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Executive Summary Water quality risk management is a developing science. From a review of the most
recent developments, we have found a growing awareness of water quality risk which is leading to an increasing
burden on risk management. The growing awareness is being driven by rapidly improving detection technologies
which are advancing our knowledge of the epidemiology of waterborne pathogens. The increased burden on
risk management will raise the mandated responsibilities for all levels of society, including for private property
owners. Today, this is no longer just a prediction, Quebec (2013) and Vancouver (2020) have enacted legislation
requiring private building owners to regularly monitor water systems for Legionella. Ontario will likely not be
far behind, considering that the reported cases of Legionellosis in Ontario have increased every year from 2014 to
2019, representing a three-fold increase in five years. The future of water quality risk management for owners will
not stop at Legionella. Legionella is only one of many biofilm-associated pathogens that have found a secondary
habitat in engineered water systems, such as premise plumbing systems, evaporative condensers in buildings, and
drinking water distribution systems. In recent years, the public health concerns have been growing around a
host of other drinking water-associated pathogens, such as M. avium, P. aeruginosa, and H. pylori. We project
a future where property owners are mandated to monitor a growing list of such pathogens. This will make the
health-status of a building more transparent which will increase the owner’s responsibility to keep it healthy.
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What are the microbial risks in municipal drinking water? Some important waterborne pathogens
relevant to human health are summarized in Table 1. The pathogens are very diverse, but it is useful to classify
them as either enteric or free-living. Enteric pathogens multiply in human or animal gastrointestinal systems1.
They are transmitted via the fecal-oral route and can cause infections after ingestion of water contaminated
by human or animal feces. The amount of exposure required for infection can be extremely low; for example,
ingesting only 18 particles of norovirus2 or 10 oocysts of Cryptosporidium

3 can be sufficient to cause illness.
Noroviruses are the most commonly reported enteric viruses in North America4, thought to cause >90% of all
sporadic cases of acute gastroenteritis in children5. Cryptosporidium is one of the most commonly reported
enteric protozoa in the world6 and was responsible for the largest waterborne outbreak in documented USA
history7 (Milwaukee, 1993). Spontaneous weather events, such as floods, snowmelts, or rainfalls, increase the
probability for cross-contamination between waste waters and source waters, and this increases the risk of almost
all enteric pathogens8. One study suggests that Cryptosporidium oocysts could fluctuate from below a detectable
limit to peak concentrations within three days in response to rainfall9. On the other hand, free-living pathogens
can multiply in the environment and can cause infections when contaminated water comes in direct contact with
eyes or lesions in the skin, or when the water is aerosolized and respired (water-air route)1. Legionella is a
free-living bacteria which has found a secondary habitat in engineered water systems such as premise plumbing
systems, evaporative condensers in buildings, and drinking water distribution systems1. It persists in accumulated
biofilms and has the potential for explosive growth under the right conditions10. Legionella is the major cause
of waterborne illness in the U.S.11 and recieves special attention for its high mortality rates during outbreaks12.
One study detected Legionella in the plumbing systems in 70% of hospitals tested13. Other studies have detected
Legionella from the showerheads and faucets in anywhere from 6% to 20% of households tested14,15.

How does the Canadian government manage water quality risk? In Canada, the responsibility for the
quality of drinking water is shared across all levels of society16,17. The federal government develops the Guide-
lines for Canadian Drinking Water Quality (GCDWQ) through the Federal-Provincial-Territorial Committee on
Drinking Water. The provinces and territories are in charge of setting quality standards and managing drinking
water systems, such as source waters, treatment plants, and distribution systems. Municipalities are responsible
for the actual monitoring, treatment, and distribution of drinking water. The responsibilities for private property
owners are covered by the National Plumbing Code, the National Building Code, and municipal by-laws. Canada
does not enforce any guidelines on specific microorganism levels in drinking water because "setting maximum
acceptable concentrations for these microorganisms remains impractical."1 Hence, the GCDWQ recognizes that
direct and continuous monitoring of specific pathogens is not feasible at this time18. The only federal monitoring
guidelines are set for general indicators of water quality, such as E. coli, total coliforms, and turbidity19. The lim-
itations of these monitoring guidelines were clearly apparent in the 1993 Milwaukee Cryptosporidium outbreak.
During the outbreak, none of these measured water quality indicators surpassed USA guidelines; the water quality
data raised no alarms7,79. Authorities were only alerted to a problem after hospitals reported alarming levels of
gastrointestinal illnesses, but by then, 880,000 individuals were already being exposed to contaminated drinking
waters for approximately two weeks. It is estimated that >400,000 individuals were infected, but this could be
underestimated, as researchers observed cryptosporidiosis antibodies among 80% of Milwaukee children80.

Since water quality surveilance is limited, the GCDWQ focuses instead on treatment-based guidelines as part of
a multi-barrier, source-to-tap, risk management approach19,20. Local decision makers are required to undergo
comprehensive site-specific risk assessments. The guidelines will then mandate the extent of water treatment
in proportion to the estimated risks. To help local decision makers assess risk, Health Canada publishes a
standardized methodology known as the Quantitative Microbial Risk Assessment in Drinking Water (QMRA)20.
Most of the parameters required for the QMRA (Figure 1) are difficult to measure directly or frequently and may
be filled in by expert judgment. Essentially, the QMRA estimates the annual health impact of four reference
pathogens on the average person drinking an average amount of treated water on an average day.

