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Abstract 

Background: Along with rapid diagnostic testing, contact tracing, and public health measures, an effective pan-
demic response incorporates genomics-based surveillance. Large-scale SARS-CoV-2 genome sequencing is a crucial 
component of the global response to COVID-19. Characterizing the state of genomics readiness among Canada’s 
public health laboratories was necessary to inform strategic planning and deployment of capacity-building resources 
in the early stages of the pandemic.

Methods: We used a qualitative study design and focus group discussions, encompassing both technical and leader-
ship perspectives, to perform an in-depth evaluation of the state of pathogen genomics readiness in Canada.

Results: We found substantial diversity in the state of readiness for SARS-CoV-2 genomic surveillance across Canada. 
Despite this variability, we identified common barriers and needs in the areas of specimen access, data flow and shar-
ing, computing infrastructure, and access to highly qualified bioinformatics personnel.

Conclusions: These findings enable the strategic prioritization and deployment of resources to increase Canada’s 
ability to perform effective public health genomic surveillance for COVID-19 and prepare for future emerging infec-
tious diseases. They also provide a unique qualitative research model for use in capacity building.
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Background
The global COVID-19 pandemic has created many chal-
lenges for Canada’s healthcare and public health systems. 
Included among these challenges is the implementation 
of genomic surveillance for SARS-CoV-2. Initially, the 
sequencing and sharing of an early SARS-CoV-2 virus 
genome provided the world with critical information 

about the relatedness of this new virus to previously 
sequenced coronaviruses and enabled the rapid design 
of diagnostic targets that are routine in detecting the 
virus [1]. Genomics provided key evidence to dem-
onstrate that sustained community transmission had 
occurred in the United States prior to the first detection 
of cases [2], as well as insights into the initial introduc-
tion and local transmission of the virus. [3, 4]. Since 
then, the emergence and spread of new SARS-CoV-2 
variants have illuminated the critical role of genomics in 
the pandemic response. The ability to track mutations in 
the SARS-CoV-2 genome and determine their effects on 
pathogenesis, transmission, and diagnostic and vaccine 
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effectiveness have become high priorities for public 
health authorities in Canada and worldwide [5–8].

Despite the importance of genomics in informing 
public health activities during the SARS-CoV-2 pan-
demic, few countries were prepared to rapidly implement 
large-scale SARS-CoV-2 genomic surveillance [9]. One 
notable exception is the successful mobilization of large-
scale genomic sequencing in the United Kingdom (via 
the COVID-19 Genomics UK Consortium (COG-UK)), 
which features a large decentralized network of public 
health, academic, and research facilities that were largely 
well-equipped in advance [10]. In the United States, 
where pre-existing expertise and equipment were exten-
sive, there were claims that the initially slow genomics 
rollout was due to systemic problems in sharing samples 
and data [5]. The World Health Organization’s advice and 
guidance specify that continuous genomic surveillance is 
critical for the COVID-19 response for monitoring vari-
ants and recommends the shift from virus detection only 
to genomic-based surveillance for influenza-like illness, 
acute respiratory infection, and severe acute respiratory 
infection [8].

Prior to the pandemic, pathogen genomics was an 
active area of research and development in Canada. It 
had been successfully applied, for example, to investi-
gate tuberculosis transmission in remote settings [11], 
to characterize carbapenemase-producing Enterobac-
teriaceae and invasive group A Streptococci in hospi-
tals [12, 13], to support Canada’s largest beef recall due 
to E. coli O157:H7 [14], and to characterize outbreaks 

of Salmonella Heidelberg [15]. Canada had only imple-
mented a national rollout of routine, real-time genomic 
surveillance for bacterial foodborne diseases. Capacity 
building for foodborne disease genomic surveillance in 
Canada occurred over a five-year period (2013–2017). It 
comprised all four elements of genomics capacity build-
ing—data generation, data analysis, results interpretation, 
and governance—and specifically included activities such 
as the provision of sequencing instruments for provin-
cial public health laboratories, training for laboratories 
to generate and analyze the data, and knowledge transla-
tion for epidemiologists to interpret and apply genomics 
results to inform public health decision-making (Fig. 1).

While many early achievements in the implementa-
tion of routine genomic surveillance around the world 
were also in the area of foodborne disease [16–19], 
the responses to the Ebola and Zika epidemics during 
2013–2015 shaped the model for modern genomic epi-
demiology for emerging diseases in a global setting [20]. 
Underpinning the initial capacity building for pathogen 
genomics for public health in Canada was the develop-
ment of the Integrated Rapid Infectious Disease Analy-
sis platform for genomic epidemiology (IRIDA), which 
brought bioinformatics infrastructure and pipelines to 
support genomic activities at the Public Health Agency 
of Canada’s National Microbiology Laboratory (PHAC-
NML) and provincial public health laboratories [21]. As a 
result of these capacity-building efforts, PHAC-NML and 
several provincial public health laboratories developed 
significant expertise in genomics and bioinformatics 

Fig. 1 Essential components of genomics capacity building
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before the pandemic, and some capacity was in place for 
genomic surveillance. These previous efforts, including 
the successful national rollout of routine genomic surveil-
lance for foodborne diseases, meant that Canada was not 
starting from scratch in implementing pathogen genom-
ics to support the COVID-19 public health response.

In April 2020, Genome Canada launched the Canadian 
COVID Genomics Network (CanCOGeN) to coordinate 
a pan-Canadian network for large-scale sequencing of 
SARS-CoV-2 genomes and host genomes. The Canadian 
Public Health Laboratory Network (CPHLN) typically 
coordinates the rollout of laboratory testing for public 
health purposes in Canada. The CPHLN, comprised of 
PHAC-NML and the public health laboratories of all ten 
provinces and three territories (or the laboratories that 
fill the public health role), has a mandate to assure inte-
grated public health laboratory response to infectious 
diseases [22]. With the increased scale and complexity 
of the COVID-19 genomics response, a broader strategy 
was necessary: CanCOGeN includes in its network the 
CPHLN plus healthcare partners, academia, industry, 
research institutes, and sequencing centres [23].

Implementing genomics for the surveillance of infec-
tious diseases is a challenging endeavour, even without 
the pressures of a pandemic. Genome sequencing is more 
complex than simply replacing one laboratory test with 
another. Its use necessitates adequate IT infrastructure, 
specialized equipment and reagents, the ability to ana-
lyze data using bioinformatics, and technical knowledge 
to interpret it and apply the results in a public health 
context, along with sustainable funding to maintain 
capacity over time (Fig. 1). The World Health Organiza-
tion estimates that countries must overcome at least 22 
challenges and barriers for successful genomics imple-
mentation, categorized into four groups: organizational, 
cultural, technical, and scientific [24]. Adding to the 
complexity is that some barriers are challenging in more 
than one way; for example, genomic data sharing brings 
technical challenges as well as cultural and organizational 
challenges. The degree to which laboratories experience 
these barriers can vary widely; thus, determining the 
specific needs and challenges encountered in these four 
areas is an effective strategy to help inform and prior-
itize the allocation of resources to maximize genomics 
capacity.

