
Ed Taboada
Pathogen Genomics Group

NRC - Institute for Biological Sciences

Using arrayUsing array--based expression profiling based expression profiling 
and comparative genomics to gain and comparative genomics to gain 

insights on bacterial virulenceinsights on bacterial virulence



C. jejuni is an important food pathogenC. jejuni is an important food pathogen

• Grows under micro-aerophilic
conditions
– Delays diagnosis

• Commensal organism in many 
domestic animals
– Ubiquitous in commercial 

poultry
• Causes food poisoning in 

humans
– leading cause of enteritis 

in the (1st) world
– More cases than E. coli

and Salmonella combined
• Secondary effects: 

– Auto-immune disorders 
(GBS, MFS)



Understanding the pathogen…Understanding the pathogen…
• What are the molecules / proteins / pathways necessary for 

virulence ?
– Surface structures (adhesion, invasion, host evasion)
– Iron acquisition 
– Toxins, etc...

• How is the expression of virulence factors regulated ?
– Temporal regulation
– In vivo triggers
– Interaction with the host

gene expression profilinggene expression profiling

But....But....

comparative genomic hybridization (CGH)comparative genomic hybridization (CGH)

you can’t express what you don’t haveyou can’t express what you don’t have



CjCj virulence and gene expression profilingvirulence and gene expression profiling

Part IPart I



Aim: 
Comparison of gene expression profiles from the genome strain 

NCTC11168 (“VIDO”) vs. a lab-attenuated variant (“NRC”)

– Comparative Genomic Hybridization
– Gene-expression Profiling
– (Correlation with) Proteomics
– Mutant analysis

Coordinate Regulation of Motility and VirulenceCoordinate Regulation of Motility and Virulence

Carrillo et al., (2004) Journal of Biological Chemistry (in press)



Tracing the lineage of two variants…Tracing the lineage of two variants…



VIDO VIDO vsvs NRC: observed variations in phenotypeNRC: observed variations in phenotype

Flagellation ++ +/-

Motility ++ +/-

Adherence to CaCo-2 cells ++ +

Dose requirement for Infection              105 cfu 108 cfu

Lateral Spread Yes No

Feature VIDO              NRC

NRC and VIDO variants differ in their “virulence characteristics”

courtesy of Christine Szymanski, Brenda Allen et al.



NRC and VIDO variants have same CGH profile (ie.“identical gene content”)
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Comparing the genomes of VIDO Comparing the genomes of VIDO vs vs NRCNRC



2 fold line
3 fold line

1:1 ratioV
ID

O

NRC
Differences are observed in expression of flagellar proteins in NRC and VIDO variants

Comparing the Comparing the transcriptomestranscriptomes of VIDO of VIDO vs vs NRCNRC

2 fold line
3 fold line

1:1 ratio



courtesy of Pat Lanthier & John Kelly

VIDONRC

Comparing the Comparing the proteomesproteomes of VIDO vs. NRCof VIDO vs. NRC

transcriptome/proteome “confirmation”
flagellar/virulence genes

The proteome of the VIDO variant shows increased levels of:
• flagellar proteins
• toxin protein cdtC
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RNA pol

σ70: rpoD
σ54: rpoN
σ28: fliA

Only 3 sigma factors identified in C. jejuni NCTC11168

Bacterial Promoters:
σ

-35             -10          +1

flagellar regulation

Could virulence factors be coCould virulence factors be co--regulated in VIDO ?regulated in VIDO ?

σ54 Promoters σ28 Promoters

VIDO variant shows increased levels of both σ54- and σ28-regulated genes

β β
α

σ



σ54 (rpoN)

σ28 (fliA)

flgR (cj1024c)- σ54 activator 

flhB
flhA

Mutagenesis Mutagenesis studies on putative flagellar regulatorsstudies on putative flagellar regulators

Several genes are known to have an effect on flagellar gene regulation

mutagenesismutagenesis / expression profiling of mutants/ expression profiling of mutants
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Lower in VIDO fliA-

Higher in VIDO fliA-

• “Stubby” flagella
• Lower levels of σ28-regulated genes
• Increased levels of σ54-regulated genes

• different from “NRC effect”

Study of a Study of a σσ2828 ((fliAfliA)) knockknock--outout mutant in VIDOmutant in VIDO
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1

1000 10000Higher in VIDO flhA-

Lower in VIDO flhA-

• No flagella
• lower transcript levels of both σ28- and σ54-regulated genes

• similar to “NRC effect”
• FlhA regulates the expression of the genes that are 
differentially expressed between NRC and VIDO variants
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Study of a Study of a flhAflhA knockknock--outout mutant in VIDOmutant in VIDO



How is How is FlhA FlhA involved in flagellar regulation ?involved in flagellar regulation ?

