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a b s t r a c t 

Verocytotoxin-producing E. coli (VTEC) are important agents of diarrhoeal disease in humans globally. As 

a noted waterborne disease, emphasis has been given to the study VTEC in surface waters, readily sus- 

ceptible to microbial contamination. Conversely, the status of VTEC in potable groundwater sources, gen- 

erally regarded as a “safe” drinking-water supply remains largely understudied. As such, this investigation 

presents the first scoping review seeking to determine the global prevalence of VTEC in groundwater sup- 

ply sources intended for human consumption. Twenty-three peer-reviewed studies were identified and 

included for data extraction. Groundwater sample and supply detection rates (estimated 0.6 and 1.3%, 

respectively) indicate VTEC is infrequently present in domestic groundwater sources. However, where 

generic (fecal indicator) E. coli are present, the VTEC to E. coli ratio was found to be 9.9%, represent- 

ing a latent health concern for groundwater consumers. Geographically, extracted data indicates higher 

VTEC detection rates in urban (5.4%) and peri–urban (4.9%) environments than in rural areas (0.9%); how- 

ever, this finding is confounded by the predominance of research studies in lower income regions. Cli- 

mate trends indicate local environments classified as ‘temperate’ (14/554; 2.5%) and ‘cold’ (8/392; 2%) 

accounted for a majority of supply sources with VTEC present, with similar detection rates encountered 

among supplies sampled during periods typically characterized by ‘high’ precipitation (15/649; 2.3%). Pro- 

posed prevalence figures may find application in preventive risk-based catchment and groundwater qual- 

ity management including development of Quantitative Microbial Risk Assessments (QMRA). Notwith- 

standing, to an extent, a large geographical disparity in available investigations, lack of standardized re- 

porting, and bias in source selection, restrict the transferability of research findings. Overall, the mech- 

anisms responsible for VTEC transport and ingress into groundwater supplies remain ambiguous, repre- 

senting a critical knowledge gap, and denoting a distinctive lack of integration between hydrogeological 

and public health research. Key recommendations and guidelines are provided for prospective studies 

directed at increasingly integrative and multi-disciplinary research. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

At present, six E. coli pathotypes collectively known as diar- 

hoeagenic E. coli are recognized as clinically important. Vero- 

oxigenic E. coli (VTEC), or Shiga toxin-producing E. coli (STEC), 

re characterized by the production of verocytotoxins (Stx1, Stx2) 

imilar to AB5-type Shiga toxins which include enterohaemor- 
∗ Corresponding authors. 
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hagic E. coli (EHEC) strains ( Bergan et al., 2012 ). Following in- 

estion and (intestinal) colonization, verotoxins may form attach- 

ng and effacing (A/E) enteric lesions in the host manifesting 

s gastrointestinal disease ( Croxen et al., 2013 ). Over 400 VTEC 

erotypes have been identified, a subset of which have been 

inked to clinical cases ( Smith et al., 2014 ). Globally, O157 is 

he serotype most commonly associated with human cases and 

utbreaks with additional serogroups (i.e., non-O157) increasingly 

eported as pathogens of emerging clinical importance ( Ferens 

nd Hovde, 2011 ; Gould et al., 2013 ; Luna-Gierke et al., 2014 ;
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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aranzoni et al., 2016 ). VTEC enteritis comprises a wide range of 

ymptoms from mild uncomplicated infection in healthy adults 

o severe haemorrhagic diarrhea and colitis among vulnerable 

ub-populations ( Newell and La Ragione, 2018 ). Potential sequalae 

nclude haemolytic uraemic syndrome (HUS), renal failure, and 

hrombotic thrombocytopenic purpura (TTP), all of which can 

rove fatal in a minority (3 - 10%) of cases ( Rahal et al., 2015 ). 

VTEC transmission is often zoonotic, occurring via the fecal- 

ral route, with cattle the most frequently reported animal 

eservoir, but also potentially including other domesticated an- 

mals and wildlife ( Farrokh et al., 2012 ;; Ahmed et al., 2015 ;

enakalapati et al., 2017 ). The organism is characterized by a rel- 

tively small infectious (threshold) dose (ID 50 < 100 cells), with 

uman infection in developed regions typically associated with 

onsumption of contaminated water or food ( Croxen et al., 2013 ; 

axena et al., 2015 ). Accordingly, VTEC enteritis represents a major 

lobal public health concern, albeit the global human health bur- 

en remains largely unknown due to the lack of “comprehensive”

onfirmed infection data, accredited to limited and/or resource 

onstrained surveillance systems in developing regions as well as 

nderdiagnoses among healthy populations ( Croxen et al., 2013 ; 

ivas et al., 2016 ; Newell and La Ragione, 2018 ; Delahoy et al.,

018 ). Available estimates, which are conservative and likely a sig- 

ificant underestimate, place the global burden of VTEC infection 

t 2.8 million cases per annum, in concurrence with 3890 cases of 

US, 270 cases of renal disease, and 230 deaths ( Majowicz et al., 

014 ). 

Since being recognised as an etiological agent in waterborne 

utbreaks in the early 1990s ( Dev et al., 1991 ; Swerdlow et al.,

992 ), VTEC, and particularly serogroup O157, have been impli- 

ated in both sporadic cases and outbreaks of waterborne gas- 

rointestinal infection via consumption from contaminated drink- 

ng water sources ( Muniesa et al., 2006 ; Luna-Gierke et al., 2014 ;

axena et al., 2015 ; Garvey et al., 2016 ; ECDC, 2019 ). Surface water

s generally considered significantly more susceptible to pathogen 

ngress ( Moreira and Bondelind, 2017 ). Conversely, groundwater re- 

ources are often traditionally, and erroneously, perceived as an 

nherently (microbiologically) ‘safe’ source of water for domestic 

sage, due to natural attenuation processes afforded by overly- 

ng contiguous (sub-)soil layers ( Bain et al., 2014 ; Murphy et al., 

017 ). However, over the past decade, a newfound emphasis 

as been placed on the importance of groundwater as a trans- 

ission pathway for waterborne enteric infection ( Bradford and 

arvey, 2017 ). VTEC strains have been reported in groundwater 

upplies and linked with multiple groundwater-related outbreaks 

 Muniesa et al., 2006 ; Hynds et al., 2014a ; Guzman-Herrador et al.,

015 ; Saxena et al., 2015 ; Murphy et al., 2017 ; Moreira and Bon-

elind, 2017 ). For example, the Walkerton (Ontario, Canada) multi- 

tiological outbreak was positively associated with a contami- 

ated municipal groundwater supply, causing 2300 acute clinical 

ases and 7 deaths, with E. coli O157:H7 identified as one of two 

athogens responsible ( Hrudey et al., 2003 ). 