The Canadian public health system did not foresee 
the massive scale at which genomics capacity would be 
needed in Canada’s public health laboratories for the 
COVID-19 response. The purpose of this study was to 
assess the state of readiness of Canada’s public health 
laboratories to perform large-scale genomic surveillance 
of SARS-CoV-2 in the early stages of the pandemic and to 
identify specific challenges and opportunities to inform 

strategic deployment of the capacity necessary to opera-
tionalize this crucial public health function at a massive 
scale. The methods used in this study may also serve as 
a model for strategic planning for genomics implemen-
tation and capacity building by other countries or labo-
ratory networks that wish to build capacity for genomic 
surveillance of SARS-CoV-2.

Methods
Study design
A qualitative study survey was designed and included a 
survey instrument implemented via focus group discus-
sion to capture each public health laboratory’s priorities 
and operational landscape, current and planned SARS-
CoV-2-genomics-related activities, genomics-based sur-
veillance plans in general (i.e., for other pathogens), and 
the status of all critical dependencies. Questions were 
primarily open-ended and intended to generate narrative 
responses. Questions targeted laboratory leaders/direc-
tors, technical personnel, or both.

Data collection
We invited public health laboratories (or the institutions 
serving a public health lab function) in all provinces and 
territories to participate. Participation was by invitation 
only; there were no exclusion criteria. We conducted our 
focus group discussions wherein the survey was adminis-
tered to leadership and technical personnel (as separate 
groups) for each jurisdiction via video conference inter-
views or completed in writing. Interviewers recorded 
responses from the participants to each question. In 
total, 44 laboratory leaders and technical personnel from 
10 laboratories participated in the study.

Qualitative analysis
The responses to each question were converted into key 
messages and stratified by jurisdiction (province or ter-
ritory) and by personnel type (leadership vs. technical) in 
Excel (Microsoft, USA) following general grounded the-
ory and focus group methodology [25–27]. During the 
initial review of the data, we coded responses into cat-
egories. We then re-examined the responses to identify 
concepts among the categories, which we assessed for 
trends, themes, and deviations. In some cases, we tabu-
lated coded responses to generate quantitative analyses 
and calculated the response proportions as percentages. 
Not every participant answered every question; these 
were coded as missing values and were excluded from the 
analysis. The key messages were communicated back to 
each interview participant for validation and corrected 
when needed. Excerpts included herein as quotes or fea-
tured as stories were edited for clarity and to de-identify 
the respondent. Results were visualized in R [28] and 
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RStudio [29] using the tidyverse [30], hrbrthemes [31], 
treemapify, and ggfittext [32] packages.

Results
Although initial capacity was generally low relative to 
the scale required (with some exceptions), genomics for 
SARS-CoV-2 was considered a priority by most public 
health laboratories, even before the emergence of vari-
ants of concern. The perceived role of genomics in the 
national COVID-19 response was evaluated as an indi-
cation of any cultural barriers to genomics implementa-
tion. In the early phase of the pandemic (i.e., before the 
emergence of variants of concern), SARS-CoV-2 genom-
ics was considered a priority by 70% of public health lab-
oratories (see supplemental data). More than two-thirds 
of the labs either did not consider SARS-CoV-2 genomics 
as part of their vision or believed that the value or that 
genomics had yet to demonstrate its value. In contrast, 
fewer than one-third reported that genomics should be 

a core part of public health laboratory activities (Fig. 2a). 
This viewpoint likely reflects the perception of genomic 
surveillance overall and initial capacity-building efforts 
in the years prior to the pandemic. Since this study took 
place before the emergence of variants of concern and 
the availability of vaccines (and thus the need to moni-
tor variants for vaccine escape), it is perhaps not surpris-
ing that laboratories viewed genomics as a lower priority 
compared to diagnostic testing, which was required at 
a scale never before encountered in Canada, and many 
respondents noted it was consuming most of their 
resources and attention during the early phase of the 
pandemic. Genomics was considered a complementary 
strategy to support public health surveillance, with pri-
mary applications in outbreak investigations and tracking 
important mutations impacting, for example, virulence 
or the performance of diagnostic tests. Overall, given the 
scale of the pandemic, capacity across all public health 
labs was low, with 44% of the labs reporting having little 

Fig. 2 Perception (A) and plans (B) for genomics for SARS-Cov-2 genomics in Canadian public health laboratories
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or no capacity and 56% reporting having at least some 
or moderate capacity. Several provinces had operational 
genomic surveillance programs or were in the process of 
transforming their genomics research programs into rou-
tine operations. However, reliance on external sequenc-
ing centres was required and, for some labs, remains 
essential. Some laboratories could perform genome 
sequencing in-house, while others relied on a sequenc-
ing partner to carry out SARS-CoV-2 sequencing on their 
behalf. At the time we administered the survey, PHAC- 
NML performed SARS-CoV-2 sequencing for six of the 
13 jurisdictions in Canada. One-third of all labs reported 
being very close to implementing SARS-CoV-2 sequenc-
ing; another third had implemented genomics and were 
focused on increasing current genomics throughput. One 
lab planned to rely on PHAC-NML to perform sequenc-
ing on their behalf indefinitely (Fig. 2b).

The biggest challenge in implementing genomics for 
SARS-CoV-2, or increasing existing genomics through-
put, was the lack of highly qualified personnel, and logis-
tical and computing challenges were also prominent. 

Overall, several themes emerged among the major chal-
lenges faced by public health laboratories (Fig.  3). By 
far, the challenge most frequently reported by labora-
tory leaders was a lack of personnel (48%) (Fig. 3a). The 
participants specified the majority of their personnel 
needs were for highly qualified personnel in the field of 
bioinformatics. In many jurisdictions, the provision of 
diagnostic testing, sample collection, and epidemiologi-
cal and clinical data collection is part of a very complex 
and sometimes fragmented landscape; accordingly, 
the participants reported a lack of a Laboratory Infor-
mation Management Systems (LIMS) as a commonly 
encountered challenge (22%). The laboratory leaders also 
reported that the scale of the pandemic placed diagnostic 
testing in high demand, consuming much existing labo-
ratory capacity. This presented another major challenge 
in the implementation of genomic surveillance. Regard-
ing technical expertise, lack of bioinformatics capacity 
and personnel was also the biggest pressure they faced, 
followed by the extremely high pressure of delivering 
diagnostic tests at a massive scale. Technical personnel 

Fig. 3 Barriers to (A) and pressures of (B) implementing genomics experienced by public health laboratories
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also reported encountering additional roadblocks, such 
as the lack of standardized protocols and cumbersome 
or restrictive IT and/or procurement policies (Fig.  3b). 
While several labs had implemented some sequenc-
ing for SARS-CoV-2, the throughput was insufficient to 
support routine genomic surveillance. Access to highly 
qualified personnel was the most frequently cited barrier 
to increasing sequencing throughput (Fig.  4). However, 
other laboratory elements, such as sequencers, robot-
ics/liquid handlers, and computing hardware, were also 
reported as critical to increasing throughput (Fig. 4).