• FlhA is not a transcription factor

• FlhA is a structural protein of the nascent flagellum

• involved in export of late flagellar proteins

• Impairment of flagellar protein export in Pseudomonas 

aeruginosa

• downregulation of flagellar genes

• accumulation of flagellar precursons / feedback inhibition ?



CjCj virulence virulence 
andand

CComparative omparative GGenomic enomic HHybridizationybridization

Part IIPart II



Adaptability = Survival = FitnessAdaptability = Survival = Fitness
at the level of the individual:
-short term adaptability = differential gene expression

at the level of the species:
-long term adaptability = genetic variability

Variability = FitnessVariability = Fitness



Bacteria love to take up (foreign) DNA...Bacteria love to take up (foreign) DNA...

Bacteria live in “dilute DNA solutions”
- dead brothers and sisters
- other dead things
- mobile genetic elements



Bacteria love to take up (foreign) DNA...Bacteria love to take up (foreign) DNA...



Bacteria love to take up (foreign) DNA...Bacteria love to take up (foreign) DNA...



Bacteria love to take up (foreign) DNA...Bacteria love to take up (foreign) DNA...



Bacteria love to take up (foreign) DNA...Bacteria love to take up (foreign) DNA...



Bacteria love to take up (foreign) DNA...Bacteria love to take up (foreign) DNA...

• Lateral (Horizontal) Gene Transfer
• Very common in bacteria 
• Detectable in short evolutionary time frames
• Bacterial strains of the same species can be VERY different



The problem with comparative genomics…The problem with comparative genomics…
• Ideally, performed with genome sequence data

• need multiple strains sequenced

• Otherwise, use indirect methods:
• directed sequencing of specific loci
• indirect molecular methods

• SSH, PFGE, AFLP, etc…

• Microarrays
• Strengths: tool for whole-genome composition analysis
• Limitations: can only test for the genes present in array

Comparative Genomics to the RescueComparative Genomics to the Rescue



Aims:
• Quantify the extent of genetic variability across different strains 

using full-genome Cj microarray
• Define “hot spots” of genetic variability in the Cj genome
• Develop Array-CGH as a molecular typing method
• Correlation between gene content and phenotype

The C. jejuni Genome Variability SurveyThe C. jejuni Genome Variability Survey

Comparative genomics of C. jejuniComparative genomics of C. jejuni



Designing a better array:Designing a better array: CampychipCampychip v3.0v3.0

Better Coverage !Better Coverage !
1867 Total Genes:

• C. jejuni NCTC 11168 backbone:
– Genes with validated signal: 1570

– Effective Coverage: 96%

• 297 genes derived from other strains
– RM1221 ORFs: 188

– 81-176 pVIR ORFs: 67

– ORFs from other strains: 42



• Growth of C. jejuni on 
Mueller-Hinton plates

• Harvesting of cell pellets
• Lysis of cells and phenol 

extraction of DNA

Cell Harvest & 
DNA isolation

Comparative genomics using Comparative genomics using microarraysmicroarrays

Plate just for display – C. jejuni is 
not on this plate in the lab note: not actual Campy



Cell culture 
and harvest

DNA fragmentation 
and purification

• Nebulization of DNA into 
linear fragments (~750 bp –
5.0 kb).

1 2 3

• Purification by ethanol 
precipitation

3.0 kb
2.0 kb

Comparative genomics using Comparative genomics using microarraysmicroarrays



Cell culture 
and harvest

DNA fragmentation 
and purification

Labeling and 
Hybridization

• Hybridization to microarray

Cy3 Cy5

tester control

• Direct chemical labeling of the 
tester and control DNAs with 
Cy3 and Cy5 dyes, followed by 
column purification

Comparative genomics using Comparative genomics using microarraysmicroarrays



Cell culture 
and harvest

DNA fragmentation 
and purification

Labeling and 
Hybridization

Scanning and 
Data Analysis

• Analysis using ArrayPro software
– Filtering of background and 

noise
– Categorization of spots

• Data export into BASE followed 
by further analysis in a biological 
context

control

test

• Microarray scanning

Comparative genomics using Comparative genomics using microarraysmicroarrays



No Difference

Microarray comparison of 11168 (Cy3) vs. RM1221 (Cy5) Microarray comparison of 11168 (Cy3) vs. RM1221 (Cy5) 

