ prephenate dehydratase 5,202.5 258.6 354.4 25.6 

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 

Primary & Secondary LibraryPrimary & Secondary LibraryPrimary & Secondary LibraryPrimary & Secondary Library

R2 = 0.96

Li
br

ar
y

ec
on

da
ry

 
S

Primary Library

Bait Bait –– Library AssociationLibrary AssociationBait Bait –– Library AssociationLibrary Association

HopZ1a

LuciferaseLuciferase

Hit FrequencyHit FrequencyHit FrequencyHit Frequency

HopZ1a Library

Mean 1949.4 882.7

Median 9.7 23.7

t-test P=0.004



Putative InteractorsPutative InteractorsPutative InteractorsPutative Interactors

ValueValue Hits (per million)Hits (per million)

PutativePutative InteractorInteractor
HopZ1aHopZ1a

C/AC/A
ZAR1ZAR1

HopZ1a HopZ1a 
C/AC/A

ZAR1ZAR1 LucLuc LibLib
C/AC/A C/AC/A

SNARE-associated protein 0.99 0.96 429.3 155.7 1.8 2.5

Leucine-rich repeat protein 0.98 0.00 170.6 9.9 1.2 0.6

COP1-interacting protein 0.96 0.00 378 0 1.8 12.0

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

HopZ1a C/A 3.3M reads
ZAR1 3.9M reads
Luciferase 3.4M readsLuciferase 3.4M reads
Library 15.8M reads

Virulence Affects of Interactor KnockoutsVirulence Affects of Interactor KnockoutsVirulence Affects of Interactor KnockoutsVirulence Affects of Interactor Knockouts

5

6

4

5

l G
ro

w
th

fu
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m
2 )

2

3

B
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te
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(lo
g 
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Col ColSNARE LRR COP1
0

1

Growth assays 
• Mildly virulent PmaM6ΔE Three putative interactors that Mildly virulent PmaM6ΔE 
• Homozygous T-DNA knockout lines positively regulate plant immunity

P. syringae P. syringae pv. avellanae & Hazelnut Blightpv. avellanae & Hazelnut BlightP. syringae P. syringae pv. avellanae & Hazelnut Blightpv. avellanae & Hazelnut Blight P. syringae P. syringae pv. avellanae & Hazelnut Blightpv. avellanae & Hazelnut BlightP. syringae P. syringae pv. avellanae & Hazelnut Blightpv. avellanae & Hazelnut Blight
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