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Objectives

1. Identify the role of SARS-CoV-2 WGS in the different 
phases of the COVID-19 pandemic in BC

2. Provide examples of public health applications of 
SARS-CoV-2 WGS

3. Understand the approach to operationalization of WGS in 
a Public Health Laboratory 
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BCCDC Public Health Laboratory (PHL)

WGS limited role and capacity prior to the Pandemic
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Strain Typing Methods
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Why “Fingerprint”
Outbreak response:  Confirm 
epidemiological relationships in 
the spread of disease
Cluster detection: Provide 
epidemiological hypotheses about 
epi relationships in the absence of 
epi data
Surveillance:  Describe the 
distribution of pathogen types and 
identification of potential affecting 
factors

Attributes of typing 
methods
ØDiscriminatory power
ØRapid
ØInexpensive
ØEasy to perform
ØHighly reproducible
ØStandardized 
nomenclature

BCCDC Public Health Laboratory

Next generation 
sequencing



2013



Emergence of Carbapenemase-Producing Organisms 
(CPO) in 2008

Enterobacterieaceae and other 
Gram Negative Bacteria

Carbapenemase

pND
MBC2
(IncX3

)

pND
MBC5
(IncA/
C)

pND
MBC1
(IncL/
M)

S
T
2
2

KPN_
1

S
T
1
4
8

E
CL
_
1

Clonal and plasmid transmissions

BCCDC Public Health Laboratory



PFGE to WGS
N ~2000 enteric 

bacteria/yr
• New skillsets

• New technologies and infrastructure
• Higher discriminatory power, greater demand

• Regular connections with Public Health for 
review and discussions

• Nomenclature standardization

BCCDC Public Health Laboratory



2008 - 2019
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NEW WORKFLOW AT BCCDC PHL

BCCDC Public Health Laboratory



CPO WGS

• Genomics complexity
• Development of WGS pipelines
• Need for lab information management and 

integration tools
• Nomenclature standardization
• Collaboration with HA facilities and public 

health
• Integrated data access from HA level à PLOVER

n >2000 

BCCDC Public Health Laboratory



Plover
Public health Lab Operations Data 

Viewer and Reporter
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PHL Capacity 2019

• ~24 samples per week
– PulseNet Enterics samples
– Carbapenemase Producing Organisms

• Grant funded resources
• Limited operational capacity 
• Limited bioinformatics capacity
• Limited data integration capabilities
• Limited data interpretation and reporting capabilities

BCCDC Public Health Laboratory



Ongoing WGS research and collaboration
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The Early Days 
of the 
Pandemic



Dec 2019
Pneumonia of 

unknown cause 
in Wuhan

Dec 31,  2019

Pneumonia of 
unknown cause 

reported to WHO

Jan 02, 2020

Lab confirmation 
of 2019-nCoV in 

41 patients

Timeline of SARS-CoV-2 Assay Development in BC

BCCDC Public Health Laboratory



January 9, 
2020



January 10, 
2020



Timeline of SARS-CoV-2 Assay Development in BC

Dec 2019

Pneumonia of 
unknown cause 

in Wuhan

Dec 31,  2019

Pneumonia of 
unknown cause 

reported to 
WHO

Jan 02, 
2020

Lab confirmation 
of 2019-nCoV in 

41 patients

Jan 10, 2020

1st 2019-nCoV 
genome 
released 
publicly

Jan 13, 
2020

BCCDC designs 
qPCR assays; 
order primers

Jan 14, 2020

1st qPCR assay 
released on 

WHO website

Jan 20, 2020
BCCDC qPCR 

assay developed; 
undergoing 
validation

Jan 23, 2020

1st BC person 
under 

investigation 
(PUI) tested

Jan 27, 
2020

1st positive 
sample from PUI 

Feb 2, 2020

151 samples 
tested, 

1 positive

BCCDC Public Health Laboratory



Novel Coronavirus, Novel Illness

Wu et al, 2020. Nature

• 80% SARS-CoV-1
• 88% ZC45/ZX21 bat precursor
• 96% RaTG13 (nearest bat precursor)
Genome identity to BetaCoV:



No COVID-19 viruses
were harmed in the
making of this

assay……
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enomics?