What are some limitations of the Quantitative Microbial Risk Assessment in Drinking Water?
20

a) does not account for each important pathogen and none of the reference pathogens represent enteric viruses,

b) does not account for variability in pathogen levels (e.g. from spontaneous weather events),

c) does not have reliable epidemiological data from the waterborne illnesses that have only recently become
reportable, or continue to be unreported,

d) does not use demographic data to account for the total health effects on specifically susceptible subpopulations
(e.g. pregnant women, children, elderly, immunocompromised),

e) does not assess any risks originating from the distribution system, nor from premise plumbing systems,

f) does not assess risks from showering or other forms of contact with contaminated waters.
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How will improving detection technologies change water quality risk management? As one review
states, ". . . the greatest limitation on QMRA is the lack of available data to carry out this assessment."21 The
data for pathogen levels and public health impacts are lacking because of limitations in the current methods for
pathogen detection. Currently, there is no unified method for detecting all pathogens of interest21, each pathogen
requires it’s own dedicated detection method. Since most pathogens are clinically relevant at extremely low levels
in large volumes of water1,4,6,20, the first step for detection is to concentrate the pathogen into smaller volumes4.
Current methods for concentrating enteric viruses from groundwater recommend filtering >1,500 L of water to
get a 1-2 mL sample22, using adsorption filters or ultrafiltration systems with extremely small pore sizes (<20
nm). This highly specialized, laborious, and expensive procedure is a major reason that routine monitoring of
enteric viruses in water is not currently feasible4. The second step for detection is the analysis of the concentrated
sample, for which cell culture and molecular methods exist. Historically, cell culture-based methods are the most
widely used and continue to be the recommended methods in government guidelines20. In cell culture, the sample
is provided conditions which encourage growth of the pathogen of interest. The extent, or lack, of growth gives
a rough indication on the amount of pathogen in the sample. However, not all enteric viruses will grow in cell
culture and many bacteria can be Viable But Notculturable (VBNC)21, meaning that they might not grow in
standard growth conditions but may still be clinically relevant. Even in the best cases, the cultured pathogens
will grow slowly, sometimes taking weeks to confirm a negative result4.

Currently, the QMRA relies almost exclusively on data obtained by cell culture-based methods21. This means that
the federal guidelines rely on methods that are almost two decades behind the current generation of molecular
methods which have already become standards in the sciences21; including immunofluorescence24 and PCR-
based methods25. The molecular methods can be specific enough to measure specific strains, sensitive enough to
require less concentrated samples, fast enough to provide results in real time, and some methods can even detect
multiple different pathogens at once. The EPA Method 1615 is a standardized RT-qPCR method for detecting
norovirus and enterovirus23, but it has not been adopted as a federal standard because it requires specialized
tools and is higher cost4. Fortunately, the total cost of these methods are dropping precipitously. In 1999, the
per-sample cost of PCR was reported26 to be US$90, and in 2015, a review27 found the per-sample cost of PCR
as US$1.58. That is a 57-fold reduction in cost over 16 years for a basic PCR, and we expect this price to continue
dropping. The demand for PCR testing has exploded in the past year due to it becoming the standard method
for detecting SARS-CoV-2 during the COVID-19 global pandemic29. This has fueled innovation with the goals of
producing cheaper, modular, portable, easy-to-use, PCR testing kits29,30,31. With this in mind, it is reasonable
to expect that Canada will soon begin recommending standardized PCR-based methods for waterborne pathogen
monitoring, such as Method 161523.

Similar events have occurred before; following the 1993 Milwaukee Cryptosporidium outbreak, the CDC and
EPA created the Working Group on Waterborne Cryptosporidiosis32 which led to the development of Method
1622/1623 for detecting Cryptosporidium using an immunofluorescence assay33,34. Method 1622/1623 was vali-
dated in 1998 and has since been adopted as a standard by many governments. With this new standard method
it became feasible to regulate Cryptosporidium levels and between 199835 and 200636, the EPA updated the
Safe Drinking Water Act to introduce maximum level guidelines for Cryptosporidium in public water systems.
In 1999, the UK adopted a nearly identical method to Method 1622/162339,40 and amended the UK Water
Supply Regulations37 to become the only country requiring continuous daily monitoring of treated water for
Cryptosporidium

38. In 2008, Ontario officially adopted Method 1622/1623 as an accepted protocol for testing
Cryptosporidium

41 and, in 2012, Canada introduced treatment-based guidelines for it42.

This shows how heightened attention following a public health crisis led to the development of a standardized
molecular method which allowed governments to include a new pathogen to their water quality regulations. As
new standard molecular methods are adopted, it will become feasible to monitor and regulate a growing list of
pathogens. This will increase the transparency of water quality risk for regulators, researchers, and consumers,
but will also increase the burden of water quality risk management on local decision makers and property owners.

Which new waterborne risks are gaining attention because of improved detection? The WHO has
identified detection technologies as a limiting factor for our knowledge of the public health impacts of waterborne
pathogens: ". . . under-appreciated pathogens continue to be recognized to be associated with the waterborne
route and as being of public health significance. . . By increasing our capacity to concentrate and detect micro-
organisms in water samples, we can recognize new pathogens and associate known micro-organisms with diseases
of unknown etiology."43 The fact that the causal pathogens were never identified in 40% of the reported drinking-
water associated outbreaks in the USA between 1991 and 200043, highlights how much there is left to learn
about waterborne pathogen epidemiology. Some of the recent advances in detection technologies have uncovered
important public health impacts of waterborne pathogens which were difficult to see previously because a) they
have severe impacts only on a susceptible subpopulation, or b) they have chronic or long-term health impacts
that are hard to associate with specific exposures to contaminated waters.

For example, M. avium and P. aeruginosa are both free-living bacteria that are ubiquitous in the environment
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and can cause respiratory infections but will very rarely lead to disease in healthy people1. Despite infections
being rare in the general population, M. avium and P. aeruginosa are some of the leading causes of death in
people with HIV/AIDS46 and cystic fibrosis48, respectively. Both pathogens have been consistently found in
engineered water systems, especially in the accumulated biofilms inside premise plumbing systems44,45,46,47,82,
but until recently, it has been difficult to prove these plumbing systems are the sources of disease. A gold-standard
study in 2019 took place in Philadelphia and used advanced genotyping techniques to show that the genomes
of M. avium found in 18 of 21 patients successfully matched the genomes of M. avium found in water samples
from the patients’ household plumbing system49. This is excellent evidence that premise plumbing in municipal
systems may be a substantial source of M. avium infections. These bio-film associated pathogens are increasing
in North America61,65 and are being recognized as the most serious waterborne risks in developed countries.
Together, Legionella, M. avium and P. aeromonas are costing the USA $2.39 billion in direct health care costs
annually50.