Probing further into the technical barriers revealed 
additional pressures in informatics and computational 
needs. We again identified access to highly qualified bio-
informatics personnel as a prominent need (Fig. 5). Other 
informatics needs identified for the short- and long-term 
capacity included access to high-performance comput-
ing, leveraging cloud computing, improvements to con-
nectivity and storage, and training. Several labs also 
identified the need for more flexible or nimble scientific 
IT infrastructure policies and environments (Fig. 5). The 
participating labs cited the need for expertise in infor-
matics-related disciplines was also identified; the survey 
revealed that the vast majority of labs had little to no 

expertise dedicated to scientific software development, 
computational biology, or the operation of scientific IT 
infrastructure (Fig. 6). Most computational biologists and 
bioinformaticians favour the use of Unix-based operating 
systems; however, our findings indicated that only half of 
the laboratories utilized Unix-based operating systems 
(the other half used Windows environments). Further-
more, we found that some laboratories (27%) rely solely 
on desktop machines for their computing rather than 
high-performance computing clusters, servers, or cloud 
computing (see supplemental data). Data management 
was also described as a significant gap; few reported 
having a LIMS that interfaced with their genomics 
infrastructure.

Routine linking of genomic data with epidemiological 
or clinical data is highly limited. There was some diversity 
in the ability of public health laboratories to access case 
information to make the best interpretation of genomic 
data. Only 10% of labs reported having good access to 
epidemiological data, whereas 40% reported that they 
only have access to information available on a laboratory 
test requisition form, which is typically highly limited 
(Fig. 7). Another 30% can access case report information 
upon request. Many jurisdictions house their laboratory 

Fig. 4 The needs of public health laboratories in order to increase sequencing throughput

Fig. 5 Public health laboratory informatics needs for genomics capacity
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and case data in separate databases, and different public 
health authorities typically govern each dataset accord-
ing to jurisdictional privacy legislation. When possible 
or permitted to do so, accurately linking the genomic and 
epidemiological data can be challenging and cumber-
some to perform. In some instances, laboratories were 
unsure if a process even exists for them to access epide-
miological data (Fig. 7).

Data sharing is supported, but privacy protections are a 
major concern. Effective multijurisdictional genomic sur-
veillance requires the rapid sharing of genomic sequence 
data and accompanying contextual data among jurisdic-
tions while protecting patient privacy. In Canada, large-
scale genomic data sharing has little precedent. Before 
COVID-19, only PulseNet Canada routinely shared 
surveillance data in a network and submitted genome 
sequence data to public repositories. Our findings con-
firm that most public health laboratories support shar-
ing genomic data so long as privacy protections are in 
place. This typically would manifest as minimal contex-
tual data (e.g., age, sex, collection date, etc.) accompa-
nying the genomic sequence data to maintain patient 

anonymity (Fig. 8). Another important consideration for 
sharing genomic data included the need to articulate to 
decision-makers the benefits of data sharing to the local 
and global pandemic response. Finally, our findings indi-
cate it is critical to ensure that mechanisms are in place 
to differentiate data sharing for direct public health use 
from wider research applications. It is important to note 
that it can be very difficult to protect privacy when small 
communities share their data.

The impact of the pandemic on other genomics 
research and development priorities and operational 
activities was high. Six months into the pandemic, many 
(70%) of the public health laboratories had deployed 
some level of SARS-CoV-2 genomics research and devel-
opment (Table 1). However, this came at the expense of 
most other genomics and research activities, with 75% 
of the laboratories reporting severe impacts on other 
research areas, with many other projects or activities 
being suspended entirely. For example, half of the labs 
relied on personnel previously dedicated to foodborne 
disease genomic surveillance but had been reassigned to 
SARS-CoV-2. Public health laboratories sometimes had 

Fig. 6 Current availability of informatics expertise in public health laboratories

Fig. 7 Access to case information (clinical and epidemiological data) by public health laboratories
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to rely on PHAC-NML to take over foodborne disease 
sequencing on their behalf (Table 1).

Discussion
This study of the readiness of Canada’s public health lab-
oratories for performing SARS-CoV-2 genomics identi-
fied several key areas to maximize capacity and rapidly 
build capacity for SARS-CoV-2 sequencing at the mas-
sive scale required for pandemic control and response. 
It is important to note that the scale of the COVID-19 
pandemic significantly shifted the perception of what 
adequate capacity means. While the overall capacity was 
characterized as low by Canada’s public health laborato-
ries, this study was conducted during the early portion 
of the pandemic and thus is specifically in the context of 
a massive pandemic scale. Prior to COVID-19, the scale 
of capacity building was for numbers of disease cases to 

be sequenced that were lower by multiple orders of mag-
nitude. Additionally, the attitudes and prioritization of 
genomic surveillance are likely to have change since this 
study was conducted. Nonetheless, prioritizing the allo-
cation of resources and new investments according to 
the needs identified in this study will enable a strategic 
deployment of solutions in a timely manner for maxi-
mum effect at any scale.

A common challenge identified virtually across all 
laboratories was the lack of bioinformatics expertise and 
related highly qualified personnel. The ability to recruit 
and hire highly skilled personnel, or the capacity to train 
existing personnel, were exposed as major gaps across the 
country. Many labs have implemented informal means to 
train personnel in genomics data generation, including 
competency-based training, development of in-house 
standard operating procedures, and leveraging knowl-
edge built through training provided by PHAC-NML 
via PulseNet Canada. However, this is generally more 
challenging for bioinformatics and data analytics capac-
ity. Specifically, most laboratories cannot hire personnel 
with bioinformatics or computational biology skills as 
these skills are rare, and/or laboratories do not have the 
resources to impart these skills and train personnel from 
the ground up. Furthermore, certification programs for 
laboratory technologists in some parts of the country do 
not include sequencing and/or bioinformatics workflows 
in their curricula. Few undergraduate or graduate univer-
sity programs in bioinformatics exist in Canada, further 
exacerbating the problem into at least the short-term 
future.