• Genomic Sequence of the entire microbe and 
molecular fingerprint

• Examples of Applications:
– Molecular assay design
– Cluster/Outbreak investigations/transmission 
– Identify drug susceptibility and resistance
– Virulence factors prediction
– Detecting new variants
– Vaccine design and development

Role of genomics in COVID-19
BCCDC Public Health Laboratory



COVID-19 Genomics Informed Understanding of 
Travel-Related Introductions

COVID-19 GenomicsBCCDC Public Health Laboratory



Outbreak Investigations
COVID-19 Genomics

Ward 
A

Ward 
B
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Wave 3: Variant Detection & Surveillance
COVID-19 GenomicsBCCDC Public Health Laboratory



Public Health Driven Sequencing Priorities

Provincial surveillance

Outbreak investigations

Targeted surveillance projects (i.e. 
pediatric cases)

Reinfection cases

Laboratory WGS Capacity
AND

Value of Information 

BCCDC Public Health Laboratory



Public Health Driven Sequencing Priorities

Provincial surveillance

Outbreak investigations

Targeted surveillance projects (i.e. 
pediatric cases)

Reinfection cases
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Late Jan, 
2020



Emergence of Variants of Concern Resulted in 
Greater Pressure to Generate Sequences



qPCR for VOC Detection; Role of Sequencing
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qPCR for VOC Detection; Role of Sequencing
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BCCDC Sequencing Strategy (early)



~5000 BC COVID genomes sequenced since 
Feb 2020 (2400 since August 24th)
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Predominant Lineages in BC 
Changing Over Time
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Discontinued 
VOC 

Screening



WGS 
Cluster 

Detection
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Outbreak cases are linked to each other

BCCDC Public Health Laboratory



“outbreak’ case clusters with non-outbreak cases

BCCDC Public Health Laboratory



“Outbreak’ case clusters with non-outbreak cases

Non-outbreak cases may be linked

Genomics can identify potential 
missing links or scope of 

transmission

BCCDC Public Health Laboratory



Feedback from health authorities
1. School cluster investigation: When variants first emerged, a few schools with clusters had broader testing 

performed. WGS helped in confirming that most of the cases were community-acquired rather than 
transmissions that were occurring in school. This helped inform public health measures and helped confirm 
that schools weren't high transmission environments when mitigating measures are in place.

2. Poultry Factory: This was a large workplace outbreak where the employers argued that new introductions of 
COVID-19 were occurring from the community rather than being workplace-associated. WGS confirmed that 
cases were highly related and helped confirm that workplace transmission was the primary mechanism of 
spread.

3. LTC outbreak: WGS helped with understanding the impact of cohorting decisions in the site where 
movement of residents unfortunately resulted in seeding of cases in an unaffected unit and contributed to a 
secondary surge of cases in the outbreak. This has helped Community IPC refine cohorting guidance to 
providers moving forward.

BCCDC Public Health Laboratory

Dr Aamir Bharmal, MHO



Genomic Sequencing of Pediatric Cases (n=223)

BCCDC Public Health Laboratory



Pediatric Cases Typically Cluster in Larger Clusters with Many Adults

BCCDC Public Health Laboratory



Operationalizing 
SARS-CoV-2 

Sequencing in BC



BCCDC Public Health Laboratory

Basic WGS 
infrastructure 

scaled up 
to support 
COVID-19



Transition from Research to Clinical 
Scale Up For High Volume
– PLOVER for sample management
– Improved workflow (LEAN processes)
– Liquid handling to automate library generation
– Acquisition of 2 NextSeq instruments
– Training and recruitment of staff
– Automated analysis pipelines and data 

visualization
– Integration with epidemiology

BCCDC Public Health Laboratory



• Ct values acceptable for WGS
• Data entry
• Indications for testing

Pre-analytic

• Wet lab assay
• Bioinformatics pipelines 
• LIMS???