Epidemiological links between waterborne pathogens and chronic diseases have also been growing. In 2015, M.

avium was hypothesized to be a cause of Crohn’s disease83. Another recent example is the enteric bacteria, H.

pylori
1 which can cause chronic gastritis51. H. pylori infections are common but most infections do not cause

symptoms. The true prevalence is unknown but one study found H. pylori in 23% of Ontario adults with upper
gastrointestinal symptoms52. These infections can be lifelong causing irregular symptoms and ulcers53, and in
2014 the International Agency for Research on Cancer (IARC) classified H. pylori as carcinogenic to humans54.
It is now recognized as the single most common cause of gastric cancer worldwide55,56. Contaminated drinking
water from municipal systems is suspected as being the primary source for human infections, but no gold-standard
study has been done to confirm this55. In fact, the studies on the detection of H. pylori in municipal drinking
water have been limited because H. pylori is VBNC and does not reliably grow in cell culture55. Until recently,
this has greatly limited the epidemiological and public health risk assessments for H. pylori. In 2015, a study
collected water samples from public water fountains and domestic taps in Spain and by using a sophisticated
qPCR technique, they detected H. pylori in 66% of the samples57. Some of the H. pylori were proven viable
and potentially infective, thus showing for the first time that H. pylori can survive and be potentially infective
in drinking waters from municipal systems57. These examples show how advanced detection technologies have
recently uncovered new epidemiological links between previously under-appreciated pathogens in municipal water
systems and the diseases of significant public health concern.

What is the future of water quality risk management in Canadian municipalities? From a review of
the most recent developments in water quality risk management, we have found a growing awareness of water
quality risk which will lead to an increasing burden on risk management. The growing awareness is being driven
by rapidly improving detection technologies which are advancing our knowledge of the epidemiology of waterborne
pathogens and making it more feasible to regularly monitor a growing list of pathogens. The increased burden on
risk management will raise the mandated responsibilities for all levels of society, including for private property
owners. Private property owners will be expected to manage those risks which are deemed to be under their
control, such as the free-living pathogens which persist in biofilms inside premise plumbing, HVAC systems, and
decorative water features. Today, this is no longer just a prediction. Following the 2012 Legionella outbreak in
Quebec City58, which caused 181 reported infections and 14 deaths, Quebec enacted building safety legislation
which requires building owners to register their HVAC systems with a regulator, undergo a site-specific risk
assessment, and implement a water management plan76. This involves requirements for building owners to
collect their own water samples and to send them to accredited laboratories, who will test for Legionella using a
combination of cell-culture and PCR-based detection methods. Depending on the percieved risks, some buildings
are required to undergo continuous monitoring. In 2020, Vancouver enacted a similar by-law and as of January
1, 2021, all new and existing cooling towers, evaporative condensers, and decorative water features are required
to be regularly tested for Legionella

77. In both Quebec and Vancouver, if Legionella is detected above the
maximum level guidelines, the building owners are required to take corrective actions and to immediately re-test.
With Quebec and Vancouver taking the lead, Ontario should not be far behind in enacting it’s own building
safety legislation to combat Legionella. In 2005, Scarborough experienced a Legionella outbreak that caused 112
reported infections and 23 deaths in a long-term care home59. The reported cases of Legionellosis in Ontario
has increased every year from 2014 to 2019, representing a three-fold increase in five years60. This kind of
increasing trend in disease caused by free-living pathogens in accumulated biofilms is being observed in much
of North America. This is true not just for Legionella

61,62 but also for M. avium
63,64,65. It should be expected

that legislation continues to be introduced throughout North America mandating building owners to monitor
and respond to these kinds of waterborne pathogens on their properties62. The future of water quality risk
management for owners will not stop at Legionella, as detection methods continue to get cheaper, it will not be
difficult for the accredited laboratories to test the same water samples for other waterborne pathogens like M.

avium, P. aeruginosa, H. pylori, or some other emerging pathogen whose public health implications are currently
underappreciated. This will make the health-status of a building more transparent which will increase the owner’s
responsibility to keep it healthy.

4



References

1. Health Canada (2021a). Guidance on waterborne pathogens: Guidance document for consultation. Water
and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, Health Canada, Ottawa, On-
tario. Accessed from:www.canada.ca/en/health-canada/programs/consultation-proposed-guidance-waterborne-
pathogens/document.html.

2. Teunis, P.F.M., Moe, C.L., Liu, P., Miller, S.E., Lindesmith, L., Baric, R.S., Le Pendu, J. and Calderon,
R.L. (2008). Norwalk virus: How infectious is it? J. Med. Virol., 80(8): 1468–1476.

3. Okhuysen PC, Chappell CL, Crabb JH, Sterling CR, DuPont HL. Virulence of three distinct Cryptosporid-
ium parvum isolates for healthy adults. J Infect Dis 1999;180:1275–81.

4. Health Canada (2019a). Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
— Enteric Viruses. Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch,
Health Canada, Ottawa, Ontario. (Catalogue No. H129-6/2019E-PDF).

5. Hoa Tran, T.N., Trainor, E., Nakagomi, T., Cunliffe, N.A. and Nakagomi, O. (2013). Molecular epi-
demiology of noroviruses associated with acute sporadic gastroenteritis in children: global distribution of
genogroups, genotypes and GII.4 variants. J. Clin. Virol., 56(3): 185–193.

6. Health Canada (2019b). Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
— Enteric Protozoa: Giardia and Cryptosporidium. Water and Air Quality Bureau, Healthy Environments
and Consumer Safety Branch, Health Canada, Ottawa, Ontario. (Catalogue No. H144-13/10-2018E-PDF).