Higher in 11168

Higher in RM1221



Signal

Target Abundance

Signal

Target / Probe Similarity

Comparative Genomic Hybridization vs. Transcript ProfilingComparative Genomic Hybridization vs. Transcript Profiling

Transcript Profiling
• transcript abundance
CGH
• gene copy number

CGH
• gene divergence

Hybridization signal affected by : 
• target abundance 
• target / probe similarity
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Histogram of Log Ratios MA plot

Absent Genes vs. Divergent GenesAbsent Genes vs. Divergent Genes

+4.380.00-1.00-2.60-3.95log2 (Tester / Control)

Test Signal

Control Signal

Overlay

Divergent?Divergent?Absent?Absent?

Divergence
Threshold

• Selection of arbitrary cut-off  as Threshold for “Divergent Genes”

Divergence Threshold

????????



What is the cutWhat is the cut--off for Absent vs. Divergent calls ?off for Absent vs. Divergent calls ?

C. jejuni NCTC11168
vs.

C. jejuni RM1221

Predicted RM1221 “outliers”

A tale of two genome strains.....



Absent in RM1221

What is the cutWhat is the cut--off for Absent vs. Divergent calls ?off for Absent vs. Divergent calls ?

A tale of two genome strains..... C. jejuni NCTC11168
vs.

C. jejuni RM1221



~ 95% identity +
~ 90% identity
~ 85% identity
~ 80% identity or less

Absent in RM1221

A tale of two genome strains.....

What is the cutWhat is the cut--off for Absent vs. Divergent calls ?off for Absent vs. Divergent calls ?

there is a correlation between log ratio and sequence conservation

C. jejuni NCTC11168
vs.

C. jejuni RM1221

98.9%
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94.9%

Divergent in RM1221

81.2%
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98%

88.7%87.4%95.6%
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97.2%

88.6%
93.8%
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93.6%
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94.6%



Tabulating genetic variability from CGH dataTabulating genetic variability from CGH data
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Genetic variability hotspots among Genetic variability hotspots among Cj Cj strainsstrains
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MetaMeta--analysis of 97 analysis of 97 C. jejuniC. jejuni strains strains 



Genetic variability in C. jejuniGenetic variability in C. jejuni

StrainStrain
Gene OrderGene Order GENOMEGENOME--BASED CLUSTERINGBASED CLUSTERING

LOOK FOR EPIDEMIOLOGICAL LINKS !!!
• virulent vs avirulent phenotypes
• human vs animal isolates
• any phenotype of interest...



(The Problem with) Molecular Typing(The Problem with) Molecular Typing



The Problem with Molecular TypingThe Problem with Molecular Typing

YY



CGHCGH--based typing ???based typing ???

Divergent in RM122181.2%

86.1% 84.2%
98%

88.7%87.4%95.6%

86.1%
86.8%

97.5%
94.1%

95.4% 97.8%
97.2%

88.6%
93.8%

91.8%
95.8%

98.9%

94.9%
92.9%

99.3%
89.2%97.0%

93.6%

Absent in RM1221

87.4%

94.6%

• good discrimination
• robust assay
• relevant

To be useful...To be useful...



• robustness !!!!

Filtering for Robust CGH data...Filtering for Robust CGH data...

• highly divergent genes have high intra-species variability
• highly divergent genes tend to have divergent neighbours



A
ve

ra
ge

 L
og

 R
at

io
 o

f D
iv

er
ge

nt
 G

en
e

Percentage of Strains with Divergent Gene

Moderately Divergent

Highly Divergent

avg # ~ 6

avg # ~ 35

Good polymorphic markers for genotypingGood polymorphic markers for genotyping

• highly variable: discriminating
• highly divergent: robust
• (biologically) relevant



Microarrays Microarrays and Studies on Virulence...and Studies on Virulence...

• We have developed a full genome microarray for C. jejuni

• Used microarray to study gene expression
• expression profiles in virulent and avirulent strains
• expression profiles of knock-out mutants

• Used microarray to study C. jejuni genetic variability
• characterized genomic diversity in the species

• mining data for association with virulence
• hypervariable genes for molecular typing
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