Analytic

• Analysis
• Interpretation 
• Reports

Post-analytic

Operationalized over a Quality Framework (QA/QC)

BCCDC Public Health Laboratory



Research and 
Development Wet Lab Bioinformatics

Data 
Integration 

and Analysis

Interpretation 
and Reporting

Others

Bacteriology Virology

Mycobacterio
logy

BCCDC 
Epi

IPAC Health 
Authorities

Others

PUBLIC HEALTH LABS 
PROGRAMS

END USERS

WGS information

Prov Health 
Officer Pt care



Wet Lab Method Validation & Operationalization

• Extensive validation of sequencing protocol à robust and 
reproducible

RNA extraction

cDNA synthesis 

1200bp amplicon 
synthesis

DNA Flex Library 
Prep

MiSeq
Sequencing

BCCDC Public Health Laboratory



Assay validation

• With introduction of each equipment, method modifications, 
or kit modifications
– Requires extensive validations
– Cannot be performed within daily work environment
– Important to have a parallel group of technologists to support 

method improvement work in a separate environment 

BCCDC Public Health Laboratory
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Wetlab
• Standardization of 

methods
• Training, SOP’s etc
• “LIMS”
• Efficiency and feasibility
• Modular workflows
– Not linear

BCCDC Public Health Laboratory



Capital

BCCDC Public Health Laboratory



Sequencing Platforms: The Options

MinION, GridION
(ONT)

NextSeq, MiSeq, 
MiniSeq (Illumina)

Others



Automation of 
Library Preparation

• Equivalent library prep times vs 
manual

• Ergonomic gains
• Overall increase in in library 

quality
• More consistent performance

Eppendorf EpMotion 7075



Genome Coverage Decreases for Samples Beyond 
Ct 30, But Still Some Success
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Table 1. Libraries genome completeness for each method

Original method New method

Number of samples 450 450

% Passed quality metric (>85%) 86.0 (387/450) 86.4 (389/450)

% Complete genome (>99%) 80.7 (363/450) 81.3 (366/450)

% Lineages called (>70%) 86.8 (391/450) 87.1 (392/450)

Table 2. Time, cost, and consumable savings

Original method New method

Hands-on time (manual) 4 hours, 30 minutes 1 hour

Total time to completion (manual) 6 hours 2 hours

Time on instrument (epMotion) 6 hours 45 minutes

Total time to completion (epMotion) 6 hours, 30 minutes 1 hour, thirty minutes

Cost of library prep (CAD list price) $68 $31

Number of tip boxes 34 4

BCCDC Public Health Laboratory



Diagnostic 
qPCR

+ve samples 
forwarded to 

BCCDC

Sequencing 
Prioritized

Extraction

Amplicon 
generation

Library Prep

Sequencing

Analysis

WGS 
Work 
Flow

Day 1

Day 2

Day 3

Day 4

Day 5



Increasing Pressure to Sequence More – How?

Extract RNA

cDNA synthesis

Amplicon PCR 
(2 pools)

Amplicon 
Purification Tagmentation

Tagmentation
Stop

Tagmentation
Wash

Library PCR Size selection

Load on 
Sequencer

19-29 hour 
Sequence Time

Bioinformatics

Illumina 
DNA Prep

1200bp 
amplicon 
scheme

MiSeq or 
NextSeq

2000



Increasing Pressure to Sequence More – How?

Extract RNA

cDNA synthesis

Amplicon PCR 
(2 pools)

Amplicon 
Purification Tagmentation

Tagmentation
Stop

Tagmentation
Wash

Library PCR Size selection

Load on 
Sequencer

19-29 hour 
Sequence Time

Bioinformatics

Pooled all 
samples, then 

performed 
size selection  

manually
↓

made liquid 
handler 

available for 
another 
library



Increasing Pressure to Sequence More – How?

Extract RNA

cDNA synthesis

Amplicon PCR 
(2 pools)

Amplicon 
Purification Tagmentation

Tagmentation
Stop

Tagmentation
Wash

Library PCR Size selection

Load on 
Sequencer

19-29 hour 
Sequence Time

Bioinformatics

Removed 
timely steps 

without 
impacting 

library prep.
↓

Reduced 
time from 
360 min to 
120 min.



Increasing Pressure to Sequence More – How?

Extract RNA

cDNA synthesis

Amplicon PCR 
(2 pools)

Amplicon 
Purification Tagmentation

Tagmentation
Stop

Tagmentation
Wash

Library PCR Size selection

Load on 
Sequencer

19-29 hour 
Sequence Time

Bioinformatics

Purchased 
additional 
equipment 
(stampers, 

liquid 
handlers, 

sequencers) 
and 

staggered 
work shift

↓
Up to 10 

libraries/day



Increasing Pressure to Sequence More – How?