7. MacKenzie, W. R., Hoxie, N. J., Proctor, M. E., Gradus, M. S., Blair, K. A., Peterson, D. E., Kazmierczak,
J. J., Addiss, D. G., Fox, K. R., Rose, J. B. and Davis, J. P. (1994). A massive outbreak in Milwaukee of
Cryptosporidium infection transmitted through the public water supply. N. Engl. J. Med., 331: 161–167.

8. Sterk, A., Schijven, J., De Nijs, T. and De Roda Husman, A.M. (2013). Direct and indirect effects of climate
change on the risk of infection by water-transmitted pathogens. Environ. Sci. Technol., 47 (22):12648-
12660.

9. Burnet, J.B, Penny, C., Ogorzaly, L. and Cauchie, H.M. (2014). Spatial and temporal distribution of
Cryptosporidium and Giardia in a drinking water resource: implications for monitoring and risk assessment.
Sci. Total Environ., 472:1023–1036.

10. NAS. (2019). Management of Legionella in Water Systems. National Academies of Sciences, Engineering,
and Medicine. Washington, DC. The National Academies Press. https://doi.org/10.17226/25474.

11. CDC. (2017). Surveillance for waterborne disease outbreaks associated with drinking water - United States,
2013-2014. MMWR., 2017; 66(44): 1216-1221.

12. Hornei, B., Ewig, S., Exner, M., Tartakovsky, I., Lajoie, L., Dangendorf, F., Surman-Lee, S. and Fields,
B. (2007). Chapter 1: Legionellosis. In Legionella and the prevention of legionellosis. Bartram, J. et. al.
(eds.). World Health Organization, Geneva, Switzerland. pp. 1-27.

13. Stout JE, Muder RR, Mietzner S, Wagener MM, Perri MB, DeRoos K, Goodrich D, Arnold W, Williamson
T, Ruark O, Treadway C, Eckstein EC, Marshall D, Rafferty ME, Sarro K, Page J, Jenkins R, Oda G,
Shimoda KJ, Zervos MJ, Bittner M, Camhi SL, Panwalker AP, Donskey CJ, Nguyen MH, Holodniy M,
Yu VL; Legionella Study Group. (2007). Role of environmental surveillance in determining the risk of
hospital-acquired legionellosis: a national surveillance study with clinical correlations. Infect Control Hosp
Epidemiol. Jul;28(7):818-24. doi: 10.1086/518754. Epub 2007 Jun 5. PMID: 17564984.

14. Dilger, T., Melzl, H. and Gessner, A. (2016). Legionella contamination in warm water systems in Ger-
many—influence of maximal temperature and temperature during sampling. GWF Wasser Abwasser,
157(3): 262-271.

15. Collins, S., Stevenson, D., Bennett, A. and Walker, J. (2017). Occurrence of Legionella in UK household
showers. Int. J. Hyg. Environ. Health, 220(2): 401-406.

16. Health Canada (2013). Guidance on Providing Safe Drinking Water in Areas of Federal Jurisdiction.
Version 2, Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, Health
Canada, Ottawa, Ontario (Catalogue No. H128-1/05-440-1E-PDF).

5



17. Dunn, G., Bakker, K., and Harris, L. (2014). Drinking Water Quality Guidelines across Canadian Provinces
and Territories: Jurisdictional Variation in the Context of Decentralized Water Governance. Int J Environ
Res Public Health 11, 4634–4651.

18. Health Canada (2021b). Guidance document: Overview of the microbiological aspects of drinking water
quality. Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, Health
Canada, Ottawa, Ontario. (Catalogue H144-79/1-2021E-PDF).

19. Health Canada (2020). Guidelines for Canadian Drinking Water Quality—Summary Table. Water and Air
Quality Bureau, Healthy Environments and Consumer Safety Branch, Health Canada, Ottawa, Ontario.

20. Health Canada (2019c). Guidance on the Use of Quantitative Microbial Risk Assessment in Drinking Water.
Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, Health Canada,
Ottawa, Ontario. (Catalogue No. H144-59/2019E-PDF).

21. Ramírez-Castillo, F.Y., Loera-Muro, A., Jacques, M., Garneau, P., Avelar-González, F.J., Harel, J., and
Guerrero-Barrera, A.L. (2015). Waterborne Pathogens: Detection Methods and Challenges. Pathogens 4,
307–334.

22. Fout, G.S., Cashdollar, J.L., Varughese, E.A., Parshionikar, S.U. and Grimm, A.C. (2015). EPA method
1615. measurement of enterovirus and norovirus occurrence in water by culture and RT-qPCR. I. collection
of virus samples. J. Vis. Exp., (97). doi(97): 10.3791/52067.

23. Fout, G.S., Cashdollar, J.L., Griffin, S.M., Brinkman, N.E., Varughese, E.A., and Parshionikar, S.U. (2016).
EPA Method 1615. Measurement of Enterovirus and Norovirus Occurrence in Water by Culture and RT-
qPCR. Part III. Virus Detection by RT-qPCR. J Vis Exp.

24. Sobsey, M.D. (1999). ’Methods to Identify and Detect Microbial Contaminants in Drinking Water’, in
National Research Council. Identifying Future Drinking Water Contaminants. Washington, DC: The
National Academies Press. doi: 10.17226/9595.

25. Deshmukh, R.A., Joshi, K., Bhand, S., and Roy, U. (2016). Recent developments in detection and enumer-
ation of waterborne bacteria: a retrospective minireview. Microbiologyopen 5, 901–922.

26. Fredricks, D.N., and Relman, D.A. (1999). Application of Polymerase Chain Reaction to the Diagnosis of
Infectious Diseases. Clinical Infectious Diseases 29, 475–488.

