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Quantitative microbial risk assessment to estimate the
health risk from exposure to noroviruses in polluted
surface water in South Africa
Nicole Van Abel, Janet Mans and Maureen B. Taylor

ABSTRACT
This study assessed the risks posed by noroviruses (NoVs) in surface water used for drinking,
domestic, and recreational purposes in South Africa (SA), using a quantitative microbial risk
assessment (QMRA) methodology that took a probabilistic approach coupling an exposure
assessment with four dose-response models to account for uncertainty. Water samples from three
rivers were found to be contaminated with NoV GI (80–1,900 gc/L) and GII (420–9,760 gc/L) leading to
risk estimates that were lower for GI than GII. The volume of water consumed and the probabilities of
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infection were lower for domestic (2.91 × 108 to 5.19 × 101) than drinking water exposures (1.04 ×
105 to 7.24 × 101). The annual probabilities of illness varied depending on the type of recreational
water exposure with boating (3.91 × 106 to 5.43 × 101) and swimming (6.20 × 106 to 6.42 × 101)
being slightly greater than playing next to/in the river (5.30 × 107 to 5.48 × 101). The QMRA was
sensitive to the choice of dose-response model. The risk of NoV infection or illness from
contaminated surface water is extremely high in SA, especially for lower socioeconomic individuals,
but is similar to reported risks from limited international studies.
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INTRODUCTION
Exposure to contaminated water is an important route for

vomiting, fever, headache, and muscle aches, is self-limiting

the transmission of diarrhoeal pathogens (Enger et al.

with symptoms usually lasting between 24 and 48 hours

) and the waterborne transmission of viruses is of

(Vinje ).

public health concern (Gibson ). Noroviruses (NoVs)

In South Africa (SA), outbreaks of NoV-associated gas-

have been identiﬁed as the major cause of waterborne dis-

trointestinal illness were ﬁrst described in 1993 (Taylor

ease outbreaks in many regions of the world (Gibson )

et al. ) and NoVs have been shown to be the second

and are recognised as the predominant cause of sporadic

most important viral agent causing gastroenteritis in chil-

and epidemic gastroenteritis accounting for greater than

dren after rotavirus (Mans et al. ). Norovirus was

90% of viral gastroenteritis and approximately 50% of all-

detected in 21–95% of river samples from selected rivers

cause outbreaks (Atmar ). NoVs are members of the

in the Gauteng Province, SA (Mans et al. ) and a high

Caliciviridae family and are small non-enveloped viruses

diversity of NoV GI and GII genotypes has been identiﬁed

with a single stranded, positive-sense RNA genome. NoVs

in wastewater from several provinces of SA (Mans et al.

contain seven genogroups (GI–VII) with GI, GII and GIV

; Murray et al. a). To estimate the consequences

causing infections in humans. Following a mean incubation

from exposure to NoV, quantitative microbial risk assess-

time of 24 hours, NoV illness, characterised by diarrhoea,

ment (QMRA) with the four key steps of hazard
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identiﬁcation, exposure assessment, dose-response assess-

detection the remaining recovered virus concentrates were

ment, and risk characterisation can be applied (Hunter

stored at 20  C for between 1 and 4 years before NoV

et al. ; Mena ; Haas et al. ). In SA to date,

quantiﬁcation in 2015.

only one small study using simple deterministic risk assessment of NoVs in water has been carried out (Genthe et al.

Nov quantiﬁcation

). The aim of the present study was to quantify NoV in
selected river water samples in Gauteng, SA and to assess

Norovirus-positive GI and GII water samples, with cycle

the risks posed by these NoVs from exposure via drinking,

threshold (Ct – the number of cycles required for the ﬂuor-

domestic use and recreation.

escent signal to cross the background threshold level)
values <40 and of sufﬁcient volume, were selected for
viral quantiﬁcation. Samples were thawed and nucleic acid

METHODS

was extracted from 1 mL virus concentrate using using the
semi-automated Nucli-SENS® EasyMAG® instrument (Bio-

Study area, samples, and qualitative NoV detection

Mérieux, Marcy l’Etoile, France) with the nucleic acid
being eluted in a ﬁnal volume of 100 μL. Prior to nucleic

From January 2011 to December 2014, grab water samples

acid extraction, mengovirus (1.97 × 105 genome copies

(10 L) were collected at sampling points located on the

(gc)) was added to each sample as an extraction control.

Klip (KR), Suikerbosrant (SR), and Rietspruit (RV) rivers

Standard curves for NoV GI and GII were prepared using

in the Gauteng province, SA. These rivers are all tributaries

commercial plasmid DNA quantiﬁcation standards (Noro-

of the Vaal River, which forms one of the largest river sys-

virus GI Q Standard & Norovirus GII Q Standard:

tems in SA. Collected samples were transported cooled on

Ceeram S.A.S). Mengovirus (5 μL RNA) was detected

ice blocks to the laboratory. On arrival the temperature

using a qualitative commercial assay mengo@ceeramTools™

and pH of the samples were measured and the samples

Kit, Ceeram S.A.S). NoV GI and GII (5 μL RNA per assay)

were stored at 4  C until processing – usually within 24 h

were quantiﬁed separately in each sample using commercial

of receipt in the laboratory. Viruses were recovered from

real-time RT-PCR assays (norovirusGI@ceeramTools™ Kit

the samples by glass wool adsorption-elution followed by

and norovirusGII@ceeramTools™ Kit, Ceeram S.A.S) with

secondary concentration using polyethylene glycol 6,000/

the inclusion of a DNA standard in each assay. The extrac-

sodium chloride precipitation as described previously

tion efﬁciency (%) was calculated by comparing the

(Mans et al. ; Kiulia et al. ). The recovered virus con-

mengovirus concentration after extraction with the input

centrates were resuspended in a ﬁnal volume of 10 mL

mengovirus concentration (% ¼ ﬁnal/input × 100). If the

phosphate buffered saline (pH 7.4) (Sigma Aldrich Co., St

extraction efﬁciency was greater than or equal to 100%,

Louis, MO). Nucleic acid was extracted from 1 mL virus

then full extraction of NoV was assumed.

concentrate using the MagNa Pure LC Total Nucleic Acid
Isolation Kit (large volume) (Roche Diagnostics GmbH,

QMRA model

Mannheim, Germany) on an automated MagNa Pure LC
platform (Roche) according to the manufacturer’s rec-

Statistical ﬁtting was programmed in R software (R Foun-

ommendations. The nucleic acid was eluted in a ﬁnal

dation for Statistical Computing, Vienna, Austria) as was

volume of 100 μL. Norovirus GI and GII (using 5 μL

the QMRA model, which took a probabilistic approach

RNA) were detected qualitatively by real-time reverse tran-

(10,000 iterations) to account for variability and uncertainty.

scription

using

The exposure pathways considered were for both the lower

commercial NoV GI (norovirusGI@ceeramTools™ Kit,

and upper socioeconomic status populations (LSES and

Ceeram S.A.S, La Chappelle-Sur-Erdre, France) and NoV

USES). For the LSES, the exposure pathways of: (a) con-

GII (norovirusGII@ceeramTools™ Kit, Ceeram S.A.S) kits

sumption of contaminated river water for drinking; (b)

which had internal ampliﬁcation controls. After NoV

incidental exposure by ingestion during domestic activities

polymerase-chain

reaction

(RT-PCR)
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such as laundry or body washing were used; and (c) inciden-

Based on US data the volume of water consumed for

tal exposure by ingestion during recreational activities

drinking water (Vcons,DW) was estimated to be approximately

(playing by river). For the USES, the exposure pathway con-

1.3 L per person per day (US Environmental Protection

sidered was incidental exposure by ingestion during

Agency (USEPA) ; Schijven et al. ). For domestic

recreational activities such as swimming or boating.

activities, the volume of water consumed (Vcons, dom) was estimated to be in the range of 1–10 mL per person per day for
Africa (Steyn et al. ; Katukiza et al. a; Yapo et al.