Extract RNA

cDNA synthesis

Amplicon PCR 
(2 pools)

Amplicon 
Purification Tagmentation

Tagmentation
Stop

Tagmentation
Wash

Library PCR Size selection

Load on 
Sequencer

19-29 hour 
Sequence Time

Bioinformatics

Purchased 
additional 
equipment 
(stampers, 

liquid 
handlers, 

sequencers) 
and 

staggered 
work shift

↓
Up to 10 

libraries/day

TAT: Target for 5-7 days from sample receipt 

Increased sequencing capacity from 750 genomes/week 
à >4000 genomes/week



COVID-19 WGS: Reasons for testing

• Surveillance
– VOCs, emerging strains, at risk populations, etc
– Monitor travel related cases (importation of new strains)
– Monitor vaccinated vs unvaccinated cases
– Etc

• Support public health and IPAC’s cluster and outbreak responses
• Monitor severe cases
• Monitor breakthrough and re-infection cases
• Meet federal surveillance requirements



Sequencing Capacity
• Before the pandemic, capacity was 24 samples/wk
• Currently, throughput is 4000 samples/wk
– Weekly cases currently >5000 samples

• Federal recommendations ~10-15% of positive cases.  
– BC is testing ~90-100%
– BC is the only province testing at this capacity

• Current state is not sustainable

BCCDC Public Health Laboratory



Challenges
• Major challenge is sample storage and handling
– Freezer capacity limited 

Ø Going forward

– Send ALL positives for first Epi Week each month
– Send priority samples and 10% “convenient” background samples
– Archive all other positives for E.g. 4 weeks

Ø Retrospective

– Send un-sequenced positive samples to BCCDC PHL or
– Follow BCCDC PHL’s retention strategy

BCCDC Public Health Laboratory



Recommendation
• Combine a monthly point prevalence testing with targeted 

testing by Epi weeks:
Week 1

• All positive cases by collection date

Week 2
• 10% convenient sampling
• Priority List

Week 3
• 10% convenient sampling

Priority List

Week 4
• 10% convenient sampling
• Priority List

Priority List:
• Clusters & outbreaks

• Travel
• Hospitalized/LTCF

• Re-infections
• Vaccine breakthroughs
• PHAC surveillance
• Other MHO requests

-This strategy will be modified as weekly 
volumes increase or decrease

BCCDC Public Health Laboratory



Sequencing all 
positives received

VOC 
confirmation

Sequencing
100% week 1 each month

Sequencing at BCCDC PHL shows temporal evolution of pandemic

Sequencing all 
positives received



WGS by BC CDC PHL shows:
– March à July 2021: co-dominance of Alpha and Gamma.
– April à July 2021: Delta introduction remaining at low levels for nearly 

3 months between Gamma and Alpha.
– July 2021 à present:  Delta established dominance quickly at a time of 

low case counts.
– July 2021 à present:  the current predominant lineage of Delta is 

AY.25, with AY.27 being the other main lineage we are seeing.
– By HA in the Delta era:  trends similar, but some differences (e.g. AY.4 

in VIHA).
• Note, AY.4 is parent lineage of AY.4.2 flagged by PHE as having enhanced growth.

Key messages

BCCDC Public Health Laboratory
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Data 
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Bioinformatics

• People, people, people
• Automated wgs quality checks
– Technologists with bioinformatics 

support

• Standardized pipelines for data 
integration



Analysis 
OICR Fork of Connor Pipeline
1. Quality filtering & adaptor 

removal
2. Mapping against human
3. Mapping against reference 

(Wuhan-Hu-1)
4. Primer trimming, generate 

consensus sequence (ivar)

BCCDC Public Health Laboratory



Analysis 

1. ncov-tools (OICR)
2. Pangolearn
3. Mutation watchlist
4. Phylogeny w/ epi on 

NextStrain

BCCDC Public Health Laboratory



Lineages by HA over time



Lineages by HA and phylogeny



December 2nd Omicron

Canada (Ontario)

Already some 
diversity ( + 2 intros 

in Ontario?)