27. Schlatter, Rosane Paixão, Matte, Ursula, Polanczyk, Carisi Anne, Koehler-Santos, Patrícia, & Ashton-
Prolla, Patricia. (2015). Costs of genetic testing: Supporting Brazilian Public Policies for the incorporating
of molecular diagnostic technologies. Genetics and Molecular Biology, 38(3), 332-337. https://doi.org/
10.1590/S1415-475738320140204

28. World Health Organization. (2020). Diagnostic testing for SARS-CoV-2. Interim guidance, September
2020. Geneva: WHO/2019-nCoV/laboratory/2020.6

29. van Kasteren, P.B., van der Veer, B., van den Brink, S., Wijsman, L., de Jonge, J., van den Brandt, A.,
Molenkamp, R., Reusken, C.B.E.M., and Meijer, A. (2020). Comparison of seven commercial RT-PCR
diagnostic kits for COVID-19. Journal of Clinical Virology 128, 104412.

30. Waggoner, J.J., Stittleburg, V., Pond, R., Saklawi, Y., Sahoo, M.K., Babiker, A., Hussaini, L., Kraft, C.S.,
Pinsky, B.A., Anderson, E.J., et al. (2020). Triplex Real-Time RT-PCR for Severe Acute Respiratory
Syndrome Coronavirus 2. Emerg Infect Dis 26, 1633–1635.

31. Visseaux, B., Hingrat, Q.L., Collin, G., Bouzid, D., Lebourgeois, S., Pluart, D.L., Deconinck, L., Lescure,
F.-X., Lucet, J.-C., Bouadma, L., et al. (2020). Evaluation of the QIAstat-Dx Respiratory SARS-CoV-2
Panel, the First Rapid Multiplex PCR Commercial Assay for SARS-CoV-2 Detection. Journal of Clinical
Microbiology 58.

32. Gradus, M.S., Bullock-Iacullo, S., Garcia, L.S., Kaplan, R.L., Smith, J.W., Tran, T., and Zabransky, R.J.
(1996). Cryptosporidiosis: A continuing challenge for the clinical and public health microbiologist. Clinical
Microbiology Newsletter 18, 185–190.

33. U.S. EPA (2005a). Method 1622: Cryptosporidium in Water by Filtration/IMS/FA. Office of Water, Office
of Science and Technology, Engineering and Analysis Division, U.S. Environmental Protection Agency,
Washington, DC (EPA 815-R-05-001).

6



34. U.S. EPA (2005b). Method 1623: Cryptosporidium and Giardia in water by filtration/IMS/FA. Office of
Water, Office of Science and Technology, Engineering and Analysis Division, U.S. Environmental Protection
Agency, Washington, DC (EPA 821-R-01-025).

35. USEPA. (1998). National Primary Drinking Water Regulations; Interim Enhanced Surface Water Treat-
ment Rule. 63 FR 69477, December 16, 1998.

36. USEPA. (2006). National Primary Drinking Water Regulations: Long Term 2 Enhanced Surface Water
Treatment Rule. 71 FR 653, March 6, 2006.

37. DWI (Drinking Water Inspectorate). (1999). UK Water Supply Regulations (Amended). Available at:
http://www.dwi.gov.uk

38. Smeets, P.W.M.H., van Dijk, J.C., Stanfield, G., Rietveld, L.C., and Medema, G.J. (2007). How can the
UK statutory Cryptosporidium monitoring be used for Quantitative Risk Assessment of Cryptosporidium
in drinking water? Journal of Water and Health 5, 107–118.

39. Smith, H.V., and Hayes, C.R. (1997). The status of UK methods for the detection of cryptosporidium spp
oocysts and giardia spp cysts in water concentrates. Water Science and Technology 35, 369–376.

40. Lloyd, A., and Drury, D. (2002). Continuous monitoring for Cryptosporidium - a novel approach to public
health protection. Water Science and Technology 46, 297–301.

41. Ontario Ministry of the Environment, Laboratory Services Branch. (2008). Protocol of Accepted Drinking
Water Testing Methods. Version 1.

42. Health Canada (2012). Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
— Enteric Protozoa: Giardia and Cryptosporidium. Water, Air and Climate Change Bureau, Healthy En-
vironments and Consumer Safety Branch, Health Canada, Ottawa, Ontario.(Catalogue No H129-23/2013E-
PDF).

43. World Health Organization (2003). Emerging issues in water and infectious diseases. Geneva, WHO, 2003.

44. Percival, S.L. and Williams, D.W. (2014). Mycobacterium. In Microbiology of waterborne diseases. Second
edition. Elsevier Ltd., Oxford, UK, pp. 177-207.

45. Falkinham, J.O.,3rd (2015a). Common features of opportunistic premise plumbing pathogens. Int. J.
Environ. Res. Public. Health., 12(5): 4533-4545.

46. Falkinham, J.O. (2015b). The Mycobacterium avium complex and slowly growing mycobacteria. In Molec-
ular medical microbiology: Second edition. Elsevier Ltd, London, UK. pp. 1669-1678.

47. Bédard, E., Prévost, M. and Déziel, E. (2016). Pseudomonas aeruginosa in premise plumbing of large
buildings. MicrobiologyOpen, 5(6): 937-956.

48. Chakravarty, S. and Anderson, G.G. (2015). The genus Pseudomonas. In Practical handbook of microbi-
ology. Goldman, E. and Green, L.H. (eds.). Third. CRC Press, Taylor & Francis Group, Boca Raton, pp.
321-343.

49. Lande, L., Alexander, D. C., Wallace, R. J., Kwait, R., Iakhiaeva, E., Williams, M. . . .Falkinham, J. O.
(2019). Mycobacterium avium in Community and Household Water, Suburban Philadelphia, Pennsylvania,
USA, 2010–2012. Emerging Infectious Diseases, 25(3), 473-481.

50. Collier, S. A., Deng, L., Adam, E. A., Benedict, K. M., Beshearse, E. M., Blackstock, A. J. . . .Beach, M.
J. (2021). Estimate of Burden and Direct Healthcare Cost of Infectious Waterborne Disease in the United
States. Emerging Infectious Diseases, 27(1), 140-149.