Exposure assessment

). The mean volume of water consumed during

The exposure assessment quantiﬁes the mean dose (gc per day
or event) of NoV (DNoV, Equation (1)) in water for each
exposure based on the NoV concentration in water (CNoV),
the recovery efﬁciency of the detection method (R), the proportion of viruses that are infectious (Inf), sunlight
inactivation (Inact), and the volume of water consumed
(Vcons). All exposure assessment parameters are detailed in
Table 1.

DNoV ¼ CNoV ×

recreational activities (Vcons, RW, x) depended on the activity
(s ¼ swimming, p ¼ playing, b ¼ boating) ranging from
approximately 2–55 mL per person per event while the
range for the exposure events was from 1 to 108 exposure
events (days) per year (nRW, x) (Donovan et al. ; Dorevitch et al. ; Schets et al. ; Sales-Ortells & Medema
; US Environmental Protection Agency (USEPA) ).
Dose-response assessment

1
× 10Inact × Inf × Vcons
R

(1)

A variety of NoV dose-response models estimating the probability of infection have been proposed for the secretor

The concentration of NoV (gc/L), estimated by laboratory

positive fraction of the population, i.e. those that are capable

methods, was ﬁt to a lognormal distribution by maximum like-

of binding NoV and becoming infected (Lindesmith et al.

lihood estimation. The recovery of NoVs by the glass wool

; Hutson et al. ). In addition, these models make a var-

adsorption-elution method has been reported, but with differing

iety of assumptions about the aggregation of the dose (Teunis

recovery values. One study observed low recovery values ran-

et al. ; Messner et al. ; Schmidt ). In this QMRA,

ging from 0.01 to 3.80% when recovering NoV GII (Ruhanya

to account for uncertainty in the predicted outcomes, multiple

) while a second study found recovery efﬁciencies ranging

NoV dose-response models were used because they represent

from 7 to 60% for GI and GII (Lambertini et al. ). This

the extreme predicted values (Van Abel et al. ). The four

QMRA model randomly determined which recovery efﬁciency

models used (Table 2) include two disaggregated models, the

(high or low) to use in each iteration. Sunlight inactivation was

1F1

assumed to occur and two studies on the inactivation of murine

immunity (2F1i) with an ‘a’ approaching 0, and 2 aggregated

NoV in water estimated sunlight inactivation to range from 0.1

dose-response models, the 2F1 hypergeometric (2F1) and the

to 4 logs at temperatures of 10 and 17  C (Flannery et al. ;

fractional Poisson (FP). Aggregated and disaggregated models

Lee & Ko ). This QMRA assumed inactivation to range

were selected to take both a mechanistic view, the published

from 0.1 to 3 logs because the temperature ranged from 8 to

models describe the mechanisms of norovirus dose-response



hypergeometric (1F1) and the 2F1 hypergeometric with

18 C, but the water was not totally clear (40–80 nephelometric

and can be decomposed so a → 0 can be assumed, and an

turbidity units (NTU) turbidity) so full inactivation (4 logs)

empirical view, where similarity between the environmental

would not be expected. The drinking water was assumed to

conditions and the dose-response conditions is assumed so

be consumed without treatment because of the lack of data

a ¼ 0.9997 or μa ¼ 1,106. These two views, as well as the dose-

on the likelihood of individuals to treat surface water before

response parameters, have been described in depth previously

drinking. No dilution was assumed because the exposure path-

(Van Abel et al. ) and are brieﬂy deﬁned as follows: (α, β)

ways were assumed to occur directly in the river where the

are shape parameters of the beta distribution that describe vari-

samples were obtained. All NoVs were assumed to be

ation in host susceptibility, ‘a’ is the aggregation parameter (0 

infectious.

a < 1) where a → 0 assumes disaggregation, μa is the mean
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Exposure assessment parameters

Variable

Deﬁnition

Units

Distribution

Value

Description

Reference

CNoV GI

NoV GI
Concentration

gc/L

Lognormal

μ ¼ 5.650,
σ ¼ 0.7158

Mean ¼ 360 gc/L

Collected & analysed data
(see Table 3 for raw data)

CNoV GII

NoV GII
Concentration

μ ¼ 7.203,
σ ¼ 0.7412

Mean ¼ 1,780 gc/L

Rlow

% recovery

%

Uniform

Min ¼ 0.01,
max ¼ 3.80

Tap & raw water

Rhigh

% recovery

%

Uniform

Min ¼ 7,
max ¼ 60

Range across 3 water Lambertini et al. ()
sources

Inact

Inactivation by
sunlight

Log reduction

Uniform

Min ¼ 1, max ¼ 3

NTU ¼ 40 to 80

Best estimate; based on
Flannery et al. () and
Lee & Ko ()

Inf

% infectious
(viable)

%

n/a

100

Conservative
assumption

Best estimate

Vcons, DW

Consumption
DW

L/day

Lognormal

μ ¼ 0.036,
σ ¼ 0.772

Mean ¼ 1.3 L per
person per day

US Environmental Protection
Agency (USEPA) ()
and Schijven et al. ()

Vcons, dom

Consumption of
water during
domestic
activities

mL/day

Uniform

Min ¼ 1,
max ¼ 10

Ranges of values
reported from 1 to
10 mL per person
per day for Africa

Steyn et al. (), Katukiza
et al. (a) and Yapo
et al. ()

Consumption
RW, swimming

mL/event

Lognormal

μ ¼ 2.92, σ ¼ 1.43

Mean ¼ 55 mL/event

Dufour et al. () and US
Environmental Protection
Agency (USEPA) ()

Number of
recreation
(swimming)
events per year

Events/yr

Negative
binomial

r ¼ 1, λ ¼ 0.04

Mean ¼ 24 events/yr

Schets et al. ()

Consumption
RW, children
playing

mL/hr

Triangle

Min ¼ 0.1,
mode ¼ 2.5,
max ¼ 11.2

Mean ¼ 2.1 mL/hr

Dorevitch et al. () and
Sales-Ortells & Medema
()

tRW, p

Time spent
playing in or
near water

Min/day

Lognormal

μ ¼ 4.1, σ ¼0.80

Mean ¼ 82 min/day

Schets et al. () and SalesOrtells & Medema ()

nRW,

Number of days
per year where
child plays by
water

Days/yr

Triangle

Min ¼ 1,
mode ¼ 12,
max ¼ 95

Mean ¼ 15 days/yr

Donovan et al. () and
Sales-Ortells & Medema
()

Consumption
RW, boating

mL/hr

Triangle

Min ¼ 0.1,
mode ¼ 3.9,
max ¼ 11.8

Mean ¼ 1.9 ml/hr;
based on canoeing

Dorevitch et al. () and
Sales-Ortells & Medema
()

tRW, b

Time spent
boating

Hr/day

Triangle

Min ¼ 1,
mode ¼ 2,
max ¼ 4

Mean ¼ 2.1 hr/day

Sales-Ortells & Medema
()

nRW,

Numbe of
recreation
(boating) days
per year

Days/yr

Uniform

Min ¼ 1,
max ¼ 108

Boating can occur
from 1 to 108 days
per year

Sales-Ortells & Medema
()