The Canadian public health system operates as a 
decentralized, federated network of provincial, territorial, 

Fig. 8 Perceptions of genomic data sharing within public health laboratories

Table 1 Impacts of implementing SARS-CoV-2 genomics on 
other research, development and surveillance operations

Area of Impact Proportion of 
Laboratories

SARS-CoV-2 Genomics R&D activities initiated?

 Yes 70%

 No 30%

Other genomics R&D impacted or paused?

 High or severe impact 75%

 Minimal or temporary impact 25%

Genomics personnel reassigned from other areas (e.g., foodborne 
diseases/PulseNet Canada)

 Yes 50%

 No 50%
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local, and federal jurisdictions that work collectively to 
carry out public health activities to protect the health of 
Canadians. Public health laboratories engage with their 
regional health units, private diagnostic laboratories, 
and PHAC-NML to coordinate and carry out laboratory-
based surveillance and response to various infectious dis-
eases, meeting the needs of both local jurisdictions and 
national public health protection. The federated nature 
of Canada’s healthcare system places the control and 
responsibility for delivering public health in the hands 
of provinces and territories to best meet their specific 
needs; thus, it has also engendered a fragmented and 
disjointed federal public health response. Logistical chal-
lenges in the timely access of specimens for sequencing 
can add a considerable lag between sample collection and 
sequence generation, depending on the centralization/
decentralization of the province’s/territory’s infrastruc-
ture. In some jurisdictions this lag can be on the order 
of several weeks. In the absence of these logistical chal-
lenges, most, if not all, jurisdictions would likely be capa-
ble of generating sequence data with a turnaround time 
of approximately one to two weeks (from the time of a 
positive test result), which is the generally accepted turn-
around time for effective genomic surveillance [8].

Data sharing also creates significant challenges for 
effective SARS-CoV-2 genomic surveillance. The con-
textual data required to perform surveillance resides 
throughout Canada’s decentralized public health net-
work, which, like specimen collection, can add substan-
tial delays to the collection and transfer of such data to 
provincial, national, and international databases. In order 
to properly interpret genomic data, it must be considered 
in the context of clinical and epidemiological data, i.e., 
not just the sequence data alone. Linking these data types 
can be difficult, as they are often collected by different 
parts of the public health system and often reside sepa-
rately. Additionally, our study illuminates cultural and 
organizational barriers to linkage. These issues are not 
unique to Canada; reports from the United States also 
indicated that the logistics of getting samples to sequenc-
ers as well as the limited access to metadata (spread 
across the public health system in silos) likely hampered 
rapid genomics implementation in that country as well 
[5]. A reluctance to share, based on fears of violating the 
multitude of privacy policies across jurisdictions, also 
plays a role. However, it is clear that sequencing alone 
will not be a valuable complement to the pandemic 
response; genomics must be linked to clinical and epide-
miological data to inform effective public health response 
activities [33].

High-performance computing and connectivity to ena-
ble the analysis and transfer of sequence data and accom-
panying contextual data to national and international 

databases will be crucial for the success of Canada’s 
SARS-CoV-2 genomic surveillance program. Limita-
tions in the local compute capacity add a significant bar-
rier to rapid genomic surveillance; in certain instances, 
these limitations, including connectivity, were so severe 
that some labs could not transfer raw sequence data to 
the national SARS-CoV-2 genomic database housed at 
PHAC-NML. Most laboratories are supported by an off-
site IT team that supports several clients, leading to com-
peting priorities. Most laboratories reported having an 
enterprise IT infrastructure with restrictive policies that 
do not accommodate the agile scientific computing envi-
ronment required to carry out pathogen genomic surveil-
lance. Further, IT policies rarely grant data analysts the 
technical authority and administrative privileges neces-
sary for professional-grade bioinformatics, which can 
severely limit the scientific computing capacity available 
to carry out effective data analysis. Within enterprise IT 
environments, change management processes and other 
IT administrative processes are heavy and slow, which is 
incompatible with the rapid and continuous bioinformat-
ics software development processes required for SARS-
CoV-2 genomic data analysis and the analysis of other 
pathogen genomes. Challenges in IT capital equipment 
procurement were also reported, with external manage-
ment and slow response times.

Almost all public health laboratories across Canada 
had some pre-existing sequencing capacity, largely 
through participation in previous genomics capacity-
building efforts via PulseNet Canada. However, dedicated 
staff with expertise in foodborne pathogen sequencing 
in these laboratories have not all been reassigned to the 
sequencing of SARS-CoV-2 but instead to other pan-
demic response activities. This left a gap in dedicated 
personnel to perform SARS-CoV-2 sequencing at a level 
required to address local and national surveillance priori-
ties. The capacity building provided by PulseNet Canada 
laid a foundation to build upon but was not designed for 
the scale needed to support a global pandemic response. 
Several provinces have access to or have recently acquired 
new sequencing equipment, which has augmented their 
capacity since this study was conducted.

When this study was initiated, most public health labs 
had not implemented routine genomics-based surveil-
lance for SARS-CoV-2, which created a heavy reliance on 
centralized sequencing at PHAC-NML. Over time, capac-
ity-building efforts to date have resulted in a majority of 
labs now performing their own sequencing (as of August 
2021). Despite this and the other challenges identified by 
this study, the basic framework to support the successful 
scale-up of genomic surveillance existed in Canada prior 
to the start of the pandemic and the Canadian public 
health system leveraged this capacity. Benchmarks from 
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international partners successful in large-scale genom-
ics implementation are also useful for guiding capacity 
building in Canada. For example, several of the six key 
features that enabled the highly successful genomic sur-
veillance implementation in the United Kingdom via the 
COG-UK Consortium are in place in Canada as well [10]. 
For example, both Canada and the UK operate as an inte-
grated hub and spoke model; both have implemented a 
sampling strategy to support representative and targeted 
surveillance, and both implement a range of techni-
cal approaches for sequencing and analysis that build on 
existing expertise and pipelines. Canada diverges from 
the COG-UK in the latter’s approach to the logistics of 
sample and data flow, single-cloud infrastructure, stand-
ardized analyses, and integrated genome and patient data 
[10]. While the national provision of health services in the 
United Kingdom makes direct comparisons to Canada’s 
public health system difficult, lessons learned from their 
successes are valuable. The areas where Canada differs 
from the COG-UK approach are consistent with the com-
mon gaps and themes found in this study and further con-
firm the validity of our findings. Our findings also align 
with the World Health Organization’s guidance for imple-
menting SARS-CoV-2 genomics for maximum impact [7]. 
Generally speaking, high-income countries have achieved 
the highest rate of sequencing, and low-income countries 
have the least. However, wealth has not been the only 
predictor of capacity to date, with several low-income 
countries achieving high sequencing rates, having swiftly 
adapted expertise from other diseases to SARS-CoV-2 
[33]. Public health systems can only fully realize the full 
benefits of timely SARS-CoV-2 genomic surveillance by 
ensuring genomics is tied to understanding the biological 
and clinical impacts and outcomes to direct public health 
response activities, coupled with rapid and reliable data 
sharing (with public health authorities and international 
repositories), and by building expertise, agility and capac-
ity to rapidly detect and determine the significance of new 
variants [6].