51. Watari, J., Chen, N., Amenta, P.S., Fukui, H., Oshima, T., Tomita, T., Miwa, H., Lim, K.-J., and Das,
K.M. (2014). Helicobacter pylori associated chronic gastritis, clinical syndromes, precancerous lesions, and
pathogenesis of gastric cancer development. World J Gastroenterol 20, 5461–5473.

52. Naja, F., Kreiger, N. and Sullivan, T. (2007). Helicobacter pylori infection in Ontario: Prevalence and risk
factors. Can. J. Gastroenterol., 21 (8):501-506.

53. Kusters, J.G., van Vliet, A.H.M., and Kuipers, E.J. (2006). Pathogenesis of Helicobacter pylori Infection.
Clin Microbiol Rev 19, 449–490.

7



54. IARC Helicobacter pylori Working Group. (2014). Helicobacter pylori eradication as a strategy for pre-
venting gastric cancer. International Agency for Research on Cancer, IARC Working Group Reports, No.
8, Lyon, France.

55. Percival, S.L. and Williams, D.W. (2014d). Helicobacter pylori. In Microbiology of waterborne diseases:
Microbiological aspects and risks: Second edition. Elsevier Ltd., Oxford, UK. pp. 119- 154.

56. Posteraro, B., Posteraro, P. and Sanguinetti, M. (2015). Helicobacter pylori. In Molecular medical micro-
biology: Second edition. Elsevier Ltd, London, UK. pp. 1237-1258.

57. Santiago, P., Moreno, Y., and Ferrús, M.A. (2015). Identification of Viable Helicobacter pylori in Drinking
Water Supplies by Cultural and Molecular Techniques. Helicobacter 20, 252–259.

58. Trudel, L., Veillette, M., Bonifait, L., and Duchaine, C. (2014). Management of the 2012 Legionella crisis in
Quebec City: need for a better communication between resources and knowledge transfer. Front Microbiol
5.

59. Gilmour, M.W., Bernard, K., Tracz, D.M., Olson, A.B., Corbett, C.R., Burdz, T., Ng, B., Wiebe, D.,
Broukhanski, G., Boleszczuk, P., et al. (2007). Molecular typing of a Legionella pneumophila outbreak in
Ontario, Canada. J Med Microbiol 56, 336–341.

60. Infectious Disease Trends in Ontario. Public Health Ontario. (n.d.). https://www.publichealthontario.
ca/en/data-and-analysis/infectious-disease/reportable-disease-trends-annually.

61. Mudali, G., Kilgore, P.E., Salim, A., McElmurry, S.P., and Zervos, M. (2020). Trends in Legionnaires’
Disease-Associated Hospitalizations, United States, 2006–2010. Open Forum Infectious Diseases 7.

62. Parr, A., Whitney, E.A., and Berkelman, R.L. (2015). Legionellosis on the Rise: A Review of Guidelines
for Prevention in the United States. Journal of Public Health Management and Practice 21, E17.

63. Donohue, M.J. and Wymer, L. (2016). Increasing prevalence rate of nontuberculous mycobacteria infections
in five states, 2008-2013. Annals of the American Thoracic Society, 13(12): 2143-2150.

64. Stout, J.E., Koh, W.-. and Yew, W.W. (2016). Update on pulmonary disease due to non- tuberculous
mycobacteria. Int. J. Infect. Dis., 45: 123-134.

65. Adjemian, J., Daniel-Wayman, S., Ricotta, E. and Prevots, D.R. (2018). Epidemiology of nontuberculous
mycobacteriosis. Seminars in Respiratory and Critical Care Medicine, 39(3): 325-335.

66. Lambertini, E., Spencer, S.K., Kieke Jr., B.A., Loge, F.J. and Borchardt, M.A. (2011). Virus contamination
from operation and maintenance events in small drinking water distribution systems. J. Water Health, 9(4):
799–812.

67. Eshaghi, A., Duvvuri, V.R., Isabel, S., Banh, P., Li, A., Peci, A., Patel, S.N., and Gubbay, J.B. (2017).
Global Distribution and Evolutionary History of Enterovirus D68, with Emphasis on the 2014 Outbreak in
Ontario, Canada. Front Microbiol 8.

68. Pallansch, M. and Roos, R. (2007). Enteroviruses: Polioviruses, coxsackieviruses, echoviruses, and newer
enteroviruses. In: Fields virology. Knipe, D.M. and Howley, P.M. (eds.). 5th edition. Lippincott Williams
and Wilkins, Philadelphia, Pennsylvania.

69. Chia, J.K. and Chia, A.Y. (2008). Chronic fatigue syndrome is associated with chronic enterovirus infection
of the stomach. J. Clin. Pathol., 61(1): 43–48.

70. Oikarinen, S., Tauriainen, S., Hober, D., Lucas, B., Vazeou, A., Sioofy-Khojine, A., Bozas, E., Muir, P.,
Honkanen, H., Ilonen, J., Knip, M., Keskinen, P., Saha, M., Huhtala, H., Stanway, G., Bartsocas, C.,
Ludvigsson, J., Taylor, K. and Hyöty, H. (2014). Virus antibody survey in different European populations
indicates risk association between coxsackievirus B1 and type 1 diabetes. Diabetes, 63(2): 655–662.

71. Xue, Y.C., Feuer, R., Cashman, N., and Luo, H. (2018). Enteroviral Infection: The Forgotten Link to
Amyotrophic Lateral Sclerosis? Front Mol Neurosci 11, 63.

72. Estes, M.K. and Greenberg, H.B. (2013). Rotaviruses. In: Fields virology. Knipe, D.M. and Howley,
P.M. (eds.). 6th. Wolters Kluwer Health/Lippincott Williams & Wilkins, Philadelphia, Pennsylvania., pp.
1347–1401.

73. Craun, M.F., Craun, G.F., Calderon, R.L., and Beach, M.J. (2006). Waterborne outbreaks reported in the
United States. Journal of Water and Health 4, 19–30.