Lineages over time

BCCDC Public Health Laboratory



Current practice:  Manual clade calling

Manual inspection and assignment 
of clades:

Pro: 
- Highest resolution

Con: 
- Clades assignment specific to 

report and tree (cannot be cross 
compared).

- Challenging to interpret.
- Time consuming.

Clade 1.1

E.g.

Nearly identical to Clade 1.1 
( 1 mutation away)



Cluster codes allow surveillance

Tool developed by:
Caroline Colijn (SFU)
Ben Sobkowiak (SFU)

Kimia Kamelian (BCCDC)
Natalie Prystajecky (BCCDC)

Linda Hoang (BCCDC)



Cluster codes allow surveillance

Tool developed by:
Caroline Colijn (SFU)
Ben Sobkowiak (SFU)

Kimia Kamelian (BCCDC)
Natalie Prystajecky (BCCDC)

Linda Hoang (BCCDC)



Cluster codes – major clusters



Cluster codes – major clusters and 
Health Authorities



WGS by BC CDC PHL:
– Assigns lineages to samples.
– Allow tracking of the pandemic across time.
– Phylogenetic tree analysis of WGS allows even higher resolution.
– To date, manual inspection of trees has allowed reporting of outbreak 

clusters in response to requests from health authorities.
– Cluster tool developed through collaboration with SFU.  

• Allows automatic assignment of sequences to cluster codes.
• Cluster codes will be consistent between trees

Key messages

BCCDC Public Health Laboratory
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December 2019
• Servers in place 
• Support in alpha 

for AMR bacteria 
WGS 

• FluWatch in prod

Plover: Origin

January 2020
• Wuhan virus warning
• PHO Bonnie Henry orders 

PHL to receive test records 
and make available

• January 28, initial site goes 
live for PHO, MHOs, 
BCCDC

February 2020
• MHOs request 

support for contact 
tracers etc

• New types of users 
added

• VOC tests
• Point of Care (Rapid) tests
• Support for BCCDC hotline
• Automatic data transfers (file and 

email)
• Private lab data (discontinued)

2021

BCCDC Public Health Laboratory



December 2019
• Servers in place 
• WGS in alpha for 

AMR bacteria
• FluWatch in prod

Plover: Origin

January 2020
• Wuhan virus warning

• PHO Bonnie Henry orders 
PHL to receive test records 

and make available
• January 28, initial site goes 

live for PHO, MHOs, 
BCCDC

February 2020
• MHOs request 

support for contact 
tracers etc

• New types of users 
added

• VOC tests
• Point of Care (Rapid) tests
• Support for BCCDC hotline

• Automatic data transfers (file and 
email)

• Private lab data (discontinued)

2021

Current numbers:
• 130 active users (600 total)
• 4.1 million COVID-19 tests
• 94,400 VOC (PCR) tests

• 25.6 million Sunquest records
• 21,300 emails sent (batch case 

notifications to HAs)
• 92,900 WGS results

BCCDC Public Health Laboratory



Data linkage
• Realtime
• Automated
• Quality assured
• Laboratory as source for data linkage
– Lab metadata (e.g. age, gender, HA, etc)
– Reason for testing - flagged at sample collection and data entry)
– Lab results
– Significant Epi meta data (e.g. vaccination, hospitalization, travel)

• Data accessible by both labs and Epi
• Tight working relationship, avoid duplication

BCCDC Public Health Laboratory



COVID-19 health outcomes by vaccination status and age, BC, Nov 2021

BCCDC

BCCDC Public Health Laboratory



Reinfections

Tillet et al, 2021. Lancet Infectious Diseases

BCCDC Public Health Laboratory
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WGS Request Form
-standardized request 
format for end users 
(e.g. Health 
authorities, IPAC)

CLUSTER INVESTIGATION 
Genomic Subtyping Request for 4"34�$P7��

1MFBTF�FNBJM�DPNQMFUFE�GPSN�UP @#$$%$@/$07�16*!CDDED�DB Form PHBM_$07*%8(4  Version 1.0 ��/20��

Public Health Laboratory
655 West 12th Avenue, Vancouver, BC V5Z 4R4
www.bccdc.ca/publichealthlab