The COVID-19 pandemic has certainly illuminated 
the pre-existing challenges of building genomics capac-
ity in public health laboratories. Even when the benefits of 
genomic surveillance are clear and measurable, the pub-
lic health laboratory typically bears the costs. In contrast, 
the benefits are largely manifested elsewhere downstream, 
in the form of illnesses and deaths prevented along with 
the associated economic and social costs saved. For exam-
ple, initial PulseNet Canada genomics capacity building 
largely came from short-term grant money. Despite the 
significant public health and cost–benefit impact in terms 
of cases prevented, lives saved, and positive economic 
results [16, 34], sustainable capacity for personnel and 
consumables remained elusive prior to COVID-19. While 

relying on a broader network of academic laboratories and 
sequencing centers for capacity and expertise during the 
tremendous response required for the COVID-19 pan-
demic is appropriate, it must not detract from the critical 
capacity needed in public health laboratories. During the 
pandemic, the “all hands on deck” ethos prevailed, uniting 
all sectors in an effort towards a common goal. However, 
the core mandates of research and public health institu-
tions differ greatly. When the emergency subsides, public 
health laboratories must be enabled to provide the protec-
tions to which they have been entrusted, and academic 
institutions’ focus remains on research. The massive 
redirection of resources within public health laboratories 
has resulted in the inability to prevent and control other 
infectious diseases, which puts Canadians at further risk. 
While Canada has recently invested large amounts of 
funding to build the landscape of genomics due to the 
pandemic, the vast majority of it was targeted outside of 
public health laboratories—to universities, research hos-
pitals, the Canadian Institutes of Health Research, indus-
try, etc. [35]. Fostering a sustainable pathogen genomics 
program to prevent and control infectious diseases, build-
ing from the work done to respond to the pandemic, has 
health, economic, and broader societal benefit of all Cana-
dians. Funding commensurate with a sustainable genom-
ics program will also ensure that the current capacity 
does not sit idle once the pandemic subsides. The nature 
of genomics capacity expertise and infrastructure is such 
that it cannot be rapidly re-started if it is shut down; the 
building blocks of capacity must be maintained to be 
timely and effective when needed.

Canada has taken its first steps towards sustain-
able pathogen genomic surveillance through the newly 
enacted CPHLN Covid Genomics Program (CCGP), 
which aims to build capacity and resilience directly in 
the public health laboratories by addressing the need 
for highly qualified personnel in genomics and data ana-
lytics. A key part of this program is the placement of 
Genomics Liaison Technical Officers from the National 
Microbiology Laboratory in provincial public health 
laboratories. Embedding these highly qualified federal 
personnel provides the technical expertise needed in 
public health laboratories and enables the coordination 
of activities across laboratories for a cohesive and effec-
tive national response. This strengthened capacity would 
allow the use of genomics to protect Canadians from all 
infectious disease threats. Sustainable genomics capac-
ity is well-aligned with the new Pan-Canadian Health 
Data Strategy, and this study’s results are consistent with 
many of the root causes identified in the Expert Advisory 
Group’s first report and will contribute to the vision of 
achieving a fully integrated and continuously optimized 
health data ecosystem [36].
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Conclusions
Despite the challenges and barriers, Canada was ultimately 
able to launch genomic surveillance for SARS-CoV-2 via 
the CanCOGeN program. The findings of this study guided 
capacity building efforts, which included activities such 
as centralization of sequencing at PHAC-NML and aca-
demic partners during the initial phases, the centraliza-
tion of analysis at PHAC-NML and through CanCOGeN, 
the deployment of highly qualified personnel via the CCGP 
program, and the illumination of logistical challenges for 
dedicated focus. In the post-pandemic era, re-assessing 
the capacity for pathogen genomic surveillance in Canada’s 
public health laboratories will be useful to measure the 
overall impact and increase in capacity.

The results of this study will be valuable to guide the crea-
tion of sustainable national pathogen genomic surveillance 
that can be applied to control the spread of other infectious 
diseases circulating in Canada or that may emerge in the 
future. This study finds that the sequencing itself is not the 
limiting factor per se; all of the steps preceding the sequenc-
ing (specimen logistics, etc.) and the post-sequencing work 
(computational biology, etc.) are the major bottlenecks 
that must be addressed. Moreover, communication chan-
nels and relationships are just as critical as the science and 
technology elements for data sharing and linkage of labora-
tory and epidemiological data, now more than ever. While 
SARS-CoV-2 surveillance has dominated the discussion on 
genomics capacity building in Canada, it is important to 
highlight that genomics capacity will foster rapid and effec-
tive response for all infectious diseases. This is particularly 
critical as we prepare for new infectious disease challenges 
that will emerge in the era of climate change and its impact 
on zoonotic infections. Finally, the unique qualitative study 
design enabled the nuances of genomics implementation to 
be captured in-depth in a way that quantitative surveys may 
not. This study and its methodology may be useful for other 
countries and laboratory networks struggling to prioritize 
capacity-building activities for pathogen genomics.

Abbreviations
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; COVID-19: 
Coronavirus disease pandemic that began in 2019; IRIDA: Integrated Rapid 
Infectious Disease Analysis platform for genomic epidemiology; PHAC-NML: 
Public Health Agency of Canada’s National Microbiology Laboratory; CanCO-
GeN: Canadian COVID Genomics Network; CPHLN: Canadian Public Health 
Laboratory Network; IT: Information Technology; LIMS: Laboratory Information 
Management Systems; R&D: Research and Development; COG-UK: COVID-19 
Genomics United Kingdom Consortium.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12889- 022- 14210-9.

Additional file 1. Full data set: themes and responses from focus group 
discussions.

Acknowledgements
The authors gratefully acknowledge the public health laboratory personnel 
across Canada who took the time to respond to the survey and validate their 
responses. We deeply appreciate the Canadian Public Health Laboratory 
Network, Genome Canada, and the Canadian COVID Genomics Network (Can-
COGeN) for their review and input and for championing the needs of Canada’s 
public health laboratories.