To date, no ‘global’ effort to ascertain the extent of VTEC preva- 

ence in ‘domestic’ (i.e., intended for human use/consumption) 

roundwater supplies and subsequent human exposure has been 

ndertaken. These data are fundamental to accurately determine 

he exposures and public-health burden attributable to groundwa- 

er sources contaminated by VTEC ( Murphy et al., 2017 ; Newell and 

a Ragione, 2018 ). An improved understanding of groundwater 

orne VTEC is critically important considering our reliance on 

roundwater systems as a water resource (~ 95% of global fresh- 

ater reserves, ~ 2.2 billion daily consumers) ( Bradford and Har- 

ey, 2017 ; Murphy et al., 2017 ; Cuthbert et al., 2019 ). Accordingly, 

he current study sought to conduct a comprehensive analysis of 

nternational peer-reviewed literature to: ( i ) identify the global oc- 

urrence of VTEC in ‘domestic’ groundwater supplies and ( ii ) iden- 
2 
ify and categorize (extra-)local risk factors (e.g., infrastructural, 

nvironmental, socioeconomic) associated with VTEC contamina- 

ion. Study findings may be used to enhance the accuracy and 

onsequent efficacy of predictive (environmental fate) modeling 

nd human exposure/risk assessment of the health-risks associated 

ith water consumption from groundwater sources. 

In particular, robust figures of groundwater VTEC prevalence 

re fundamental in the formulation of Quantitative Microbial Risk 

ssessments (QMRA) (cf. Haas et al., 1999 ), a tool employed in 

he assessment of public-health risks associated with exposure 

o pathogenic microorganisms. As a multi-disciplinary tool-kit, 

MRAs integrate metrics and models of pathogenic mobilization 

hrough exposure mechanisms (e.g., natural, engineered), eventual 

human) pathogenic exposure, and ensuing risk of disease ( WHO, 

016 ). Today, QMRAs represent one of the leading methods in the 

haracterization of consumer health risks associated with domestic 

ater supplies ( Owens et al., 2020 ). Notwithstanding, QMRAs must 

ely on empirical (real-life) data in order to improve the validity of 

stimates generated and ensuing risk assessments. 

. Methods 

.1. Primary research question and literature review protocol 

The literature review protocol was developed based upon sev- 

ral previous investigations ( Sargeant et al., 2006 ; Graham and 

olizzotto, 2013 ; Hynds et al., 2014a ; Andrade et al., 2018 ; 

hique et al., 2020 ), with the following research question estab- 

ished to direct the review protocol: 

“What is the global prevalence of verotoxigenic E. coli (VTEC) in 

‘domestic’ groundwater supply sources and what (extra-)local risk 

factors are associated with VTEC contamination?”

Scopus and Web of Science databases were employed as the 

rimary bibliographic sources for identification of relevant stud- 

es. All database literature searches were conducted on July 1st, 

019, employing Boolean positional operators (“AND”, “OR”, “ADJ”) 

n conjunction with custom search terms (Table S1). Search terms 

ere nested according to specific categories deriving from the 

opulation-Agent-Outcome (PAO) model ( Hynds et al., 2014a ). A 

umber of trial (mock) search iterations were used to assess the 

alidity and accuracy of search terms employed with the inclu- 

ion of ‘outcome’ terminology (e.g., ‘ingress’, ‘contamination’, ‘pol- 

ution’) significantly restricting the volume of retrieved database 

ecords (~ 40). Accordingly, a modified version of the PAO model 

xcluding the ‘outcome’ category and associated search terms was 

dopted. 

.2. Screening phases, article selection and identification of additional 

iterature 

Four primary phases were employed for record screening, suit- 

bility assessment and study exclusion/inclusion ( Fig. 1 ). Overall, 

 total of 4 4 4 records were retrieved from bibliographic database 

earches with subsequent de-duplication decreasing this number 

o 302 (Phase 1). A set of eligibility criteria (Table S2) guided sub- 

equent record “exclusion” phases (Phase 2–3). In the first instance, 

ach record was subject to title and abstract screening with arti- 

le selection based on eligibility criteria (Phase 2). Subsequently, 

hase 3 consisted of full-text screening of forward-selected ar- 

icles (from Phase 2), with exclusion of non-original and full- 

ext research articles (e.g., literature reviews, conference proceed- 

ngs) and those identified as unsuitable as per additional eligibil- 

ty criteria. In Phase 3, uncertainty in terms of article inclusion 
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Fig. 1. Review protocol employed for the current study with the four distinct review phases delineated on vertical axis (Identification, Screening, Eligibility, Inclusion). . 
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 n = 13/112; 11.6%) was resolved through all researchers. Based 

n established aims and objectives, the review protocol exclu- 

ively focused on investigations analysing “typical” infrastructure 

sed to source groundwater (e.g., boreholes, artesian wells, drilled 

ells). Specifically, exclusion criteria included: ( i ) short communi- 

ations and other non-original research articles (e.g., literature re- 

iews), ( ii ) articles wholly or partially based on previously pub- 

ished data, ( iii ) investigations failing to explicitly describe VTEC 

roundwater occurrence and/or not reporting the number of con- 

aminated groundwater samples or sources, ( iv ) studies analysing 

ater supplies in which groundwater is mixed with any other wa- 

er source(s) (e.g., surface water), and ( v ) studies (either in - situ or

x - situ ) incorporating experimental methodologies (e.g., tracer, soil 

olumn studies), or based on non-typical groundwater infrastruc- 

ure (e.g., river-bank filtration, infiltration galleries), which fail to 

eflect ‘natural’ VTEC groundwater prevalence. 

Additional (relevant) articles not identified through the devel- 

ped protocol were captured through manual screening of the bib- 

iography of selected records incorporated into the review proto- 

ol (Phase 1–3) (i.e., “snowball” approach) ( Fig. 1 ). The latter in- 

luded bibliographic screening of academic reviews and gray lit- 

rature identified (independently or in Phase 1–2) as well as full- 

ext articles analysed in Phase 3. Furthermore, the “cite by” tool 
m

3 
rovided by Google Scholar was used to identify all articles citing 

ach of the records previously screened in Phase 3. All newly iden- 

ified records ( n = 19) were then subject to screening procedures 

escribed for Phase 2–3 ( Fig. 1 ). 

.3. Data categories and field extraction 

Six primary data field categories were established to compart- 

entalize data extraction. A list of data extraction fields compris- 

ng each of the six categories is provided in Table S3 ( n = 41). In

ll instances, a “not reported” field label was assigned if relevant 

ata were absent and/or ambiguously reported (Table S3). 

A modified version of the World Health Organization (WHO) 

egional classification system ( WHO, 2019 ) was used to allo- 

ate studies to a corresponding geographical region ( n = 7). 

imilarly, mean income level and climate followed classification 

uidelines provided by the United Nations (UN, R. 2017 ) and 

eel et al. (2007) (Köppen-Geiger System), respectively. If re- 

orted, climate allocation was based on specific location(s) with 

arge-scale (e.g., regional, national) studies incorporating (multi- 

le) climates assigned an “unknown” classification. Where pos- 

ible, reported sampling periods were compared with (averaged) 

onthly precipitation data from records extracted from the nearest 
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available) weather station. The World Meteorological Organization 