          Date                                                  ________________________   Contact Person              ________________________ 
Organism (Genus, species)   ________________________   Telephone Number     ________________________

          CD Unit/Health Authority     ________________________   Fax Number                    ________________________
Acute Care Facility                    ________________________               Send Report To             ________________________

          Cluster Details:  ________________________________________________________________________________

________________________________________________________________________________          

________________________________________________________________________________

          Cases are epidemiologically linked?      Yes       No           If  Yes, indicate how:

Contact of case(s) Other risk factors:     )FBMUI�DBSF�FYQPTVSF

Common event                   Travel __________________________________________

          Line List:  (Please attach spreadsheet/line list if more cases/specimens are in your cluster)

          Patient Name:   PHN: DOB (DD/MM/YY):   ������������$5�7BMVFT�GSPN�$07*%�/"5�	JG�BWBJMBCMF
�

______________�

______________�

______________�

_____________@�

@@@@@@@@@@@@@@�

@@@@@@@@@@@@@_

            

          Comments:

 INTERNAL USE ONLY
            Approved by:                 Yes No

OR
Dr. L. Hoang, Program Head, Bacteriology & Mycology Laboratory, BCCDC Public Health Laboratory 

Medical Microbiologist on call, (Name):    ___________________________________

*G�UIFTF�TQFDJNFOT�XFSF�UFTUFE�GPS�$07*%����BU�B�MBC�PUIFS�UIBO�UIF�#$$%$
�QMFBTF�FOTVSF�UIF�TBNQMFT�IBWF�CFFO�TFOU�UP�#$$%$�GPS�8(4�BOBMZTJT��

%S��/��1SZTUBKFDLZ
�1SPHSBN�)FBE
�&OWJSPONFOUBM�.JDSPCJPMPHZ
�#$$%$�1VCMJD�)FBMUI�-BCPSBUPSZ
OR

3E31�(FOF: &�(FOF:

______________@@@@

@______________@@@

______________@@@@

_____________@@@@@

@@@@@@@@@@@@@@@@@@

@@@@@@@@@@@@@@@@@_

______________@@@@@_______

_______@@@______________@@

@@_____________@@@@@@@@@@@

@@@@@@@@@@@@@@@@@@@@@@@@@@

@@@_@@@@@@@@@@@@@@@@@@@@@@

@@@@@@@@@@@@@@@@@@@@@@@@@@

______________@@@@

@______________@@@

______________@@@@

_____________@@@@@

@@@@@@@@@@@@@@@@@@

@@@@@@@@@@@@@@@@@_

______________@@@@

@______________@@@

______________@@@@

_____________@@@@@

@@@@@@@@@@@@@@@@@@

@@@@@@@@@@@@@@@@@_

4"34�$P7��



Whole genome sequencing 
of SARS-Co-V2 at BC CDC

Samples 
received

Whole genome 
Sequencing

Lineage 
assignment

Incorporation into 
phylogenetic tree & 

Clade assignment

Report

Fully operationalised workflow!!!

All stages performed by technical staff with 
scientific and clinical oversight!

BCCDC Public Health Laboratory



The report back to end 
users… 4 components:

1.  Executive summary of the findings 
specific to the outbreak cluster
2.  Line list of the cases you asked to be 
sequenced.
3.  Tree: A Figure showing the position of 
your cases on the tree relative to other 
BC cases for which we have WGS data.
4. Appendix: If applicable, an appendix 
containing cases that the tree suggests 
are similar to your cases

1

2

3

BCCDC Public Health Laboratory



Role of Genomics in Current Phases of Pandemic
• Transition from detecting variants à surveillance of variants
– What is circulating?
– Is anything emerging?

• Targeted surveillance of specific populations
– Hospitalized
– Reinfections
– Breakthrough cases
– Outbreaks

• Surveillance critical as we transition from pandemic to 
endemic stage 

BCCDC Public Health Laboratory



People

• Technologists
• Scientists
• Bioinformaticians!!!!!!!!
• Medical Microbiologists

BCCDC Public Health Laboratory



Today’s Research is tomorrow’s Healthcare!!!

BCCDC Public Health Laboratory
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Thank you!
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