Authors’ contributions
CN designed the study, collected data, analyzed data, interpreted findings 
and wrote the manuscript. MC designed the study, collected data, analyzed 
data, interpreted findings, was a major contributor in writing the manuscript, 
and as working group co-chair, provided project oversight and leadership. 
NK designed the study, collected data, analyzed data, interpreted findings 
and was a major contributor in writing the manuscript. JT designed the study, 
collected data, analyzed data, and interpreted findings. AZ contributed to data 
analysis, performed data visualization, and contributed to the interpretations 
of findings. CY contributed to the analysis of data, interpretation of findings, 
and writing the manuscript. GVD designed the study, collected data, analyzed 
data, interpreted findings, was a major contributor in writing the manuscript, 
and as working group co-chair, provided project oversight and leadership. 
GVD is the corresponding author. The author(s) read and approved the final 
manuscript.

Authors’ information
CN is a scientist at PHAC-NML who was responsible for the design and imple-
mentation of Canada’s first genomics-based pathogen surveillance system, 
PulseNet Canada, made substantial contributions to building public health 
laboratory genomics capacity prior to the COVID-19 pandemic, and provided 
expertise and guidance during the initial design of national SARS-CoV-2 
genomic surveillance and governance activities.
MC is the co-chair of the CanCOGeN Capacity Building Working Group. He co-
leads the SARS-CoV-2 genomic surveillance for the Province of Alberta.
NK is a research scientist and head of the Computational Biology unit within 
the PHAC-NML’s Bioinformatics Core and is responsible for the operation of 
SARS-CoV-2 national genomic surveillance.
JT is a scientist in PHAC-NML’s bioinformatics core and provides project man-
agement for SARS-CoV-2 genomic surveillance.
AZ is a scientist in PHAC-NML’s bioinformatics core who specializes in analytics 
and visualization.
CY is a scientist at PHAC-NML leading the CPHLN COVID Genomics Program 
and specializes in implementing genomics for infectious disease diagnostics 
and building public health laboratory genomics and bioinformatics capacity 
through the deployment of highly qualified personnel.
GVD is the Chief of PHAC-NML’s Bioinformatics Core. He was responsible for 
the design and implementation of Canada’s first national genomic epidemiol-
ogy platform (IRIDA) and has led the building of Canada’s public health labora-
tory bioinformatics capacity. He designed and implemented the national 
genomic surveillance system for SARS-CoV-2 in Canada.

Funding
Funding was received from Genome Canada. The funding body observed 
during some data collection but was not involved in the study design, analysis 
of data, interpretation of findings, or writing the manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
All methods were carried out in accordance with the guidelines and regula-
tions of the Public Health Agency of Canada. Ethics approval and informed 
consent was deemed unnecessary according to national regulations as 
specified in The Canadian Institutes of Health Research, Natural Sciences and 
Engineering Research Council of Canada, and Social Sciences and Humanities 
Research Council, Tri-Council Policy Statement: Ethical Conduct for Research 
Involving Humans, December 2018.

https://doi.org/10.1186/s12889-022-14210-9
https://doi.org/10.1186/s12889-022-14210-9


Page 12 of 13Nadon et al. BMC Public Health         (2022) 22:1817 

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Division of Enteric Diseases, National Microbiology Laboratory, Public Health 
Agency of Canada, Winnipeg, Canada. 2 Department of Medical Microbiology 
and Infectious Diseases, Rady Faculty of Health Sciences, Max Rady College 
of Medicine, University of Manitoba, Winnipeg, Canada. 3 Alberta Precision 
Laboratories, Public Health Laboratory, Edmonton, Canada. 4 Department 
of Laboratory Medicine, University of Alberta, Edmonton, Canada. 5 Li Ka Shing 
Institute of Virology, University of Alberta, Edmonton, Canada. 6 Division of Sci-
ence and Technology Cores and Services, Bioinformatics Section, National 
Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, Canada. 
7 Canadian Public Health Laboratory Network COVID Genomics Program, 
National Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, 
Canada. 

Received: 24 March 2022   Accepted: 13 September 2022

References
 1. Wu F, Zhao S, Yu B, et al. A new coronavirus associated with human 

respiratory disease in China. Nature. 2020;579:265–9. https:// doi. org/ 10. 
1038/ s41586- 020- 2008-3.

 2. Jorden MA, Rudman SL, et al. Evidence for limited early spread of COVID-
19 within the United States, January–February 2020. MMWR Morb Mortal 
Wkly Rep. 2020;69:680–4. https:// doi. org/ 10. 15585/ mmwr. mm692 2e1.

 3. Maurano MT, Ramaswami S, Zappile P, et al. Sequencing identifies 
multiple early introductions of SARS-CoV-2 to the New York City region. 
Genome Res. 2020;30(12):1781–8. https:// doi. org/ 10. 1101/ gr. 266676. 120.

 4. da Silva Filipe A, Shepherd JG, Williams T, et al. Genomic epidemiology 
reveals multiple introductions of SARS-CoV-2 from mainland Europe 
into Scotland. Nat Microbiol. 2021;6:112–22. https:// doi. org/ 10. 1038/ 
s41564- 020- 00838-z.

 5. Maxmen A. Why US coronavirus tracking can’t keep up with con-
cerning variants. Nature. 2021;592:336–7. https:// doi. org/ 10. 1038/ 
d41586- 021- 00908-0.

 6. Mubareka, A. McArther and S. Moreira. SARS-CoV-2 variants of concern 
remind us that we underestimate biology at our own peril. Editorial. The 
Globe and Mail. 2021. https:// www. thegl obean dmail. com/ canada/ artic le- 
sars- cov-2- varia nts- of- conce rn- remind- us- that- we- under estim ate- biolo gy/

 7. World Health Organization. Genomic sequencing of SARS-CoV-2: a guide 
to implementation for maximum impact on public health. Geneva: World 
Health Organization. 2021. Licence: CC BY-NC-SA 3.0 IGO.

 8. World Health Organization. Operational considerations to expedite 
genomic sequencing component of GISRS surveillance of SARS-
CoV-2. Geneva: World Health Organization; 2021. (WHO/2019-nCoV/ 
genomic_sequencing/GISRS/2021.1).

 9. Morgan OW, Aguilera X, Ammon A, Amuasi J, Fall IS, Frieden T, Heymann 
D, Ihekweazu C, Jeong E-K, Leung GM, Mahon B, Nkengasong J, Qamar 
FN, Schuchat A, Wieler LH, Dowell SF. Disease surveillance for the COVID-
19 era: time for bold changes. The Lancet. 2021;397(10292):2317–9.