Vcons, RW,

nRW,

s

s

Vcons, RW,

p

p

Vcons, RW,

b

b

Ruhanya ()

Legend: gc, genome copies; NTU, nephelometric turbidity unit; DW, drinking water; dom, domestic water use; RW, recreational water; s, swimming; p, playing by riverside; b, boating; min,
minimum; max, maximum.
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Dose-response models and parameters

DR model

Equation

Parameters

Reference

α ¼ 0.04, β ¼ 0.055

Teunis et al. ()

α ¼ 2.91, β ¼ 2,734
φ ¼ 0.2754
a→0

Schmidt ()

α ¼ 0.04, β ¼ 0.055, a ¼ 0.9997

Teunis et al. ()

P ¼ 0.72, μa ¼ 1,106

Messner et al. ()

Disaggregated models
1F1

Pinf ¼ 1  1 F1 ðα, α þ β,  doseÞ

2F1i
Pinf




doseð1  aÞ
; α þ β; a
¼ ð 1  φÞ ×
1  θ  2 F1 β,
a

doseð1  aÞlnð1  aÞ
a
θ¼e
Aggregated models
2F1
FP



doseð1  aÞ
a
Pinf ¼ 1  2 F1 α,
, α þ β,
a
1a
Pinf ¼ P × 1  edose=μa

1F1, 1F1 hypergeometric; 2F1i, 2F1 hypergeometric with immunity; 2F1, 2F1 hypergeometric; FP, fractional Poisson.
(α, β) are shape parameters of the beta distribution that describe variation in host susceptibility, φ is the fraction of secretor positive individuals who are immune to NoV, ‘a’ is the aggregation parameter (0  a < 1), P is the fraction of individuals who are secretor positive that are fully susceptible to NoV infection, and μa is the mean number of genomes per aggregate.

number of genomes per aggregate, P is the fraction of individ-

where Pill,daily is the daily probability of illness (equation

uals who are secretor positive that are fully susceptible, and φ

above) and n is the number of exposure events per year

is the fraction of secretor positive individuals who are

(Venter et al. ; Sales-Ortells & Medema ).

immune to norovirus (Teunis et al. ; Messner et al. ;
Schmidt ). It should be noted that these dose-response

Risk characterisation

models relate to the mean ingested dose to the outcome of probability of infection (Haas ; Haas et al. ). Also,

The risk characterisation determined if any exposure scen-

harmonisation of the PCR procedures between the environ-

arios exceeded the allowable health benchmarks. For

mental and human challenge data (McBride et al. ) was

drinking and domestic water exposures, the daily allowable

not completed because the environmental data included two

risk of less than approximately one in 1,000,000 infections

genogroups and the human challenge data was compiled

was used (Signor & Ashbolt ). For recreational (bath-

from four studies with two genogroups; thus, estimating one

ing) water, the annual illness benchmark of less than three

adjustment factor to harmonise all the data was not judicious.

illnesses per 100 events was used, which is the revised

The probability of illness was estimated based on the

benchmark that excludes fever as a symptom of highly cred-

conditional likelihood that the person will become ill if
infected (Pill|inf ) and was calculated by Pill ¼ Pill|inf

X

Pinf.

The probability of becoming ill once infected (Pill|inf ) was

ible gastrointestinal illness (EU Directive ; Soller et al.
). The risk characterisation also described the impact
of risk based on socioeconomic status.

deﬁned by a triangular distribution (minimum ¼ 0.3, maximum ¼ 1, mode ¼ 0.6) based on the number of illnesses
observed from the infected individuals in a human challenge
study (Teunis et al. ).
Finally, annual illness exposures were estimated for recreational exposures. Annual exposures are based on the
number of events per year (Table 1) a person is exposed
(Equation (2)). The annual probability of illness (Pill,yr) is calculated by the following equation:
Pill,yr ¼ 1  1  Pill,daily

n
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Virus concentration
Norovirus concentrations could be estimated in 50% (17/34)
NoV GI and 74% (25/34) NoV GII positive water samples,
which had a detection Ct < 40. The concentration in the surface waters ranged from approximately 80 to 1,900 gc/L for
GI and from 420 to 9,760 gc/L for GII (Table 3). The turbidity

(2)

as reported by Rand Water ranged from 40 to 80 NTU while
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Norovirus GI and GII concentrations in selected surface water in Gauteng, South Africa

Sample

NoV GI

NoV GII

Date NoV

Ct

concentration

Extraction

concentration

Ct

concentration

Extraction

concentration

value

(gc/L)

efﬁciency (%)

(gc/L)

35.95

6.92 × 102

54

1.28 × 103

35.73

7.50 × 102

43

1.73 × 103

37.94

4.20 × 10

325

4.20 × 102

detected

River

value

(gc/L)

efﬁciency (%)

(gc/L)

2011/02/28

RV

33.99

2.94 × 102

110

2.94 × 102

2011/05/23

KR

2011/05/30

RV

2011/06/27

SR

2011/07/04

KR

34.41

2.30 × 102

2a

5.31 × 102

43

2a

34.63

1.20 × 103

320

1.20 × 103

2

3

2011/07/25

RV

34.66

1.98 × 10

126

1.98 × 10

33.45

2.24 × 10

126

2.24 × 103

2011/08/22

RV

33.51

3.96 × 102

266

3.96 × 102

35.21

9.20 × 102

266

9.20 × 102

1

2

1a

b

Final

Raw

Final

Raw

2011/08/29

KR

36.24

8.32 × 10

563

8.32 × 10

35.52

8.10 × 10

563

8.10 × 102

2011/09/19

RV

33.98

2.96 × 102

119

2.96 × 102

34.15

1.52 × 103

119

1.52 × 103

1.96 × 10

181

2

1.96 × 10

34.62

3

1.20 × 10

181

1.20 × 103

35.07

9.78 × 102

100c

9.78 × 102

34.96

1.02 × 103

283

1.02 × 103

2a

2011/10/17

RV

34.68

2011/10/24

KR

>40

2011/11/14

RV

32.34

8.42 × 102

100c

8.42 × 102

2011/12/05

RV

32.87

5.94 × 102

31

1.91 × 103

2a

2012/01/30

KR

35.2

1.46 × 10

283

1.46 × 102

2012/02/20

RV

34.13

2.72 × 102

79

3.45 × 102

1.48 × 102a

75

1.96 × 102

2012/02/27

KR

>40

2012/03/19

RV

35.17

2012/05/21

RV

35.59

7.90 × 102

191

7.90 × 102

2012/06/25

KR

35.41

8.48 × 102

155

8.48 × 102

2012/07/02

KR

36.98

5.08 × 10

81

6.24 × 102

2012/07/30

KR

37.05

5.00 × 102a

349

5.00 × 102

33.48

3

2.22 × 10

83

2.67 × 103

36.12

6.54 × 102

60

1.10 × 103

4.20 × 10

334

4.20 × 102

2012/08/20

RV

2013/02/18

RV

35.41

1.33 × 102

60

2.23 × 102

2a

2a

2013/02/25

KR

37.94

2013/03/18

RV

>40

2013/04/15

RV

>40

2013/05/13

RV

34.38

1.35 × 103

270

1.35 × 103

34.25

3

1.44 × 10

121

1.44 × 103

35.89

1.36 × 103

14

9.76 × 103

34.83

2.10 × 103

63

3.33 × 103

35.15

3

1.81 × 10

147

1.81 × 103

36.18

1.23 × 103

21

5.85 × 103

34.29

3

176

2.72 × 103

2013/06/10

RV

2013/09/16

RV
2

2

2013/10/21

KR

34.89

1.78 × 10

235

1.78 × 10

2013/11/11

RV

36.02

9.60 × 101

63

1.52 × 102

2

2014/02/17

RV

33.34

2014/03/17

RV

>40

2014/04/14

RV

34.73

4.52 × 10

2

1.95 × 10

147
176

2

4.52 × 10
1.95 × 10

KR, Klip River; RV, Rietspruit River; SR, Suikerbosrant River.
a

These values were outside the range of the standard curve and were extrapolated.