WMO) global database was used to find representative weather 

tations ( http://worldweather.wmo.int ) ( WMO, S. 2020 ) with each 

nvestigation allocated a tentative category relative to (averaged) 

ocal precipitation statistics (i.e., high, low). As such, precipitation 

lassifications were relative to local monthly records. In order to 

ain insights into the (potential) influence of seasonal livestock 

anagement (e.g., summer grazing) on VTEC prevalence, investi- 

ations from higher latitudes (i.e., ‘temperate’ and ‘cold’ climates) 

ere discretized where ‘summer’ sample collection was specified 

n their experimental designs. Investigations based in ‘tropical’ cli- 

ates were omitted from ‘summer’ classifications and reported as 

not available”. Local settlement patterns, classified as ‘rural’, ‘ur- 

an’ and ‘mixed’ (i.e., peri–urban), were based on available de- 

criptions and specific study location(s) provided. Additionally, the 

rural’ category was sub-divided according to the reported (pri- 

ary) agricultural focus: ( i ) fresh produce (e.g. fruits, vegetables, 

rains) and ( ii ) livestock (dairy) production. Generally, groundwa- 

er supply type and/or accompanying infrastructural descriptions 

ere largely ambiguous. Accordingly, an attempt was made to 

tentatively) classify groundwater sources into two main categories 

ased on available groundwater supply descriptions and inferred 

evels of construction, integrity and protection (viz. Bain et al., 

014 ; Chique et al., 2020 ). These two consisted of hand-dug (unim- 

roved) groundwater supplies, typically associated with lower lev- 

ls of construction/design, and boreholes (protected), which are 

resumed to afford higher levels of structural protection. 

Each investigation was classified according to the reported sam- 

ling point, namely ( i ) direct groundwater ‘source’ (e.g., well tap) 

r ( ii ) point of ‘use’ (e.g., household tap). A number of investiga-

ions ( n = 5) collected groundwater samples of varying water vol- 

me. Accordingly, in each instance sample volume allocation fol- 

owed the minimum of the reported volume range. VTEC detection 

ethods employed included either amplification of verocytotoxin 

ene markers (Stx1, Stx2), culture-based (presumptive) E. coli O157 

etection, or a combination of both methods, i.e., presumptive fol- 

owed by molecular confirmation. Subject to specific PCR-assay 

ethodology, a range of additional virulence genes/markers (e.g., 

ae, hlyA, rfbE ) were also targeted and employed in VTEC sample 

etection. Overall, prevalence figures provided within are based in 

 combination of PCR-based VTEC and presumptive E. coli O157 

dentification. Where reported, the number of positive groundwa- 

er samples of both ‘generic’ E. coli and VTEC were extracted from 

eviewed studies. As such, E. coli :VTEC detection ratios were calcu- 

ated according to different and relevant data extraction categories 

e.g., study location, sampling strategy). Investigations seeking to 

stablish links between (potential) environmental VTEC reservoirs 

nd groundwater contamination using strain typing tools were 

lso incorporated into the data extraction protocol. The two tech- 

iques employed were pulsed-field gel electrophoresis (PFGE) and 

ultiple-locus variable-number tandem repeat (VNTR) Analysis 

MLVA) molecular typing. Groundwater contamination mechanisms 

ere inferred from available study descriptions (if any), with four 

ain groundwater contamination categories employed ( Lee, 2005 ; 

ynds et al., 2012 ; Andrade et al., 2018 ; Chique et al., 2020 ), in-

luding ( i ) direct surface ingress, consisting of contaminants en- 

ering groundwater supply units via surface structural compo- 

ents (wellhead). ( ii ) groundwater recharge or (sub-)soil layer fil- 

ration/migration of (surface-borne) contaminants and eventual 

roundwater deposition. ( iii ) Direct underground migration, i.e., 

roundwater contamination originating from sources below soil 

urface (e.g., septic tanks). ( iv ) inter-aquifer exchange comprising 

ontamination of groundwater (exclusively) through hydraulic in- 

erconnectivity. Similarly, contamination sources were grouped into 

wo main categories; human (e.g., domestic wastewater) and ani- 

al. 
(

4 
. Results 

.1. Included studies, geography, local environments and inconsistent 

eporting 

The review protocol identified 23 studies that complied with 

ll inclusion criteria ( Fig. 1 , Table S1). A synthesis of extracted 

nd collated data across data field categories is provided in Table 

3. A lack of consistent and/or ambiguous reporting was observed 

mong all established data extraction categories, and was partic- 

larly prevalent in terms of structural descriptions of groundwa- 

er supply sources surveyed (Table S3). Specifically, 65.2% of stud- 

es (15/23) included no extractable data for any pre-established 

nfrastructural data fields. Overly generic structural supply unit 

escriptions (e.g., well depth) were observed in 17.4% (4/23) of 

tudies. In turn, just two studies explicitly reported comprehen- 

ive infrastructural data in relation to analysed groundwater sup- 

ly units ( Pitkänen et al., 2011 ; Ferguson et al., 2012 ). Similarly,

bsent and/or ambiguous reporting was a consistent feature with 

egard to (hydro-)geological setting, with just 5 studies providing a 

elevant description ( Table 1 ). 

The review dataset spans a period of 16 years (2003 to 2019) 

ith a majority of studies (13/23; 56.6%) published during the 6- 

ear period 2014–2019 ( Table 1 ). The geographical distribution of 

eviewed studies including (country-specific) VTEC sample/supply 

etection rates are presented in Fig. 2 . Sub-Saharan Africa was 

he most frequently featured region with respect to study num- 

er (7/23; 30.4%), followed by South-East Asia and North Amer- 

ca, each accounting for 6/23 (26.1%) studies ( Table 1 ). Of the 2471

nalysed groundwater samples, investigations from South-East Asia 

43.2%) and North America (30.4%) comprised approximately three 

uarters (1819/2471; 73.6%). Studies conducted in countries char- 

cterised by a ‘high’ mean income comprised half of the dataset 

12/23; 52.5%), with most groundwater samples also deriving from 

his category (1668/2471; 67.5%). A comparable number of investi- 

ations were conducted in ‘lower-middle’ (6/23; 26.1%) and ‘upper- 

iddle’ (5/23; 21.7%) income categories. Investigations based in 

rural’ settings were predominant (14/23; 60.9%) and comprised 

pproximately half of groundwater samples analysed (1295/2471; 

2.4%). Specifically, within the ‘rural’ category, four (17.4%) and 

hree (13%) investigations were based in agricultural environments 

rimarily focusing on fresh produce and livestock production, re- 

pectively. Studies conducted in ‘mixed’ (i.e., peri–urban) settings 

ccounted for 4/23 (17.4%) of reviewed investigations. Identified 

tudies based on ‘urban’ settings were less common (3/23; 13%). 

he intersection between geographical study location, income cate- 

ory, and local setting is presented in Fig. 3 . All investigations con- 

ucted in ‘upper-middle’ economies originated from Sub-Saharan 

frica, primarily due to the high aggregation of studies conducted 

n South Africa ( n = 5) ( Fig. 2 ). Most investigations conducted in

high’ income countries were based in ‘rural’ environments (10/12; 

3.3%) ( Fig. 3 ). 