 10. COVID-19 Genomics UK (COG-UK) consortiumcontact@cogconsor-
tium.uk. An integrated national scale SARS-CoV-2 genomic surveillance 
network. Lancet Microbe. 2020 Jul;1(3):e99-e100. https:// doi. org/ 
10. 1016/ S2666- 5247(20) 30054-9. Epub 2020 Jun 2. PMID: 32835336; 
PMCID: PMC7266609.

 11. Guthrie JL, Strudwick L, Roberts B, Allen M, McFadzen J, Roth D, 
Jorgensen D, Rodrigues M, Tang P, Hanley B, Johnston J, Cook VJ, Gardy 
JL. Comparison of routine field epidemiology and whole genome 
sequencing to identify tuberculosis transmission in a remote setting. 
Epidemiol Infect. 2020;4(148): e15. https:// doi. org/ 10. 1017/ S0950 26882 
00000 72. PMID: 32014 080; PMCID: PMC70 19559.

 12. Jamal AJ AJ, Mataseje LF LF, Williams V, Leis JA, Tijet N, Zittermann S, 
Melano RG, Mulvey MR, Katz K, Allen VG, McGeer AJ. The Genomic 
Epidemiology of Carbapenemase-Producing Enterobacterales (CPE) at 

a Hospital System in Toronto, Ontario, Canada, 2007–2018. Antimicrob 
Agents Chemother. 2021;16::e0036021. https:// doi. org/ 10. 1128/ AAC. 
00360- 21 Epub ahead of print. PMID: 34060902.

 13. Demczuk W, Martin I, Domingo FR, MacDonald D, Mulvey MR. Iden-
tification of Streptococcus pyogenes M1UK clone in Canada. Lancet 
Infect Dis. 2019;19(12):1284–5. https:// doi. org/ 10. 1016/ S1473- 3099(19) 
30622-X (PMID: 31782392).

 14. Currie A, Honish L, Cutler J, Locas A, Lavoie MC, Gaulin C, Galanis E, 
Tschetter L, Chui L, Taylor M, Jamieson F, Gilmour M, Ng C, Mutti S, 
Mah V, Hamel M, Martinez A, Buenaventura E, Hoang L, Pacagnella A, 
Ramsay D, Bekal S, Coetzee K, Berry C, Farber J, Team OBOTNI. Outbreak 
of Escherichia coli O157:H7 infections linked to mechanically tender-
ized beef and the largest beef recall in Canada, 2012. J Food Prot. 
2019;82:1532–8. https:// doi. org/ 10. 4315/ 0362- 028X. JFP- 19- 005.

 15. Vincent C, Usongo V, Berry C, Tremblay DM, Moineau S, Yousfi K, 
Doualla-Bell F, Fournier E, Nadon C, Goodridge L, Bekal S. Comparison 
of advanced whole genome sequence-based methods to distinguish 
strains of Salmonella enterica serovar Heidelberg involved in food-
borne outbreaks in Québec. Food Microbiol. 2018;73:99–110. https:// 
doi. org/ 10. 1016/j. fm. 2018. 01. 004 (Epub 2018 Jan 12 PMID: 29526232).

 16. Morton VK, Kearney A, Coleman S, Viswanathan M, Chau K, Orr A, 
Hexemer A. Outbreaks of Salmonella illness associated with frozen raw 
breaded chicken products in Canada, 2015–2019. Epidemiol Infect. 
2019;147: e254. https:// doi. org/ 10. 1017/ S0950 26881 90014 32.

 17. Nadon C, Van Walle I, Gerner-Smidt P, Campos J, Chinen I, Concepcion-
Acevedo J, Gilpin B, Smith AM, Kam KM, Perez E, Trees E, Kubota K, 
Takkinen J, Nielsen EM, Carleton H, FWD-NEXT Expert Panel. Pulsenet 
international: vision for the implementation of Whole Genome 
Sequencing (WGS) for global food-borne disease surveillance. Eurosur-
veillance. 2017;22(23):1–12. https:// doi. org/ 10. 2807/ 1560- 7917. ES. 2017. 
22. 23. 30544.

 18. Kubota KA, Wolfgang WJ, Baker DJ, Boxrud D, Turner L, Trees E, Carleton 
HA, Gerner-Smidt P. PulseNet and the changing paradigm of laboratory-
based surveillance for foodborne diseases. Public Health Rep. 2019;134(2 
Suppl):22S-28S. https:// doi. org/ 10. 1177/ 00333 54919 881650.

 19. Jenkins C, Dallman TJ, Grant KA. Impact of whole genome sequencing 
on the investigation of foodborne outbreaks of Shiga toxin-producing 
Escherichia coli serogroup O157:H7, England, 2013 to 2017. Eurosur-
veillance. 2019;24(4):1800346. https:// doi. org/ 10. 2807/ 1560- 7917. ES. 
2019. 24.4. 18003 46.

 20. Gardy J, Loman NJ. Towards a genomics-informed, real-time, 
global pathogen surveillance system. Nature Reviews Genetics. 
2018;2018(19):9. https:// doi. org/ 10. 1038/ nrg. 2017. 88.

 21. Matthews Thomas C, Bristow Franklin R, Griffiths Emma J, Petkau 
Aaron, Adam Josh, Dooley Damion, Kruczkiewicz, Peter, Curatcha John, 
Cabral Jennifer, Fornika Dan, Winsor Geoffrey L (2018–07–31). The 
Integrated Rapid Infectious Disease Analysis (IRIDA) Platform. bioRxiv: 
381830. https:// doi. org/ 10. 1101/ 381830.

 22. Canadian Public Health Laboratory Network. Core functions of Cana-
dian Public Health Laboratories. 2011. https:// nccid. ca/ wp- conte nt/ 
uploa ds/ sites/2/ 2020/ 03/ CPHLN- Core- Funct ions. pdf

 23. CanCOGeN. Canadian COVID genomics network: generating accessible 
and usable genomics data to inform policy and public health decisions. 
2020. https:// www. genom ecana da. ca/ sites/ defau lt/ files/ gc- canco gen. pdf

 24. World Health Organization. Whole genome sequencing for foodborne 
disease surveillance: landscape paper. : World Health Organization. 
Geneva: World Health Organization; 2018. Licence: CC BY-NC-SA 3.0 IGO.

 25. Corbin JM, Strauss AL. Basics of qualitative research: techniques and 
procedures for developing grounded theory. 3rd ed. Thousand Oaks, CA: 
SAGE; 2008.

 26. Breen RL. A Practical Guide to Focus-Group Research. J Geogr High Educ. 
2006;30(3):463–75. https:// doi. org/ 10. 1080/ 03098 26060 09275 75.