b

Extraction efﬁciencies exceeding 100% are ascribed to clumping of mengovirus stocks.

c

The extraction efﬁciency was not estimated for this sample and was assumed to be 100%.
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the recorded temperature of the water ranged from 8 to 18  C

versus GI (Figure 2) as well as for the different dose-

and the pH ranged from ∼7 to 8.

response models. In general, the estimated probability of
infection was higher for GII (min–max: 2.33 × 105
to 7.24 × 101) as opposed to GI (min–max: 1.04 × 105 to

Risk estimates from the QMRA

7.02 × 101) and was highest for the 1F1 hypergeometric
A difference in the daily probabilities of infection was

dose-response model. All exposures, no matter which geno-

observed depending on the type of exposure, NoV geno-

group or dose-response model, exceeded the allowable daily

group, and dose-response model used (Figure 1). Daily risk

risk of infection of <1 in 106 infections.

estimates from all four dose-response models were lower for
recreational water (RW) exposure (min–max: 5.29 × 10

7

The estimated probabilities of infection were lower

to

for domestic water exposure (Figure 3) than for drinking

6.42 × 101) in contrast to drinking water (DW) exposure

water. Similar to the drinking water exposure, the

to 7.24 × 10 ). Also, daily risk esti-

largest estimates were for GII (min–max: 1.19 × 107 to

mates using all four dose-response models were lower for

5.19 × 101) and for the 1F1 hypergeometric dose-response

GI (min–max: 2.91 × 108 to 7.02 × 101) versus GII (min–

model. The exceedances for GI were slightly lower for this

max: 1.19 × 107 to 7.24 × 101). Daily risk estimates were

exposure scenario at 94% for the fractional Poisson, 96%

highest for the 1F1 hypergeometric dose-response model

for the

when the mean dose was less than approximately 2,000 gc.

metric, and 100% for the

(min–max: 2.33 × 10

5

1

A difference in the estimated daily probabilities of infection was observed for the drinking water exposure for GII

Figure 1

|

2 F1

with immunity, 98% for the
1F 1

2F 1

hypergeo-

hypergeometric. The

exceedances for GII were ∼100% for all dose-response
models.

Comparison of probability of infection (Pinf ) values for exposure to drinking water (DW) and recreational (swimming) water (RW): (a) Pinf for DW exposure to norovirus GI; (b) Pinf
for RW exposure to norovirus GI; (c) Pinf for DW exposure to norovirus GII; (d) Pinf for RW exposure to norovirus GII. 1F1 ¼ 1F1 hypergeometric, 2F1i ¼ 2F1 hypergeometric with
immunity, 2F1 ¼ 2F1 hypergeometric, FP ¼ fractional Poisson.
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Daily probability of infection values for drinking water (DW) exposure to norovirus GI and GII. 1F1 ¼ 1F1 hypergeometric, 2F1i ¼ 2F1 hypergeometric with immunity, 2F1 ¼ 2F1
hypergeometric, FP ¼ fractional Poisson; Box ¼ Interquartile range (IQR) (upper ¼ 75%, middle ¼ median, lower ¼ 25%), Whiskers ¼ 1.5*IQR, Points ¼ outliers (i.e. distant from
rest of data).

To compare to an annual risk of illness benchmark

3.91 × 106 to 5.43 × 101) and swimming (min–max:

for recreational water, the probability of illness was esti-

6.20 × 106 to 6.42 × 101) while lower risks were observed

mated. The annual probabilities of illness for recreational

from playing by the riverside (min–max: 5.30 × 107 to

exposures varied depending on the type of exposure

5.48 × 101). Again, a difference was observed between

with the highest risks being from boating (min–max:

the different dose-response models (Figure 4). Also, the

Figure 3

|

Daily probability of infection values for domestic water exposure to norovirus GI and GII. 1F1 ¼ 1F1 hypergeometric, 2F1i ¼ 2F1 hypergeometric with immunity, 2F1 ¼ 2F1 hypergeometric, FP ¼ fractional Poisson; Box ¼ Interquartile range (IQR) (upper ¼ 75%, middle ¼ median, lower ¼ 25%), Whiskers ¼ 1.5*IQR, Points ¼ outliers (i.e. distant from rest of data).
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Annual probability of illness values for all recreational water (RW) exposures to norovirus: (a) GI and (b) GII. 1F1 ¼ 1F1 hypergeometric, 2F1i ¼ 2F1 hypergeometric with immunity,
2F1 ¼ 2F1 hypergeometric, FP ¼ fractional Poisson, BM ¼ benchmark, which is the recreational water illness benchmark. Box ¼ Interquartile range (IQR) (upper ¼ 75%, middle ¼
median, lower ¼ 25%), Whiskers ¼ 1.5*IQR, Points ¼ outliers (i.e. distant from rest of data).

risks were higher for GII as opposed to GI. The excee-

exposures followed by domestic water exposures followed

dances summarised in Table 4 varied greatly depending

by the recreational water exposures.

on the genogroup and dose-response model selected
with GII having more exceedances as compared to GI
and 1F1 hypergeometric consistently predicting the most

DISCUSSION

exceedances.
In general, the percentage of exceedances for the corre-

The use of surface water for recreation, drinking, and dom-

sponding benchmark was greatest for drinking water

estic purposes is associated with potential public health
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Exceedances (%) for recreational water exposures for norovirus GI and norovirus GII from all dose-response models

Swimming

Playing

Boating

Norovirus genogroup

1F1

2F1i

2F1

FP

1F1

2F1i

2F1

FP

1F1

2F1i

2F1

FP

GI

96

49

58

46

97

GII

96

76

82

74

100

5

9

4

100

38

50

34

24

33

21

100

74

82

71

1F1, 1F1 hypergeometric; 2F1i, 2F1 hypergeometric with immunity; 2F1, 2F1 hypergeometric; FP, fractional Poisson.

risks. This study provided a unique opportunity to investi-

<3.13 × 103 to 1.58 ± 0.28 × 105 gc/L (Silverman et al.

gate the health risks posed by exposure to selected water

). The concentration of NoV was, however, lower than

sources in SA because the concentration of NoV was quan-

the concentration of sapoviruses found in the water samples

tiﬁed for the QMRA. Moreover, the concentrations of NoV

from the same SA source where average monthly samples

GI and GII were estimated separately. While the samples

ranging from 4.24 × 106 to 6.04 × 108 gc/L (Murray et al.

had been frozen for a number of years, GI and GII geno-

b). The concentration of NoV GI and GII in these sur-

groups from 50 and 74% positive samples, respectively,

face water samples was considered to be clinically relevant

were quantiﬁed. A review of the data indicated that the

because the median infectious dose for NoV has been esti-

time frozen did not signiﬁcantly impact the NoV concen-

mated at approximately 26–2,800 gc (Teunis et al. ;

tration results presented in this paper (data not shown).