8



74. U.S. EPA (1991). Guidance manual for compliance with filtration and disinfection requirements for public
water systems using surface water sources. U.S. Environmental Protection Agency, Washington, DC.

75. Farthing, M.J. (2000). Clinical aspects of human cryptosporidiosis. Contrib. Microbiol., 6:50–74.

76. Government of Quebec. (2020). Régie du Bâtiment Québec. Quebec, Canada. Accessed February, 2020
from:https://www.rbq.gouv.qc.ca/domaines-dintervention/batiment/interpretation-directives-techniques-et-administratives/
chapitre-batiment-du-code-de-securite/tours-de-refroidissement-a-leau-obligations-du-proprietaire.
html

77. City of Vancouver (2020). Vancouver, Canada. Accessed February, 2020 from:https://vancouver.ca/
home-property-development/operating-permit.aspx#review-operating-permit

78. Soda, E.A. (2017). Vital Signs: Health Care–Associated Legionnaires’ Disease Surveillance Data from 20
States and a Large Metropolitan Area — United States, 2015. MMWR Morb Mortal Wkly Rep 66.

79. Milwaukee, 1993: The Largest Documented Waterborne Disease Outbreak in US History. (2014, January
10). Water Quality and Health Council.https://waterandhealth.org/safe-drinking-water/drinking-water/
milwaukee-1993-largest-documented-waterborne-disease-outbreak-history/

80. "Cryptosporidium in Milwaukee’s water supply caused widespread illness". Infectious Disease News (Septem-
ber 2007). Healio. September 2007. Retrieved 22 February 2021.

81. WHO. (2017). Prioritization of pathogens to guide discovery, research and development of new antibiotics
for drug-resistant bacterial infections, including tuberculosis. World Health Organization. Geneva, Switzer-
land. Accessed October 2019 from https://www.who.int/medicines/areas/rational_use/prioritization-of-pathogens/
en/

82. Falkinham, J.O. (2016b). Nontuberculous mycobacteria: Community and nosocomial waterborne oppor-
tunistic pathogens. Clin. Microbiol. Newsl., 38(1): 1-7.

83. Waddell, L.A., Rajic, A., Stärk, K.D.C. and McEwen, S.A. (2015). The zoonotic potential of Mycobac-
terium avium ssp. paratuberculosis: A systematic review and meta-analyses of the evidence. Epidemiol.
Infect., 143 (15):3135-3157.

84. Le Dantec, C., Duguet, J.-., Montiel, A., Dumoutier, N., Dubrou, S. and Vincent, V. (2002). Occurrence
of mycobacteria in water treatment lines and in water distribution systems. Appl. Environ. Microbiol.,
68(11): 5318-5325.

85. Halstrom, S., Price, P. and Thomson, R. (2015). Review: Environmental mycobacteria as a cause of human
infection. Int. J. Mycobacteriology, 4(2): 81-91.

86. Stirling, R., Aramini, J., Ellis, A., Lim, G., Meyers, R., Fleury, M., Werker, D. (2001). Waterborne
cryptosporidiosis outbreak, North Battleford, Saskatchewan, spring 2001. Can. Commun. Dis. Rep.,
27(22):185–192.

87. Guzman-Herrador, B., Carlander, A., Ethelberg, S., de Blasio, B.F., Kuusi, M., Lund, V., Lofdahl, M.,
MacDonald, E., Nichols, G., Schonning, C., Sudre, B., (2015). Waterborne outbreaks in the Nordic coun-
tries, 1998 to 2012. Euro Surveill. 20, 1e10.

88. Widerström, M., Schönning, C., Lilja, M., Lebbad, M., Ljung, T., Allestam, G. . . .Lindh, J. (2014). Large
Outbreak of Cryptosporidium hominis Infection Transmitted through the Public Water Supply, Sweden.
Emerging Infectious Diseases, 20(4), 581-589.

89. Desilva, M.B., Schafer, S., Kendall Scott, M., Robinson, B., Hills, A., Buser, G.L., Salis, K., Gargano,
J., Yoder, J., Hill, V., et al. (2016). Communitywide cryptosporidiosis outbreak associated with a sur-
face water-supplied municipal water system - Baker City, Oregon, 2013. Epidemiology and Infection 144,
274–284.

90. CDC. Surveillance for waterborne disease outbreaks associated with drinking water and other nonrecre-
ational water — United States, 2009–2010. MMWR Morb Mortal Wkly Rep. 2013;62(35):714-20.

91. Beer KD, Gargano JW, Roberts VA, Hill VR, Garrison LE, Kutty PK, Hilborn ED, Wade TJ, Fullerton
KE, Yoder JS. Surveillance for waterborne disease outbreaks associated with drinking water — United
States, 2011–2012. MMWR Morb Mortal Wkly Rep. 2015;64(31):842-848.

9



92. Howe, A.D., Forster, S., Morton, S., Marshall, R., Osborn, K.S., Wright, P., and Hunter, P.R. (2002).
Cryptosporidium Oocysts in a Water Supply Associated with a Cryptosporidiosis Outbreak. Emerg Infect
Dis 8, 619–624.

93. Mellou, K., Katsioulis, A., Potamiti-Komi, M., Pournaras, S., Kyritsi, M., Katsiaflaka, A., Kallimani, A.,
Kokkinos, P., Petinaki, E., Sideroglou, T., et al. (2014). A large waterborne gastroenteritis outbreak in
central Greece, March 2012: challenges for the investigation and management. Epidemiology & Infection
142, 40–50.

94. Laine, J., Huovinen, E., Virtanen, M.J., Snellman, M., Lumio, J., Ruutu, P., Kujansuu, E., Vuento, R.,
Pitkänen, T., Miettinen, I., et al. (2011). An extensive gastroenteritis outbreak after drinking-water
contamination by sewage effluent, Finland. Epidemiology & Infection 139, 1105–1113.