.2. Study design, climate and seasonality 

The dataset largely comprised investigations focusing on 

roundwater VTEC “prevalence” (21/23; 91.3%) in contrast to those 

rompted by outbreaks of infection (2/23; 8.7%) ( Table 1 ). The two 

nfection-related investigations derived from outbreaks associated 

ith ( i ) consumption of bagged spinach in the USA and Canada 

 Jay et al., 2007 ) and ( ii ) drinking water in a school camp in South

orea ( Park et al., 2018 ). Studies more frequently originated from 

igh latitudes ( Fig. 2 ) resulting in the predominance of ‘temper- 

te’ (10/23; 43.5%) and ‘cold’ (4/23; 17.4%) climatic classifications 

 Table 1 ). ‘Single’ or ‘one-off’ sampling regimes accounted for 15/23 

65.2%) of studies and 1638/2471 (66.3%) of analysed samples, 

http://worldweather.wmo.int
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Table 1 

Summary of key characteristics extracted from included studies ( n = 23). Extracted data are based on total of n = 2471 groundwater samples and n = 1998 groundwater 

supplies comprising the dataset. 

Characteristics Studies n (%) 

VTEC Study 

Presence n 

(%) 

Samples Analysed 

n (%) Characteristics Studies n (%) 

VTEC Study 

Presence n 

(%) 

Samples Analysed 

n (%) 

Publication Year Local Precipitation 

2003–2008 3 (13) 1 (33.3) 356 (14.4) Low 1 (4.4) 0 (0) 16 (0.6) 

2009–2013 7 (30.4) 4 (57.1) 1091 (44.2) High 7 (30.4) 5 (71.4) 724 (29.3) 

2014–2019 13 (56.6) 4 (30.8) 1024 (41.4) Both 6 (26.1) 2 (33.3) 1219 (49.3) 

Study Location N/R 9 (39.1) 2 (22.2) 512 (20.7) 

Sub-Saharan Africa 7 (30.4) 5 (71.4) 379 (15.3) Sampling Period (Months) 

Asia 6 (26.1) 2 (33.3) 1067 (43.2) < 1 2 (8.7) 2 (100) 66 (2.7) 

Europe 4 (17.4) 1 (25) 273 (11.1) 2–12 11 (47.8) 5 (45.5) 1600 (64.8) 

North America 6 (26.1) 1 (16.7) 752 (30.4) > 12 4 (17.4) 0 (0) 445 (18) 

Latin America & Caribbean 0 (0) N/A N/A N/R 6 (26.1) 2 (33.3) 360 (14.6) 

North Africa & Middle-East 0 (0) N/A N/A Summer Sampling 

Pacific 0 (0) N/A N/A Yes 11 (47.8) 3 (27.3) 1650 (66.8) 

Country Income Level N/A 3 (13) 1 (33.3) 309 (12.5) 

High 12 (52.5) 3 (25) 1668 (67.5) N/R 9 (39.1) 0 (0) 512 (20.7) 

Upper-Middle 5 (21.7) 4 (80) 491 (19.9) Sources Analysed 

Lower-Middle 6 (26.1) 2 (33.3) 312 (12.6) ( n = < 10) 3 (13) 1 (33.3) 94 (3.8) 

Low 0 (0) N/A N/A ( n = 11–50) 9 (39.1) 4 (44.4) 442 (17.9) 

Setting ( n = > 51) 8 (34.8) 3 (37.5) 1784 (72.2) 

Rural 14 (60.9) 4 (28.6) 1295 (52.4) N/R 3 (13) 1 (33.3) 151 (6.1) 

Fresh Produce 4 (17.4) 0 (0) 172 (7.1) Samples Analysed 

Livestock (Dairy) 3 (13) 1 (33.3) 435 (17.6) ( n = 10–20) 4 (17.4) 1 (25) 62 (2.5) 

Other Rural (unspecified) 7 (30.4) 2 (28.6) 688 (27.8) ( n = 21–50) 5 (21.8) 2 (40) 201 (8.1) 

Urban 3 (13) 2 (66.7) 135 (5.5) ( n = 51–150) 9 (39.1) 5 (55.6) 751 (30.4) 

Mixed 4 (17.4) 2 (50) 390 (15.8) ( n = > 151) 5 (21.7) 1 (20) 1457 (59) 

N/R 2 (8.7) 1 (50) 651 (26.3) Point of Sampling 

Climate Source 11 (47.8) 4 (36.4) 1461 (59.1) 

Arid 2 (8.7) 1 (50) 67 (2.7) Point of Use 4 (17.4) 3 (75) 534 (21.6) 

Tropical 4 (17.4) 2 (50) 389 (15.7) Both 4 (17.4) 1 (25) 364 (14.7) 

Temperate 10 (43.5) 3 (30) 831 (33.6) N/R 4 (17.4) 1 (25) 112 (4.5) 

Cold 4 (17.4) 2 (50) 467 (19) Sample Volume (mL) 

Unknown 3 (13) 1 (33.3) 717 (29) 100–250 11 (47.8) 5 (45.5) 1419 (57.4) 

Study Design 500 4 (17.4) 0 (0) 182 (7.4) 

Prevalence 21 (91.3) 8 (38.1) 2437 (98.6) > 1000 7 (30.4) 3 (42.9) 854 (34.6) 

Outbreak 2 (8.7) 1 (50) 34 (1.4) N/R 1 (4.4) 1 (100) 16 (0.6) 

Hydrogeological Description Concentration Method 

Yes 5 (21.7) 2 (40) 497 (20.1) Membrane Filtration 16 (69.6) 7 (43.8) 2003 (81.1) 

No 18 (78.3) 7 (38.9) 1974 (79.9) Cartridge Filtration 1 (4.4) 0 (0) 42 (1.7) 

Supply Type Centrifugation a 3 (13) 2 (66.7) 157 (6.4) 

Public 2 (8.7) 0 (0) 92 (3.7) IMS 1 (4.4) 0 (0) 18 (0.7) 

Private 11 (47.8) 5 (45.5) 841 (34) N/R 2 (8.7) 0 (0) 251 (10.2) 

Mixed 5 (21.7) 2 (40) 722 (29.2) Detection Method 

N/R 5 (21.7) 2 (40) 816 (33) PCR b 19 (82.6) 8 (42.1) 1568 (63.5) 

Source Type E. coli positive isolates c 14 (73.4) 5 (35.7) 1150 (46.5) 

Protected 18 (78.3) 7 (38.9) 1518 (61.4) All samples c 5 (26.3) 2 (40) 418 (16.9) 

Unimproved 0 (0) N/A N/A Culture d 4 (17.4) 1 (25) 903 (36.5) 

Protected/Unimproved 2 (8.7) 1 (50) 163 (6.6) Strain Typing e 

N/R 3 (13) 2 (66.7) 790 (32) Yes 3 (13) 2 (66.7) 181 (7.3) 

Sampling Season PFGE 3 (13) 2 (66.7) 181 (7.3) 

Dry 1 (4.3) 0 (0) 16 (0.6) MLVA 1 (4.4) 0 (0) 18 (0.7) 

Wet 7 (30.4) 5 (71.4) 724 (29.3) No 20 (87) 7 (35) 2290 (92.7) 

Both 6 (26.1) 2 (33.3) 1219 (49.3) Sample Treatment 

N/R 9 (39.1) 2 (22.2) 512 (20.7) Chlorination 2 (8.7) 1 (50) 46 (1.9) 

Sampling Strategy Varied 1 (4.4) 1 (100) 147 (5.9) 

One-off 15 (65.2) 7 (46.7) 1638 (66.3) None 10 (43.5) 4 (40) 1014 (41) 

Repeated 7 (30.5) 2 (28.6) 608 (24.6) N/R 10 (43.5) 3 (30) 1264 (51.2) 

Mixed 1 (4.4) 0 (0) 225 (9.1) 

a Includes (a priori) groundwater sample E . coli detection using IDEXX Colilert tray. 
b Includes all investigations implementing PCR as a component of the detection methodology. 
c Calculation based on the total number of investigations employing PCR ( n = 19). 
d Includes investigations solely implementing culture as a VTEC ( E . coli O157:H7) detection method. 
e Includes investigations employing both pulse-field gel electrophoresis (PFGE) and multi-locus variable number tandem repeat analysis (MLVA). N/R = Not reported. 