Atmar et al. ). The observed higher prevalence of NoV

This was advantageous as many QMRAs do not have quanti-

GII compared to NoV GI in the water sources was similar

ﬁcation data for viruses but extrapolate the concentration

to previous studies in SA where GII was found in 43%

from indicator and surrogate data (Howard et al. ;

and GI in 14% surface water samples from the same sites,

Seidu et al. ; Labite et al. ; Machdar et al. ; Pet-

respectively (Mans et al. ). Similarly, the prevalence of

terson et al. ). This is especially true in developing

NoV GII was 63% while NoV GI was 29% in wastewater

countries where few data exist on the concentration of

samples from SA (Murray et al. a). The difference in

pathogens in water sources (Enger et al. ).

NoV GI and NoV GII prevalence in surface water sources

The estimated concentration of NoV GI and GII in

was not unusual and has been reported in recreational

these SA surface water samples (8 × 101 to 9.76 × 103 gc/L:

water from nine countries in Europe (Wyn-Jones et al.

Table 3) was similar to reported viral concentrations in

), in surface water in Singapore (Aw & Gin ), in

water sources in sub-Saharan Africa. For open storm

urban surface water in Kenya (Kiulia et al. ) and river

drains in Uganda, the estimated concentration of human

water samples in Japan (Kishida et al. ).

adenovirus (HAdV) F & G ranged from 1.35 × 102 (±1.9 ×
2

4

4

10 ) to 2.65 × 10 (±1.9 × 10 ) gc/L and for rotavirus (RV)

The daily risk of infection from the consumption of
untreated surface water as DW ranges from 2.3 × 105 to

(±3.66 × 10 )

6.4 × 101 for NoV GI and for GII, from 7.3 × 105 to

gc/L, while unprotected spring water had an estimated con-

7.2 × 101. At these high probability of infection values,

2

from 3.44 × 10

2

4

(±4.86 × 10 ) to 2.98 × 10
0

4

1

centration of HAdV of 7.64 × 10 (±1 × 10 ) gc/L (Katukiza

the daily health benchmark of <1 infection in 106 individ-

et al. a, b). In SA, water samples from the Buffalo

uals is exceeded 100% of the time (Figure 2). The daily

River had estimated corrected viral concentrations in gc/L

risk of infection from domestic water use is less (range GI:

ranging from 3.11 × 101 to 2.48 × 103 for HAdV, 2.25 × 103

1.3 × 107 to 4.8 × 101, GII: 3.6 × 107 to 5.1 × 101). The

4

to 9.68 × 10

2

for hepatitis A virus (HAV), 7.93 × 10

to

daily health benchmark for domestic water was however

2.79 × 10 for RV, and 2.79 × 10 to 1.25 × 10 for entero-

still exceeded 97% of the time for GI and 100% of the

virus (EV) (Chigor et al. ), while in Accra, Ghana, the

time for GII when all dose-response models were used to

concentration of NoV in stream water, drains, and waste

quantify the risk. The daily risk of infection, which was

stabilisation pond inﬂuent and efﬂuent ranged from

higher for NoV GII when compared to NoV GI, was not

3

1

Downloaded from http://iwaponline.com/jwh/article-pdf/15/6/908/239538/jwh0150908.pdf
by guest

2

918

N. Van Abel et al.

|

QMRA of noroviruses in selected surface waters in South Africa

Journal of Water and Health

|

15.6

|

2017

unexpected because the concentration and prevalence of

major transmission route for waterborne diseases was the

GII was higher than for GI in the surface water samples.

ingestion of contaminated water by children playing by

In addition, the daily risk of infection was higher when

roadside drains (Labite et al. ), while in Uganda inciden-

using the water for drinking water rather than for domestic

tal ingestion exposure to contaminated surface water from

use because the volume of water consumed was orders of

open drainage channels contributed the highest disease

magnitude higher for drinking (1.3 L) than domestic water

burden in an urban slum (Katukiza et al. a). The differ-

(1–10 mL) use. However, even with the small volume of

ences in QMRA results found to be within acceptable

water consumed during domestic exposures, the daily risk

benchmark values could be due to different assumptions

of infection still consistently exceeds the benchmark. It

made including the volume of water ingested, the number

should be noted that protective measures are not often

of events per year, and the choice of dose-response model.

taken during domestic exposures, which could contribute

An important result from this study was that the rec-

to the higher risks from this pathway (Yapo et al. ).

reational exposure risk was dependent on the dose-

The risk of infection after drinking and domestic water use

response model used. This was previously observed in a

exposures are similar to other QMRA results from sub-

deterministic QMRA of drinking and water exposures that

Saharan Africa. In SA, the consumption of untreated drink-

compared all available NoV dose-response models pub-

ing water stored in containers led to an unacceptable risk of

lished in the literature (Van Abel et al. ). For

infection from Escherichia coli and Salmonella spp. (Steyn

recreational water exposures, where the intake doses are

et al. ), while an individual consuming just 100 mL of

lower than for consumption of untreated drinking water,

untreated contaminated surface water had up to a 26%

the risk of illness estimates from the four dose-response

chance of falling ill from seven enteric pathogens (Le

models was disparate (Figure 4). The 1F1 hypergeometric

Roux et al. ). Similar risk results, albeit slightly higher

model consistently predicted the largest probability of infec-

for the maximum risk, were estimated by a study from

tion

Ghana that found for RV the risk from drinking water

exceedances at >95% (Table 4). The disparity was most

ranged from 1.5 × 105 to 3.3 × 101 (Machdar et al. ).

extreme for playing by the river where the risk from GI

In Cote d’Ivoire collecting and washing plastic bags in

ranges from ∼3 to 100% depending on the dose-response

wastewater canals for domestic water use, a common prac-

model used. This a consideration because the 1F1 hypergeo-

tice in this country, was associated with the highest risk of

metric function, which leads to the largest risk estimates, is

infection (Yapo et al. ).

the dose-response model most commonly used in QMRA

values

leading

to

the

highest

percentages

of

The risk from recreational exposure was dependent on

(Van Abel et al. ). Use of only this dose-response

the type of exposure (Figure 4), with playing by the riverside

model in QMRA would be extremely protective of human

demonstrating the least percentage of exceedances of the

health, but may also be overestimating the risk burden and

annual recreational water illness benchmark of 0.03 (GI:

could lead to different risk management strategies than if

4–97%, GII: 21–100%) and swimming yielding the highest

another model was selected for use in the QMRA. The rec-

risk and exceedances (GI: 46–96%, GII: 74–96%) (Figure 4).

ommendation to use multiple dose-response models in NoV

Variable results were reported from other QMRAs depend-

QMRA, even though the risk estimates predicted by the four

ing on exposure and water source. In SA, recreational

dose-response models are disparate (∼6 orders of magni-

exposure to HAdV-contaminated water was within the

tude), ensures the complete picture of risk is described

acceptable USEPA limits (van Heerden et al. ), but

including the conservative estimates that may be more pro-

exposure to HAV was not (Venter et al. ). In a later

tective of public health. Without more information on

QMRA study from SA, that did not specify the recreational

which norovirus dose-response model is ‘best’ then no one

exposures, benchmark exceedances for exposure to dam

model can be put forward, thus the recommendation is to

water contaminated with viruses were reported, while the

select multiple appropriate NoV dose-response models con-

non-dam water exposures were within acceptable limits

sidering aggregation, genogroup, and secretor status for each

(Chigor et al. ). A QMRA in Ghana that found the

NoV QMRA (Van Abel et al. ).
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The calculated risk of infection for the drinking and

adequate information on the recovery of NoV is another

domestic use of NoV-contaminated water places the greatest

limitation. This limitation has also been identiﬁed by

risk burden on individuals of LSES, as these individuals may

others and a request for more pathogen recovery data was

have regular access to safe water in their community, but

made (Vivier et al. ; de Man et al. ). For NoV, the

intermittent interruptions in the water supply may result in

recovery efﬁciencies estimated for glass-wool adsorption

communities using surface water for drinking or domestic

elution were very disparate. Ultimately, the recovery data

purposes. Even a few days of interrupted water supply has

from two studies (Lambertini et al. ; Ruhanya )

been shown to destroy the health beneﬁts of treated water

were used to address this uncertainty.