95. “Portugal Legionnaires’ Disease Update: Additional Cases/Death Recorded.” Outbreak News Today, 4
Dec. 2020. outbreaknewstoday.com/portugal-legionnaires-disease-update-additional-cases-death-recorded-
97167/

96. Zahran, S., McElmurry, S.P., Kilgore, P.E., Mushinski, D., Press, J., Love, N.G., Sadler, R.C., and Swanson,
M.S. (2018). Assessment of the Legionnaires’ disease outbreak in Flint, Michigan. PNAS 115, E1730–E1739.

97. McKinney, David, and Tony Arnold. “3 Years, 13 Legionnaires’ Deaths At Illinois Veterans’ Home.” WBEZ
Interactive, 12 Dec. 2017, interactive.wbez.org/legionnaires/.

98. Chamberlain, A.T., Lehnert, J.D., and Berkelman, R.L. (2017). The 2015 New York City Legionnaires’
Disease Outbreak: A Case Study on a History-Making Outbreak. J Public Health Manag Pract 23, 410–416.

99. Russo, A., Gouveia, C.M., Soares, P.M.M., Cardoso, R.M., Mendes, M.T., and Trigo, R.M. (2018). The
unprecedented 2014 Legionnaires’ disease outbreak in Portugal: atmospheric driving mechanisms. Int J
Biometeorol 62, 1167–1179.

100. Salvadori, M.I., Sontrop, J.M., Garg, A.X., Moist, L.M., Suri, R.S., and Clark, W.F. (2009). Factors that
led to the Walkerton tragedy. Kidney International 75, S33–S34.

10



Type of Relevant Route of Reference Outbreak Monitoring Notable Public
Pathogen Organism Size Reservoir Infection Pathogen? Potential Responsibilities Health Effects Culturable? Resistance
Noroviruses Enteric 35-40 nm Human GI Fecal-oral No Common None >90% of all No NA

virus tract route worldwide4 acute gastroenteritis
in children5

Rotaviruses Enteric 70 nm Human GI Fecal-oral No Common None + Leading cause of severe No NA
virus tract route worldwide4 diarrhea in humans72

+ Leading cause
of childhood
hospitalizations from
diarrhea4

Enteroviruses Enteric 20-30 nm Human GI Fecal-oral No Increasing None + Acute respiratory Yes NA
virus tract route in Canada illness in children

and globally + Implicated in
since 200867 chronic diseases68

- Chronic fatigue syndrome69
- ALS71

- Diabetes70
Cryptosporidium Enteric Oocyst: Human GI Fecal-oral Yes Second most Recommended + Diarrhea, vomiting, Yes Extremely resistant

protozoa 4-6 µm tract route reported cause continuous low-grade fever to chlorine-based
of waterborne monitoring + Chronic and sometimes disinfectants74
outbreaks in at water-treatment lethal infections in
North America73 plants6 immunocompromised75

Legionella Free-living 2-20 µm Biofilms in Water-air No Increasing, + Quebec (2013): + Pontiac fever Yes NA
bacteria engineered route high mortality Mandated monitoring - 95% attack rate12

water outbreaks in of cooling towers - Influenza-like illness
systems10 North American by building owners76 + Legionnaires’ disease

cities1 + Vancouver(2020): - 5% attack rate12
Mandated monitoring - 25% case fatality rate78
cooling towers, - 40-80% case fatality rate
evaporative condensers, in hospital patients12
and fountains by
building owners77

Pseudomonas Free-living 1.5-3 µm Biofilms in Water-air No Rare None + Leading cause of death Yes Carbapenem-resistant
aeruginosa bacteria engineered route for Cystic fibrosis strains are

water patients48 critical priority81

systems47 + High mortality infections
Mycobacterium Free-living 1-10 µm Biofilms in Water-air No Rare None + Major cause of death Yes + Very resistant to
avium bacteria engineered route45 for HIV/AIDS patients46 chemical disinfectants84

water + Possible cause of + High antibiotic
systems45 Crohn’s disease83 resistance85

+ $1.5B total annual
healthcare costs in USA50

Helicobacter Enteric 2-4 µm Human GI Fecal-oral56 No No None + Most common cause of No Multi-drug resistant
pylori bacteria tracts gastric cancer worldwide55,56 strains are

+ Chronic gastritis51 high priorty81

Table 1: Summary of waterborne pathogens



Reported Reported
Location Year Pathogen (Estimated) Cases Deaths Comment Reference
Milwaukee, USA 1993 Cryptosporidium >400,000 100 Largest waterborne outbreak in USA history 79
Clitheroe, UK 2000 Cryptosporidium 17,252 0 Despite continuous monitoring in UK 92
Walkerton, Canada 2000 E. coli / Campylobacter >2300 7 Walkerton Inquiry sentenced utilities operator to jail 100
North Battleford, SK, Canada 2001 Cryptosporidium 5800-7100 0 86
Scarborough, Canada 2005 Legionella 127 21 Nursing home 59
Nokia, Finland 2007 Norovirus 8453 0 Cross contamination between sewage and drinking water pipes 94
Östersund, Sweden 2010 Cryptosporidium 27,000 0 88
Michigan, USA 2010 Legionella 64 17 Cooling tower in military facility 90
Skellefteå, Sweden 2011 Cryptosporidium 20,000 0 87
Pennsylvania, USA 2011 Legionella 22 22 Hospital 91
Elassona, Greece 2012 Rotavirus 3620 0 93
Quebec City, Canada 2012 Legionella 180 13 Cooling towers 58
Oregon, USA 2013 Cryptosporidium 2780 0 89
Flint, Michigan, USA 2014 Legionella 87 12 Michigan Department of Environmental Quality being sued 96
Portugal 2014 Legionella 377 14 Cooling towers 99
Illinois, USA 2015 Legionella 58 13 Veterans home 97
New York, USA 2015 Legionella 138 16 Cooling towers in multiple buildings 98
Portugal 2020 Legionella 88 15 95

Table 2: Some notable modern drinking water outbreaks in developed countries



Figure 1: Overview of the key model parameters that must be estimated for the Health Canada QMRA model20