N/A = Not Available. IMS = Immunomagnetic separation. PCR = Polymerase chain reaction. 
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espectively. More than half of identified investigations (13/23; 

6.5%) comprised sample collection during sampling months char- 

cterized by ‘high’ local precipitation. The latter is sub-divided into 

nvestigations “fully” conducted within periods of inferred ‘high’ 

recipitation (7/23; 30.4%) and those incorporating both ‘high’ and 

low’ precipitation sampling periods (6/23; 26.1%). However, a sub- 

tantial number of investigations provided insufficient informa- 
5 
ion relating to employed sampling regime thus precluding inte- 

ration of sampling months and (averaged) monthly precipitation 

9/23; 39.1%). Temporally, 2/23 (8.7%) sampling campaigns were 

estricted to a “short” one month period, with “longer” sampling 

ampaigns lasting > 2 months (15/23; 65.2%) more frequently em- 

loyed ( Table 1 ). Additionally, most studies adopted sampling de- 

igns incorporating analysis of > 11 groundwater sources (17/23; 
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Fig. 2. World map illustrating the distribution of investigations included for review with the number of VTEC positive investigations per country in parentheses. Country- 

specific (pooled) groundwater supply source and sample VTEC detection rates are provided in the inset table (bottom left). Countries without positive VTEC detection were 

excluded from the inset table. N/D = Not detected; N/R = Not reported. 

Fig. 3. Frequency of studies included for review delineated by mean income level, urban/rural classification and geographical location. The number of investigations per 

category is provided at the top or right-hand side of stacked bars. 
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3.9%) ( Table 1 ). Similarly, investigations focusing on > 51 ground- 

ater samples were prevalent (14/23; 60.8%). Fig. 4 summarizes 

he scale of sampling design employed among investigations ex- 

luding those failing to report sampling campaign duration ( n = 6). 

.3. Groundwater supply characteristics and detection methods 

Approximately half of the identified studies focused on ground- 

ater supplies classified as serving an individual household (i.e., 

rivately-owned) (11/23; 47.8%) ( Table 1 ). Most studies (18/23; 
6 
8.3%) analysed groundwater supplies classified as boreholes (i.e., 

rotected), accounting for a total of 1518/2471 (61.4%) samples 

nalysed. Groundwater supplies categorized as hand-dug wells 

nly featured in two investigations. Few investigations reported 

TEC analysis on groundwater samples which were subject to 

reatment (e.g., chemical, physical) ( n = 3). However, several stud- 

es failed to describe if a treatment system was employed ( n = 10). 

s shown ( Table 1 ), there was a tendency for investigations to 

dhere to ‘source’ sample collection points with supplies directly 

ampled in 11/23 (47.8%) investigations. Conversely, collection of 
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Fig. 4. Studies included for review delineated by number of groundwater sources and samples analysed based on sampling period duration. Investigations not reporting 

sampling period duration ( n = 6) are excluded. The number of investigations per category is provided at the top or right-hand side of stacked bars. 
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amples from a domestic tap, i.e., following distribution, was re- 

orted in 4/23 (17.4%) studies. Approximately half of reviewed 

tudies based VTEC analysis on sample volumes of 100–250 ml 

11/23; 47.8%) with the preferred method employed for sample 

oncentration being membrane filtration (16/23; 69.6%). Molec- 

lar identification comprising PCR was the favoured detection 

ethod (19/23; 82.6%). Application of quantitative PCR was lim- 

ted to 3/19 (15.9%) investigations. In total, 14/19 (73.4%) investi- 

ations employed PCR on E. coli previously isolated through cul- 

ure/enrichment. A subset of PCR-based studies incorporated PCR 

nalysis of all groundwater samples collected (5/19; 26.3%). Over- 

ll, application of VTEC serotype typing tools to identify (poten- 

ial) environmental sources was infrequently employed (3/23, 13%) 

 Table 1 ). 

.4. Generic E. coli and VTEC detection rates 

VTEC was cultured and/or genetic markers ( stx1, stx2 ) identified 

n 9/23 (39.1%) studies, with overall sample- and source-specific 

etection rates of 0.6% (16/2471) and 1.3% (25/1998), respectively. 

he unexpected (higher) number of positive supply sources in con- 

rast to groundwater samples stems from the prevalence of incon- 

istent reporting in the review dataset with several investigations 

ailing to specify source/sample VTEC detection rates (Table S3). 

ased on positive PCR detection in 8/19 (42.1%) reviewed studies, 

ene detection was reported in 0.8% (4/477) of groundwater sam- 

les, and 6.9% (34/493) supplies analysed ( Table 1 ). A single study 

mploying culture-based methods reported positive identification 

f (presumed) E. coli O157 in an unspecified number of groundwa- 

er sources/samples. Based on pooled (i.e., category-specific) values 

eriving from the review dataset, parallels between groundwater 

ample detection rates of ‘generic’ E. coli and VTEC according to 

tudy sampling strategy (‘one-off’ and ‘repeat’) are presented in 

ig. 5 . Pooled study data indicates a ‘generic’ E. coli groundwater 

ample detection rate of 315/1926 (16.4%) ( Fig. 5 A). Notwithstand- 

ng, a total of 7/23 (30.4%) investigations did not explicitly report 

he study-specific generic E. coli detection rate. Again, this lack of 

eporting was associated with ambiguous/incomplete data colla- 

ion and/or presentation (4/23; 17%) or was related to investiga- 

ions not employing E. coli as a groundwater fecal indicator organ- 

sm (FIO) (i.e., direct VTEC detection) (3/23; 13%). Overall, a VTEC 

o ‘generic’ E. coli sample detection ratio of 15/152 (9.9%) was esti- 

ated ( Fig. 5 A). Additionally, VTEC: ‘generic’ E. coli specific to ‘re- 
7 
eat’ and ‘one-off’ investigations of 16.7% and 7.5% were estimated 

 Fig. 5 ). In terms of geographic VTEC: ‘generic’ E. coli detection ra- 

ios, Europe (19.2%) and North America (17.5%) exhibited the high- 

st values ( Table 3 ). 

Pooled VTEC detection rates for groundwater samples and 

roundwater supply sources of 0.7% (16/2230) and 1.3% (25/1949) 

ere calculated, respectively. Similar to ‘generic’ E. coli incidence, 

everal investigations failed to report sufficient data to calculate 

TEC detection rates. Specifically, 5/9 (55.6%) VTEC positive studies 

ailed to specify the number of contaminated groundwater sam- 

les ( Fig. 5 A). Likewise, 3/9 (33.3%) investigations did not report 

he number of sampled groundwater supplies. 