(Hunter et al. ). In contrast, recreational exposure to

Further uncertainty in the risk estimates results from the

contaminated surface water can impact both LSES and

lack of NoV infectivity information and this work included

USES individuals. Both LSES and USES individuals could

the assumption that all viruses are infectious. For the quanti-

swim in the surface water, which places both of these

ﬁcation of NoV in water, PCR was used, which is a method

groups at increased risk of NoV infection or illness. The

that cannot distinguish between infectious and non-infec-

risk from playing next to the river, mainly associated with

tious particles, but does demonstrate, at the very least,

LSES, had the lowest risks. Boating was also associated

viral contamination (Vergara et al. ). However, until

with an increased risk of illness, which would probably

recently no cell culture method for NoV has repeatedly

only impact the USES individuals. Overall, the risk burden

demonstrated success (Jones et al. ; Ettayebi et al.

falls more heavily on LSES than USES which conﬁrms

) so an assumption about the percentage of infectious

QMRA results for HAV infection in individuals from the

NoVs was made (Girones et al. ; World Health Organ-

same geographical area (Venter et al. ). In addition to

ization ). This QMRA also assumed that the LSES

SES, vulnerable populations must be addressed. Susceptible

individuals consumed the raw surface water without boiling

individuals who are at a higher risk of (NoV) infection

or treating it in any manner prior to consumption. Others

include the very young, the elderly, the malnourished, preg-

have reported that in-home treatment interventions for

nant

individuals,

drinking water may occur, but the follow-up periods on

including human immunodeﬁciency virus/acquired immu-

the review of these techniques is short and the results incom-

nodeﬁciency patients (HIV/AIDS) who may present with

plete (Hunter et al. ). Ultimately, it is unclear what water

chronic NoV infection due to supressed immune systems

treatment measures would be taken and whether they would

(Gerba et al. ; Wingfield et al. ; Haas et al. ).

be carried out completely to ensure inactivation of the virus.

The high prevalence of HIV/AIDS in SA predisposes a sig-

Thus, the assumption was made that the water was consumed

niﬁcant portion of the population to chronic NoV infection

without treatment. The daily risk of infection from drinking

or illness, which could lead to a serious public health threat

or domestic water exposures is exceptionally high, leading

in this vulnerable population (Mans et al. ).

to exceedances of the daily infection health benchmark. For

women

and

immunocompromised

One of the most important ﬁndings of this QMRA study

recreational water exposures, the results for the annual risk

was that the choice of dose-response model was critical to

of illness, as well as the percentage of exceedances, demon-

the outcome of the QMRA, a ﬁnding that has been described

strated huge variability. It should be noted that both health

previously (Teunis & Havelaar ). Therefore, to account

benchmarks were developed for use in the United States

for the uncertainty in NoV dose-response, multiple models

and the European Union, which may not be representative

(Van Abel et al. ) were used in the present study to for-

of a developing country like SA. Considering the limitations

mulate a complete picture of the risk. Of concern was that

and assumptions, an overestimation of the drinking water

the four dose-response models were determined from predo-

risk may be demonstrated. However, although the results of

minantly NoV GI.1 data. Therefore, the assumption must be

this analysis indicate a high risk of NoV infection and illness

made that GII is as infectious as GI, which has not yet been

from exposure to river water in SA, this is congruent with

demonstrated. Overall, more information on NoV dose-

other QMRA results. Unacceptably high risks to water users

response for both GI and GII is needed. The lack of

in the Olifants River catchment in SA from exposure to
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seven pathogens was demonstrated and the greatest risk to
water users was found to be exposure to NoV (Le Roux
et al. ; Genthe et al. ).

CONCLUSIONS
The results of this assessment demonstrate that selected surface waters in SA are contaminated with NoV which can
lead to unacceptable risks of infection from exposure via
direct drinking of untreated surface water as well as domestic

and

recreational

use.

Furthermore,

this

work

presented quantitative data on the concentration of NoV
GI and GII in surface waters, which is useful for QMRA.
The results of the QMRA found that: (1) a higher risk was
observed for GII as compared to GI; (2) the daily probability
of infection risk was higher for drinking water exposures as
compared to domestic use of water; (3) the annual probability of illness from recreation exposures was highest for
boating and swimming and lowest for playing by the river;
and (4) the risk burden was greater for individuals of
LSES who may use untreated surface water for multiple
household and recreational uses. Finally, the choice of
dose-response model was critical to the outcome of the
QMRA, so multiple dose-response models must be used in
NoV QMRA to account for uncertainty and to completely
describe the risk.

ACKNOWLEDGEMENTS
The authors thank Rand Water for the collection of water
samples and permission to publish these data. The
assistance of Mr Johannes Christiaan (Ian) Botha with the
norovirus quantiﬁcation is acknowledged. Dr Nicole Van
Abel acknowledges a postdoctoral fellowship from the
University of Pretoria and Rand Water Chair in Public
Health. This study was funded, in part, by the Rand Water
Chair in Public Health.
Ethics approval: Approval for this study was obtained
from the Faculty of Health Sciences Research Ethics
Committee, University of Pretoria (Protocol 91/2015).
Competing interests: None.

Downloaded from http://iwaponline.com/jwh/article-pdf/15/6/908/239538/jwh0150908.pdf
by guest

Journal of Water and Health

|

15.6

|

2017

REFERENCES
Atmar, R. L.  Noroviruses – State of the Art. Food Environ.
Virol. 2 (3), 117–126.
Atmar, R. L., Bernstein, D. I., Harro, C. D., Al-Ibrahim, M. S.,
Chen, W. H., Ferreira, J., Estes, M. K., Graham, D. Y.,
Opekun, A. R., Richardson, C. & Mendelman, P. M. 
Norovirus vaccine against experimental human Norwalk
Virus illness. N. Engl. J. Med. 365 (23), 2178–2187.
Aw, T. G. & Gin, K. Y.-H.  Prevalence and genetic diversity of
waterborne pathogenic viruses in surface waters of tropical
urban catchments. J. Appl. Microbiol. 110 (4), 903–914.
Chigor, V. N., Sibanda, T. & Okoh, A. I.  Assessment of the
risks for human health of adenoviruses, hepatitis a virus,
rotaviruses, and enteroviruses in the Buffalo River and three
source water dams in the Eastern Cape. Food Environ. Virol.
6 (2), 87–98.
de Man, H., van den Berg, H. H. J. L., Leenen, E. J. T. M., Schijven,
J. F., Schets, F. M., van der Vliet, J. C., van Knapen, F. & de
Roda Husman, A. M.  Quantitative assessment of
infection risk from exposure to waterborne pathogens in
urban ﬂoodwater. Water Res. 48, 90–99.
Donovan, E., Unice, K., Roberts, J. D., Harris, M. & Finley, B. 
Risk of gastrointestinal disease associated with exposure to
pathogens in the water of the Lower Passaic River. Appl.
Environ. Microb. 74 (4), 994–1003.
Dorevitch, S., Panthi, S., Huang, Y., Li, H. Y., Michalek, A. M.,
Pratap, P., Wroblewski, M., Liu, L., Scheff, P. A. & Li, A. 
Water ingestion during water recreation. Water Res. 45 (5),
2020–2028.
Dufour, A. P., Evans, O., Behymer, T. D. & Cantu, R.  Water
ingestion during swimming activities in a pool: a pilot study.
J. Water Health 4 (4), 425–430.
Enger, K. S., Nelson, K. L., Clasen, T., Rose, J. B. & Eisenberg, J. N. S.
 Linking quantitative microbial risk assessment and
epidemiological data: informing safe drinking water trials in
developing countries. Environ. Sci. Technol. 46 (9), 5160–5167.
Ettayebi, K., Crawford, S. E., Murakami, K., Broughman, J. R.,
Karandikar, U., Tenge, V. R., Neill, F. H., Blutt, S. E., Zeng, X.
L., Qu, L., Kou, B., Opekun, A. R., Burrin, D., Graham, D. Y.,
Ramani, S., Atmar, R. L. & Estes, M. K.  Replication of
human noroviruses in stem cell-derived human enteroids.
Science 353 (6306), 1387–1393.
EU Directive  2006/7/EC of the European Parliament and of
the Council of 15 February 2006 concerning the management
of bathing water quality and repealing Directive 76/160/EEC
as amended by Regulation 596/2009/EC. European
Parliament and Council (ed).
Flannery, J., Rejko-Nenow, P., Keaveney, S., O’Flaherty, V. &
Dore, W.  Simulated sunlight inactivation of norovirus
and FRNA bacteriophage in seawater. J. Appl. Microbiol.
115 (3), 915–922.
Genthe, B., Le Roux, W. J., Schachtschneider, K., Oberholster, P. J.,
Aneck-Hahn, N. H. & Chamier, J.  Health risk implications