 27. Nyumba T, Wilson K, Derrick C, Mukherjee N. The use of focus group 
discussion methodology: Insights from two decades of application in 
conservation. Methods Ecol Evol. 2018;9:20–32. https:// doi. org/ 10. 1111/ 
2041- 210X. 12860.

 28. R Core Team. R: A language and environment for statistical computing. 
R foundation for statistical computing, Vienna, Austria. 2021. https:// 
www.R- proje ct. org/.

 29. RStudio Team. RStudio: integrated development for R. RStudio, PBC, 
Boston, MA. 2020. http:// www. rstud io. com/

https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.15585/mmwr.mm6922e1
https://doi.org/10.1101/gr.266676.120
https://doi.org/10.1038/s41564-020-00838-z
https://doi.org/10.1038/s41564-020-00838-z
https://doi.org/10.1038/d41586-021-00908-0
https://doi.org/10.1038/d41586-021-00908-0
https://www.theglobeandmail.com/canada/article-sars-cov-2-variants-of-concern-remind-us-that-we-underestimate-biology/
https://www.theglobeandmail.com/canada/article-sars-cov-2-variants-of-concern-remind-us-that-we-underestimate-biology/
https://doi.org/10.1016/S2666-5247(20)30054-9
https://doi.org/10.1016/S2666-5247(20)30054-9
https://doi.org/10.1017/S0950268820000072.PMID:32014080;PMCID:PMC7019559
https://doi.org/10.1017/S0950268820000072.PMID:32014080;PMCID:PMC7019559
https://doi.org/10.1128/AAC.00360-21
https://doi.org/10.1128/AAC.00360-21
https://doi.org/10.1016/S1473-3099(19)30622-X
https://doi.org/10.1016/S1473-3099(19)30622-X
https://doi.org/10.4315/0362-028X.JFP-19-005
https://doi.org/10.1016/j.fm.2018.01.004
https://doi.org/10.1016/j.fm.2018.01.004
https://doi.org/10.1017/S0950268819001432
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.1177/0033354919881650
https://doi.org/10.2807/1560-7917.ES.2019.24.4.1800346
https://doi.org/10.2807/1560-7917.ES.2019.24.4.1800346
https://doi.org/10.1038/nrg.2017.88
https://doi.org/10.1101/381830
https://nccid.ca/wp-content/uploads/sites/2/2020/03/CPHLN-Core-Functions.pdf
https://nccid.ca/wp-content/uploads/sites/2/2020/03/CPHLN-Core-Functions.pdf
https://www.genomecanada.ca/sites/default/files/gc-cancogen.pdf
https://doi.org/10.1080/03098260600927575
https://doi.org/10.1111/2041-210X.12860
https://doi.org/10.1111/2041-210X.12860
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/


Page 13 of 13Nadon et al. BMC Public Health         (2022) 22:1817  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 30. Wickham, et al. Welcome to the tidyverse. J Open Source Softw. 
2019;4(43):1686. https:// doi. org/ 10. 21105/ joss. 01686

 31. Rudis, Bob. hrbrthemes: additional themes, theme components and 
utilities for ’ggplot2’. R package version 0.8.0. 2020. https:// CRAN.R- proje 
ct. org/ packa ge= hrbrt hemes

 32. Wilkins, David (2021). ggfittext: fit text inside a box in ’ggplot2’. R package 
version 0.9.1. https:// CRAN.R- proje ct. org/ packa ge= ggfit text

 33. Lancet. Genomic sequencing in pandemics (Editorial. Lancet. 
2021;397(10273):445. https:// doi. org/ 10. 1016/ S0140- 6736(21) 00257-9.

 34. Alleweldt F, Kara Ş, Best K, Aarestrup FM, Beer M, Bestebroer TM, Campos 
J, Casadei G, Chinen I, Van Domselaar G, Dominguez C, Everett HE, 
Fouchier RA, Grant K, Green J, Höper D, Johnston J, Koopmans MP, 
Oude Munnink BB, Wylezich C. Economic Evaluation of Whole Genome 
Sequencing for Pathogen Identification and Surveillance – Results of 
Case Studies in Europe and the Americas 2016 to 2019. Eurosurveillance. 
2021;26(9):1900606. https:// doi. org/ 10. 2807/ 1560- 7917. ES. 2021. 26.9. 
19006 06.

 35. Genome Canada, 2021. Available at: https:// www. genom ecana da. ca/ en/ 
news/ budget- 2021- bolst ers- canad as- bio- econo my- and- genom ics- missi on).

 36. Pan-Canadian Health Data Strategy Expert Advisory Group. 2021. Report 1: 
charting a path toward ambition. Available at: https:// www. canada. ca/ en/ 
public- health/ corpo rate/ manda te/ about- agency/ exter nal- advis ory- bod-
ies/ list/ pan- canad ian- health- data- strat egy- repor ts- summa ries/ expert- advis 
ory- group- report- 01- chart ing- path- toward- ambit ion. html# a4.1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=hrbrthemes
https://CRAN.R-project.org/package=hrbrthemes
https://CRAN.R-project.org/package=ggfittext
https://doi.org/10.1016/S0140-6736(21)00257-9
https://doi.org/10.2807/1560-7917.ES.2021.26.9.1900606
https://doi.org/10.2807/1560-7917.ES.2021.26.9.1900606
https://www.genomecanada.ca/en/news/budget-2021-bolsters-canadas-bio-economy-and-genomics-mission
https://www.genomecanada.ca/en/news/budget-2021-bolsters-canadas-bio-economy-and-genomics-mission
https://www.canada.ca/en/public-health/corporate/mandate/about-agency/external-advisory-bodies/list/pan-canadian-health-data-strategy-reports-summaries/expert-advisory-group-report-01-charting-path-toward-ambition.html#a4.1
https://www.canada.ca/en/public-health/corporate/mandate/about-agency/external-advisory-bodies/list/pan-canadian-health-data-strategy-reports-summaries/expert-advisory-group-report-01-charting-path-toward-ambition.html#a4.1
https://www.canada.ca/en/public-health/corporate/mandate/about-agency/external-advisory-bodies/list/pan-canadian-health-data-strategy-reports-summaries/expert-advisory-group-report-01-charting-path-toward-ambition.html#a4.1
https://www.canada.ca/en/public-health/corporate/mandate/about-agency/external-advisory-bodies/list/pan-canadian-health-data-strategy-reports-summaries/expert-advisory-group-report-01-charting-path-toward-ambition.html#a4.1

	Public health genomics capacity assessment: readiness for large-scale pathogen genomic surveillance in Canada’s public health laboratories
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	Data collection
	Qualitative analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