.5. Potential drivers of VTEC in groundwater 

Geographically, highest VTEC groundwater detection rates were 

eported in Sub-Saharan Africa (10/152; 6.6%) ( Table 2 ). This fea- 

ure is clearly reflected in country-specific data ( Fig. 2 ) with South 

frica reporting the highest VTEC supply detection rates (8.5%). A 

ocal study ( Abia et al., 2017 ) reported the highest VTEC (dataset) 

revalence with respect to groundwater supplies (9/18; 50%). In 

urn, Won et al. (2013) reported the highest sample detection rate 

7/180; 3.9%) among dairy farm environments in Ohio, USA. High 

roundwater supply detection rates in Sub-Saharan Africa influ- 

nce the high values observed in ‘upper-middle’ income categories 

10/130; 7.7%) ( Table 2 ; Fig. 3 ). Extracted data also indicate ‘ur- 

an’ and ‘peri–urban’ environments had higher supply VTEC con- 

amination rates at 5.4% and 4.9%, respectively. Conversely, ‘rural’ 

ettings had lower pooled VTEC supply/sample detection rates of 

.7% and 0.9%, respectively. Climate trends indicate environments 

lassified as ‘temperate’ (14/554; 2.5%) and ‘cold’ (8/392; 2%) ac- 

ounted for a majority of contaminated supply sources; estimates 

ikely constrained by the high-latitude focus of studies comprising 

he dataset ( Table 1 ). Conversely, no VTEC were reported in the 

ingle (data reporting) investigation based in ‘arid’ environments. 

ithin the context of supply regulation/management, public sup- 

lies ( n = 2) exhibited no contamination in contrast to those under 

rivate or alternate (i.e., ‘mixed’) administration ( Table 2 ). Overall, 

rivate (i.e., unregulated) groundwater samples (15/800; 1.9%) and 

upplies (15/631; 2.4%) were characterised by the highest VTEC de- 

ection rates. Moreover, while the number of investigations (explic- 

tly) focusing on hand-dug supplies was low ( n = 2), higher sup- 
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Fig. 5. Schematic of ‘generic’ E . coli and VTEC detection rates and incidence ratios. VTEC detection rates and ratios specific to sampling strategy categories (‘one-off’ and 

‘repeat’) are also provided. The total number of investigation in each sampling strategy category is provided at the top of each panel. The single study in the dataset with 

a “mixed” (one-off/repeat) sampling strategy was incorporated into categories shown in panel B and C resulting in a total number of 24 investigations between categories. 

The number of investigations failing to report relevant E . coli and VTEC data to calculate detection rates is provided in text boxes. ∗ Includes (pooled) groundwater samples 

from all investigation and corresponding sampling strategy categories as indicated. . 
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ly detection rates were calculated (9/40; 22.5%) in comparison to 

upply sources classified as "protected"(11/1137; 1%). 

Assessing the potential nexus between seasonality and sam- 

ling design, investigations focusing sampling efforts during pe- 

iods of (normally) ‘high’ precipitation reported higher detection 

ates for both groundwater samples (15/683; 2.2%) and supplies 

15/649; 2.3%) relative to ‘low’ precipitation periods, where there 

as no reported detection across samples or sources ( Table 2 ). 

he two investigations based on “temporally” limited sampling 

ampaigns ( < 1 month) reported the highest sample/supply VTEC 

revalence (6% and 7.8%, respectively). Similarly, VTEC source de- 
8 
ection rates were higher (10%) in studies characterized by a more 

limited” scope in terms of the number of sampled groundwater 

upplies ( n = < 10). Pooled data indicate comparable groundwa- 

er source detection rates among investigations focusing on 10–

0 (3.1%) and 51–150 (3.7%) groundwater samples. Investigations 

ncorporating ‘repeated’ sampling regimes reported higher VTEC 

upply detection rates (13/324; 4%) than ‘one-off’ investigations 

12/1420; 0.8%) ( Table 2 ). Similarly, as shown in Fig. 5 , higher sam-

le detection rates for ‘generic’ E. coli were reported in ‘repeated’ 

151/711; 21.2%) compared with ‘one-off’ (176/1440; 12.2%) inves- 

igations. An overall adjusted VTEC: ‘generic’ E. coli detection ratio 
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Table 2 

Pooled data synthesis based on reported groundwater samples ( n = 2230) and sources ( n = 1949) with positive VTEC detection among selected study characteristics. The 

VTEC sample/source detection column displays the number of investigations reporting extractable data in terms of samples (left) and supply sources (right) analysed and 

corresponding (pooled) VTEC contamination rates with values in bold indicating full (equivalent) VTEC contamination reporting in the dataset. 

Characteristics 

VTEC 

Sample/Source 

Detection 

Study n 

Positive 

Samples 

n (%) 

Positive 

Sources 

n (%) Characteristics 

VTEC 

Sample/Source 

Detection 

Study n 

Positive 

Samples 

n (%) 

Positive 

Sources 

n (%) 

Publication Year Sampling Strategy 

2003–2008 3 / 3 5/356 (1.4) 4/338 (1.2) One-off 11/11 11/1518 (0.7) 12/1420 (0.8) 

2009–2013 6/5 11/1067 (1) 11/977 (1.1) Repeated 6/10 5/487 (1) 13/324 (4) 

2014–2019 9/10 0/807 (0) 10/634 (1.5) Mixed 1 / 1 0/205 (0) 0/205 (0) 

Study Location Relative Precipitation 

Sub-Saharan Africa 3/4 1/154 (0.6) 10/152 (6.6) Low 1 / 1 0/16 (0) 0/16 (0) 

Asia 5/ 6 3/1051 (0.3) 4/998 (0.4) High 5/6 15/683 (2.2) 15/649 (2.3) 

Europe 4 /3 5/273 (1.8) 4/180 (2.2) Both 5/5 1/1098 (0.1) 10/970 (1) 

North America 6 /5 7/752 (0.9) 7/619 (1.1) N/R 7/6 0/433 (0) 0/314 (0) 

Country Income Level Sampling Period (Months) 

High 11/10 12/1652 (0.7) 12/1427 (0.8) < 1 1/ 2 3/50 (6) 4/51 (7.8) 

Upper-Middle 2/3 1/112 (0.9) 10/130 (7.7) 2–12 9/9 13/1454 (0.9) 21/1371 (1.5) 

Lower-Middle 5/5 3/466 (0.6) 3/392 (0.8) > 12 4 / 4 0/445 (0) 0/311 (0) 

Setting N/R 4/6 0/281 (0) 0/216 (0) 

Rural 12/9 8/1224 (0.7) 9/1002 (0.9) Summer Sampling 

Fresh Produce 4 /3 0/172 (0) 0/59 (0) Yes 9/10 13/1513 (0.9) 31/1351 (2.3) 

Livestock ( Dairy) 3 /2 7/435 (1.6) 7/385 (1.8) N/A 2/2 3/284 (1.1) 3/284 (1.1) 

Other Rural (unspecified) 6/7 1/697 (0.1) 2/638 (0.3) N/R 7/6 0/433 (0) 0/314 (0) 