921

N. Van Abel et al.

|

QMRA of noroviruses in selected surface waters in South Africa

from simultaneous exposure to multiple environmental
contaminants. Ecotoxicol. Environ. Saf. 93, 171–179.
Gerba, C. P., Rose, J. B. & Haas, C. N.  Sensitive populations:
who is at the greatest risk? Int. J. Food Microbiol. 30 (6),
113–123.
Gibson, K. E.  Viral pathogens in water: occurrence, public
health impact, and available control strategies. Curr. Opin.
Virol. 4, 50–57.
Girones, R., Ferrus, M. A., Alonso, J. L., Rodriguez-Manzano, J.,
Calgua, B., Correa Ade, A., Hundesa, A., Carratala, A. &
Boﬁll-Mas, S.  Molecular detection of pathogens in
water–the pros and cons of molecular techniques. Water Res.
44 (15), 4325–4339.
Haas, C. N.  Conditional dose-response relationships for
microorganisms: development and application. Risk Anal.
22 (3), 455–463.
Haas, C. N., Rose, J. B. & Gerba, C. P.  Quantitative Microbial
Risk Assessment. John Wiley & Sons, Inc, Hokoken, NJ.
Howard, G., Pedley, S. & Tibatemwa, S.  Quantitative
microbial risk assessment to estimate health risks attributable
to water supply: can the technique be applied in developing
countries with limited data? J. Water Health 4 (1), 49–65.
Hunter, P. R., Payment, P., Ashbolt, N. J. & Bartram, J. 
Chapter 3: assessment of risk. In: Assessing Microbial Safety
of Drinking Water: Improving Approaches and Methods.
World Health Organization and Organisation for Economic
Cooperation and Development (eds). TJ International (Ltd),
Padstow, Cornwall, UK, pp. 79–109.
Hunter, P. R., Zmirou-Navier, D. & Hartemann, P. 
Estimating the impact on health of poor reliability of drinking
water interventions in developing countries. Sci. Total
Environ. 407 (8), 2621–2624.
Hutson, A. M., Airaud, F., Le Pendu, J., Estes, M. K. & Atmar, R. L.
 Norwalk virus infection associated with secretor status
genotyped from sera. J. Med. Virol. 77 (3), 116–120.
Jones, M. K., Grau, K. R., Costantini, V., Kolawole, A. O., de Graaf,
M., Freiden, P., Graves, C. L., Koopmans, M., Wallet, S. M.,
Tibbetts, S. A., Schultz-Cherry, S., Wobus, C. E., Vinje, J. &
Karst, S. M.  Human norovirus culture in B cells. Nat.
Protoc. 10 (12), 1939–1947.
Katukiza, A. Y., Ronteltap, M., van der steen, P., Foppen, J. W. A.
& Lens, P. N. L. a Quantiﬁcation of microbial risks to
human health caused by waterborne viruses and bacteria in
an urban slum. J. Appl. Microbiol. 116 (2), 447–463.
Katukiza, A. Y., Temanu, H., Chung, J. W., Foppen, J. W. & Lens,
P. N. b Genomic copy concentrations of selected
waterborne viruses in a slum environment in Kampala,
Uganda. J. Water Health 11 (2), 358–370.
Kishida, N., Morita, H., Haramoto, E., Asami, M. & Akiba, M. 
One-year weekly survey of noroviruses and enteric
adenoviruses in the Tone River water in Tokyo metropolitan
area, Japan. Water Res. 46 (9), 2905–2910.
Kiulia, N. M., Mans, J., Mwenda, J. M. & Taylor, M. B. 
Norovirus GII.17 predominates in selected surface water
sources in Kenya. Food Environ. Virol. 6 (4), 221–231.

Downloaded from http://iwaponline.com/jwh/article-pdf/15/6/908/239538/jwh0150908.pdf
by guest

Journal of Water and Health

|

15.6

|

2017

Labite, H., Lunani, I., van der steen, P., Vairavamoorthy, K.,
Drechsel, P. & Lens, P.  Quantitative Microbial Risk
Analysis to evaluate health effects of interventions in the
urban water system of Accra, Ghana. J. Water Health 8 (3),
417–430.
Lambertini, E., Spencer, S. K., Bertz, P. D., Loge, F. J., Kieke, B. A.
& Borchardt, M. A.  Concentration of enteroviruses,
adenoviruses, and noroviruses from drinking water by use
of glass wool ﬁlters. Appl. Environ. Microb. 74 (10),
2990–2996.
Le Roux, W. J., Schaefer, L. M. & Genthe, B.  Microbial water
quality in the upper Olifants River catchment: implications
for health. Afr. J. Microbiol. Res. 6 (36), 6580–6588.
Lee, J. E. & Ko, G.-P.  Norovirus and MS2 inactivation
kinetics of UV-A and UV-B with and without tio2. Water Res.
47, 5607–5613.
Lindesmith, L., Moe, C., Marionneau, S., Ruvoen, N., Jiang, X.,
Lindbland, L., Stewart, P., Le Pendu, J. & Baric, R. 
Human susceptibility and resistance to Norwalk virus
infection. Nat. Med. 9 (5), 548–553.
Machdar, E., van der steen, N. P., Raschid-Sally, L. & Lens,
P. N. L.  Application of Quantitative Microbial Risk
Assessment to analyze the public health risk from poor
drinking water quality in a low income area in Accra, Ghana.
Sci Total Environ 449, 134–142.
Mans, J., de Villiers, J. C., du Plessis, N. M., Avenant, T. & Taylor,
M. B.  Emerging norovirus GII.4 2008 variant detected in
hospitalised paediatric patients in South Africa. J. Clin. Virol.
49 (4), 258–264.
Mans, J., Netshikweta, R., Magwalivha, M., Van Zyl, W. B. &
Taylor, M. B.  Diverse norovirus genotypes identiﬁed in
sewage-polluted river water in South Africa. Epidemiol.
Infect. 141 (2), 303–313.
McBride, G. B., Stott, R., Miller, W., Bambic, D. & Wuertz, S.
 Discharge-based QMRA for estimation of public health
risks from exposure to stormwater-borne pathogens in
recreational waters in the United States. Water Res. 47,
5282–5297.
Mena, K. D.  Waterborne viruses: assessing the risk. In:
Human Viruses in Water (A. Bosch, ed.). Elsevier, The
Netherlands, pp. 163–176.
Messner, M. J., Berger, P. & Nappier, S. P.  Fractional Poisson
– a simple dose-response model for human norovirus. Risk
Anal. 34 (10), 1820–1829.
Murray, T. Y., Mans, J. & Taylor, M. B. a Human calicivirus
diversity in wastewater in South Africa. J. Appl. Microbiol.
114 (6), 1843–1853.
Murray, T. Y., Mans, J., van Zyl, W. B. & Taylor, M. B. b
Application of a competitive internal ampliﬁcation control
for the detection of sapoviruses in wastewater. Food Environ.
Virol. 5 (1), 61–68.
Petterson, S. R., Stenstrom, T. A. & Ottoson, J.  A theoretical
approach to using faecal indicator data to model norovirus
concentration in surface water for QMRA: Glomma River,
Norway. Water Res. 91, 31–37.