Urban 2/2 3/110 (2.7) 3/56 (5.4) Sources Analysed 

Mixed 3/ 4 5/269 (1.9) 13/264 (4.9) ( n = < 10) 2/ 3 0/78 (0) 1/10 (10) 

N/R 1/1 0/627 (0) 0/627 (0) ( n = 11–50) 6/7 3/272 (1.1) 12/178 (6.7) 

Climate ( n = > 51) 8 / 8 13/1784 (0.7) 12/1761 (0.7) 

Arid 1/1 0/12 (0) 0/12 (0) N/R 2/3 0/96 (0) N/R 

Tropical 3/3 3/364 (0.8) 3/364 (0.8) Samples Analysed 

Temperate 9/9 6/710 (0.8) 14/554 (2.5) ( n = 10–20) 3/ 4 0/46 (0) 1/32 (3.1) 

Cold 3/ 4 7/451 (1.6) 8/392 (2) ( n = 21–50) 3/2 0/152 (0) 0/102 (0) 

Unknown 2/1 0/693 (0) 0/627(0) ( n = 51–150) 7/7 9/575 (1.6) 17/378 (4.4) 

Supply Type ( n = > 151) 5 / 5 7/1457 (0.5) 7/1437 (0.5) 

Public 2 / 2 0/92 (0) 0/32 (0) Point of Sampling 

Private 9/9 15/800 (1.9) 15/631 (2.4) Source 9/10 4/1315 (0.3) 22/1187 (1.9) 

Mixed 4/ 5 1/601 (0.2) 10/579 (1.7) Point of Use 3/ 4 12/518 (2.3) 12/516 (2.3) 

N/R 3/2 0/737 (0) 0/707 (0) Both 3/2 0/309 (0) 0/208 (0) 

Source Type N/R 3/2 0/88 (0) 0/38 (0) 

Protected 15/13 11/1414 (0.8) 11/1137 (1) 

Protected/Unimproved 1/ 2 0/42 (0) 9/40 (22.5) 

N/R 2/ 3 5/774 (0.6) 5/772 (0.6) 

N/R = Not reported. N/A = Not Available. 
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f 5/30 (16.7%) was calculated to account for the potential effects 

f ‘repeat’ sampling on groundwater sample detection. 

Overall, identification and attribution of contamination mech- 

nisms, pathways and sources were often absent and/or subject 

o very ambiguous reporting. Only 3/9 (33.3%) investigations re- 

orting positive VTEC detection described potential ingress mech- 

nism(s) ( Table 4 ). Specifically, groundwater recharge and di- 

ect surface ingress were the primary ingress mechanisms sug- 

ested with each featuring in two investigations; albeit largely 

ased on tentative attribution ( Table 4 ). Reported presumptive con- 

amination sources were evenly distributed among ‘animal’ and 

human’ categories (5/6; 83.3%), with cattle the only (specific) 

ource potentially linked to VTEC groundwater supply contamina- 

ion 3/5 (60%) ( Table 4 ). In turn, human contamination sources 

ere often (vaguely) associated with domestic waste effluents, 

ith pit latrines explicitly linked with VTEC supply ingress in 

/5 (40%) investigations. Contamination source attribution was pri- 

arily based on source proximity/adjacency. A total of 2/3 in- 

estigations employing environmental VTEC strain typing reported 

he presence of VTEC. Through comparison of PFGE patterns ob- 

ained from human stool samples and drinking water isolates, 

ark et al. (2018) identified groundwater as the most likely source 

f a (multiple) diarrhoeagenic E. coli outbreak (VTEC/EPEC). Sim- 

larly, Schets et al. (2005) compared ( E. coli O157) PFGE patterns 

rom groundwater isolates with collated records from different 

potential) regional sources, identifying cattle as the likely con- 
9 
amination source. Beyond select investigations focusing on spe- 

ific agricultural settings ( n = 7), most investigations had a ‘broad’, 

.e., landscape-wide, approach towards VTEC detection without any 

reported) explicit contamination sources ( Table 1 - 2 ). A total of 

/8 (62.5%) PCR-based investigations with positive VTEC detection 

pecified the serogroups identified, with only O157 ( n = 4) and 

103 ( n = 1) reported ( Table 4 ). 

. Discussion 

.1. Generic E. coli and VTEC detection ratios 

To the authors knowledge, the current study represents the first 

ttempt to globally quantify VTEC incidence in groundwater sup- 

lies. As such, one of the key deliverables emanating from this 

nvestigation are estimated ‘generic’ E. coli: VTEC detection ratios 

 Fig. 5 ) with potential (bespoke) applications in groundwater man- 

gement. The presented figures may be applicable for develop- 

ent of increasingly accurate QMRA, specifically focusing on ‘do- 

estic’ groundwater supplies ( Haas et al., 1999 ); primarily, as a 

athogen ‘contribution’ or ‘loading’ metric (i.e., model input) spe- 

ific to groundwater borne VTEC. To date, development of QMRA 

or estimating the burden of groundwater borne VTEC has largely 

elied on E. coli:E. coli O157 ratios estimated from a range of envi- 

onmental waters (e.g., Haas et al., 1999 ; Soller et al., 2010 ). Hence,

t may be contended that the presented ratios provide a more 
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pecific representation of VTEC incidence in groundwater environ- 

ents. Notwithstanding, it is critical to highlight the potential in- 

uence of selective sampling on estimated values ( Fig. 5 ). Key data 

rends (e.g., sampling period, number of supplies analysed) sug- 

est that studies with more “inclusive” (i.e. random rather than tar- 

eted) sampling designs frequently convey lower levels of VTEC de- 

ection ( Table 2 ), and as such, the likelihood of ‘bias’ introduced by 

argeting susceptible supplies (i.e., “proof of concept”) is empha- 

ized and potentially compounded by publication bias (i.e., failure 

o publish negative results). Identified as a key feature in a range 

f (recent) literature compilations with similar scope ( Hynds et al., 

014a ; Andrade et al., 2018 ; L. 2020 ; Chique et al., 2020 ), there

s sufficient evidence to suggest that sampling “bias” is somewhat 

biquitous within the microbial groundwater contamination liter- 

ture; a factor which may compromise the integrity of estimates 

resented herein. 

Arguably, the ratio estimated from studies adopting ‘repeat’ 

ampling (16.7%) may provide a more realistic estimate of ‘generic’ 

. coli presence and concurrent VTEC incidence in groundwater. As 

uch, the calculated ‘repeat’ value likely represents a more robust 

etric which can be applied to accurately discern (human) VTEC 

xposure over time. Evidently, the latter is expected to exhibit nat- 

ral temporal variation with the ‘repeat’ ratio presented perhaps 

est representative of an “annual” mean based on the reported 

istribution of sampling periods ( Table 2 ). Generic E. coli :VTEC 

atios deriving from ‘repeat’ investigations are also less compro- 

ised by incomplete reporting, which potentially reinforces the 

ogency of estimated values ( Fig. 5 ). Previous QMRAs focusing on 

omestic water distribution systems (e.g., Howard et al., 2006 ; 

atukiza et al., 2013 ; Machdar et al., 2013 ; Abia et al., 2016 ) have

mployed an E. coli :VTEC detection rate of 8% (viz. Haas et al., 

999 ), also employed for E. coli :EPEC (Shresta et al., S. 2017 ), and

omparable with the low range presented in this investigation 

7.5–9.9%; Fig. 5 ). In turn, Hynds et al. (2014b) use the lower bound

robabilistic range of 1–16% as reported by Soller et al. (2010) from 

ntreated drinking water. The latter exhibits some agreement with 

he estimated 16.7% ratio based on ‘repeat’ sampling ( Fig. 5 B). 

hile available figures are comparable, the likelihood of estimated 

. coli and VTEC values being inflated as a result of selective sam- 

ling needs to be highlighted. Clearly, the lack of clear and homo- 

eneous reporting relating to both E. coli and VTEC groundwater 

ample detection ( Fig. 5 ; Table 2 ) represents a critical limitation 

mong identified studies. 