922

N. Van Abel et al.

|

QMRA of noroviruses in selected surface waters in South Africa

Ruhanya, V.  Efﬁciency of Glass Wool Adsorption-Elution
Technique for the Recovery of Enteric Viruses From Water.
MSc Dissertation, Department of Medical Virology,
University of Pretoria, Pretoria, South Africa.
Sales-Ortells, H. & Medema, G.  Screening-level microbial
risk assessment of urban water locations: a tool for
prioritization. Environ. Sci. Technol. 48 (16), 9780–9789.
Schets, F. M., Schijven, J. F. & de Roda Husman, A. M. 
Exposure assessment for swimmers in bathing water and
swimming pools. Water Res. 45 (7), 2392–2400.
Schijven, J. F., Teunis, P. P. M., Rutjes, S. A., Bouwknegt, M. &
Husman, A. M. D.  QMRAspot: a tool for quantitative
microbial risk assessment from surface water to potable
water. Water Res. 45 (17), 5564–5576.
Schmidt, P. J.  Norovirus dose–response: are currently
available data informative enough to determine how
susceptible humans are to infection from a single virus?
Risk Anal. 35 (7), 1364–1383.
Seidu, R., Heistad, A., Amoah, P., Drechsel, P., Jenssen, P. D. &
Stenstrom, T. A.  Quantiﬁcation of the health risk associated
with wastewater reuse in Accra, Ghana: a contribution toward
local guidelines. J. Water Health 6 (4), 461–471.
Signor, R. S. & Ashbolt, N. J.  Comparing probabilistic
microbial risk assessments for drinking water against daily
rather than annualised infection probability targets. J. Water
Health 7 (4), 535–543.
Silverman, A. I., Akrong, M. O., Amoah, P., Drechsel, P. &
Nelson, K. L.  Quantiﬁcation of human norovirus GII,
human adenovirus, and fecal indicator organisms in
wastewater used for irrigation in Accra, Ghana. J. Water
Health 11 (3), 473–488.
Soller, J. A., Schoen, M. E., Bartrand, T., Ravenscroft, J. E. & Ashbolt,
N. J.  Estimated human health risks from exposure to
recreational waters impacted by human and non-human sources
of faecal contamination. Water Res. 44 (16), 4674–4691.
Steyn, M., Jagals, P. & Genthe, B.  Assessment of microbial
infection risks posed by ingestion of water during domestic
water use and full-contact recreation in a mid-southern
African region. Water Sci. Technol. 50 (1), 301–308.
Taylor, M. B., Schildhauer, C. I., Parker, S., Grabow, W. O., Xi, J.,
Estes, M. K. & Cubitt, W. D.  Two successive outbreaks
of SRSV-associated gastroenteritis in South Africa. J. Med.
Virol. 41 (1), 18–23.
Teunis, P. F. & Havelaar, A. H.  The Beta Poisson doseresponse model is not a single-hit model. Risk Anal. 20 (4),
513–520.

Journal of Water and Health

15.6

|

2017

Teunis, P. F., Moe, C. L., Liu, P., Miller, S. E., Lindesmith, L.,
Baric, R. S., Le Pendu, J. & Calderon, R. L.  Norwalk
virus: how infectious is it? J. Med. Virol. 80 (8), 1468–1476.
US Environmental Protection Agency (USEPA)  Economic
Analysis for the Final Ground Water Rule, EPA 815-R-06014. Ofﬁce of Water, Washington, DC.
US Environmental Protection Agency (USEPA) 
Microbiological Risk Assessment (MRA) Tools, Methods, and
Approaches for Water Media. Ofﬁce of Science and
Technology, Ofﬁce of Water, Washington, DC.
Van Abel, N., Schoen, M. E., Kissel, J. & Meschke, J. S. 
Comparison of risk predicted by multiple norovirus doseresponse models and implications for quantitative microbial
risk assessment. Risk Anal. 37 (2), 245–264.
van Heerden, J., Ehlers, M. M., Vivier, J. C. & Grabow, W. O. K. 
Risk assessment of adenoviruses detected in treated drinking
and recreational water. J. Appl. Microbiol. 99 (4), 926–933.
Venter, J. M. E., van Heerden, J., Vivier, J. C., Grabow, W. O. K. &
Taylor, M. B.  Hepatitis A virus in surface water in South
Africa: what are the risks? J. Water Health 5 (2), 229–240.
Vergara, G. G. R. V., Rose, J. B. & Gin, K. Y. H.  Risk
assessment of noroviruses and human adenoviruses in
recreational surface waters. Water Res. 103, 276–282.
Vinje, J.  Advances in laboratory methods for detection and
typing of norovirus. J. Clin. Microbiol. 53 (2), 373–381.
Vivier, J. C., Ehlers, M. M., Grabow, W. O. K. & Havelaar, A. H.
 Assessment of the risk of infection associated with
Coxsackie B viruses in drinking water. Water Sci. Tech. Water
Supply 2 (3), 1–8.
Wingﬁeld, T., Gallimore, C. I., Xerry, J., Gray, J. J., Klapper, P.,
Guiver, M. & Blanchard, T. J.  Chronic norovirus
infecion in an HIV-positive patient with persistent diarrhoea:
a novel case. J. Clin. Virol. 49 (3), 219–222.
World Health Organization  Guidelines for Drinking-Water
Quality. WHO Press, Geneva, Switzerland.
Wyn-Jones, A. P., Carducci, A., Cook, N., D’Agostino, M., Divizia,
M., Fleischer, J., Gantzer, C., Gawler, A., Girones, R., Holler,
C., de Roda Husman, A. M., Kay, D., Kozyra, I., Lopez-Pila,
J., Muscillo, M., Nascimento, M. S., Papageorgiou, G., Rutjes,
S., Sellwood, J., Szewzyk, R. & Wyer, M.  Surveillance of
adenoviruses and noroviruses in European recreational
waters. Water Res. 45 (3), 1025–1038.
Yapo, R. I., Kone, B., Bonfoh, B., Cisse, G., Zinsstag, J. & NguyenViet, H.  Quantitative microbial risk assessment related
to urban wastewater and lagoon water reuse in Abidjan, Cote
d’Ivoire. J. Water Health 12 (2), 301–309.

First received 23 November 2016; accepted in revised form 3 July 2017. Available online 31 August 2017

Downloaded from http://iwaponline.com/jwh/article-pdf/15/6/908/239538/jwh0150908.pdf
by guest

|