.2. VTEC groundwater incidence and geographical data trends 

Pooled review data were used to establish VTEC groundwater 

ample/supply detection rates of 0.7% and 1.3%, respectively. The 

nexpected lower detection rates estimated for groundwater sam- 

les in contrast to supplies are an artefact of inconsistent report- 

ng of VTEC detection among investigations (Table S3). In light of 

he potential effects of selective sampling and likelihood of fig- 

re “inflation”, it is argued that values deriving from investiga- 

ions employing ‘repeat’ sampling designs (1–4%; Table 2 ) provide 

ore “robust” VTEC prevalence estimates, which are potentially 

epresentative of global contamination ‘baselines’. Notably, a re- 

ent investigation ( Stokdyk et al., 2020 ), not included in the review 

ataset (published outside review period), reporting on a compre- 

ensive number of groundwater samples ( n = 834) and supplies 

 n = 145) identified comparable VTEC sample detection rates (0.4%) 

o those presented here. Analogous values may serve to support 

resented VTEC detection rates; however, this study was both ge- 

graphically restricted and exclusively focused on ‘public’ supplies, 

ith any comparisons thus requiring careful interpretation. 

Overall, the low number of investigations identified ( n = 23) 

nd (relatively) limited number of groundwater samples/supplies 
10 
omprising the review dataset ( Table 1 ) represent both a key find- 

ng and research gap considering: ( i ) the importance of VTEC as a 

lobally significant (waterborne) pathogen and concomitant clini- 

al burden, and ( ii ) reported links between groundwater resources 

nd risk of human infection ( Muniesa et al., 2006 ; Majowicz et al., 

014 ; Guzman-Herrador et al., 2015 ; Moreira and Bondelind, 2017 ). 

imilarly, the lack of robust data on VTEC serotype prevalence in 

roundwater wells ( Table 4 ) constitutes another important find- 

ng; particularly considering the increasingly reported global in- 

idence and clinical burden of non-O157 serotypes and poten- 

ial for regional serotype variability ( Gould et al., 2013 ; Luna- 

ierke et al., 2014 ; Baranzoni et al., 2016 ). Geographically, the re- 

iew dataset was characterized by key regional data (knowledge) 

aps ( Fig. 2 ). The lack of regional data represents a crucial limita-

ion accounting for both reported geographical variations in noti- 

ed VTEC infections and potential influence of local/regional risk 

actors ( Croxen et al., 2013 ; Newell and La Ragione, 2018 ). Re- 

ional E. coli and VTEC incidence data are essential for deriving 

eographically specific information and distributions. For example, 

urphy et al. (2016) pooled available data from two North Amer- 

can studies to produce custom (QMRA) health-risk assessments 

or Canadian groundwater supplies. Despite the poor geographical 

istribution encountered and prospective bias in source selection, 

ome of the collated regional figures and generic E. coli :VTEC ra- 

ios may find useful application in future investigations ( Table 2 - 3 ;

ig. 2 ). 

.3. Local environments, settlement patterns and land-use 

Emphasizing the importance of local risk factors is key consid- 

ring higher VTEC groundwater supply detection rates in ‘urban’ 

5.4%) and ‘mixed’ (4.9%) settings ( Table 2 ). To an extent, findings 

xhibit a disparity with available geostatistical evidence linking 

TEC prevalence with ‘rural’ environments in high-income regions 

 Schets et al., 2005 ; Denno et al., 2009 ; ÓhAiseadha et al., 2017 ;

rehony et al., 2018 ). Notably, the majority of reviewed investi- 

ations based in ‘urban’ and ‘mixed’ settings were concentrated 

n lower income regions in Asia and Sub-Saharan Africa ( Fig. 3 ). 

vailable evidence from Sub-Saharan Africa highlights the inten- 

ity of (peri–) urban animal rearing, the prevalence of domestic 

astewater sources, incidence of (zoonotic) VTEC strains, and high 

ontamination burden on groundwater resources ( Kulabako et al., 

0 07 ; Adelana et al., 20 08 ; Braune and Xu, 2010 ; Lupindu et al.,

014 ; Lapworth et al., 2017 ). Notably, in terms of cattle man- 

gement practices, barn/feedlot confinement as opposed to tra- 

itional ‘pastoral’ (i.e., free-roaming) rearing has been associated 

ith lower VTEC environmental prevalence in developing countries 

 Callaway et al., 2009 ; Smith et al., 2011 ). However, considering 

patial contiguity, presented results suggest that a diffuse livestock 

source) distribution, and the associated potential for close inter- 

ction with groundwater supplies (receptor), increase the likeli- 

ood of (supply) pathogenic contamination and human VTEC expo- 

ure. Highlighted geographical and land-use trends may also reflect 

he regional importance of manure application (land spreading) in 

griculture; a potentially key conduit for environmental VTEC dis- 

emination ( Fremaux et al., 2008 ; Ferens and Hovde, 2011 ; van El-

as et al., 2011 ). However, detailed data on manure soil applica- 

ion rates at a “global” scale are not available, with any conjectures 

ade on the geographical influence of soil manure on estimated 

TEC prevalence subject to speculation. 

Investigations based in agricultural environments focusing on 

resh produce ( n = 4) reported no positive VTEC detections 

 Table 2 ) with a calculated (FIO) E. coli sample detection rate of 

1.7% (18/154). Results are relevant in light of (global) evidence for 

icrobial contamination in produce-growing regions and the po- 

ential for pathogen propagation via fresh produce (e.g., German 
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Table 3 

Pooled ‘generic’ E . coli and VTEC values according to geographical location. The E . coli /VTEC reporting column displays the number of 

investigations reporting extractable data in terms of generic E . coli (left) and VTEC (right) sample detection per (pooled) geographical 

location. Values in bold indicate full (equivalent) generic E . coli /VTEC sample reporting in the review dataset. All estimates presented 

incorporate values from both ‘one-off’ and ‘repeat’ investigations. 

Geographical Location E. coli /VTEC Reporting Study n Positive Generic E. coli Samples n (%) Positive VTEC Samples n (%) 

Study Location 

Sub-Saharan Africa 4/1 167/182 (91.8) 0/4 (0) 

Asia 3/3 82/737 (11.1) 3/82 (3.8) 

Europe 4/4 26/273 (9.5) 5/26 (19.2) 

North America 5/5 40/734 (5.5) 7/40 (17.5) 

Country 

Bangladesh 1/1 20/50 (40) 3/20 (15) 

Cyprus 1/1 10/30 (33.3) 0/10 (0) 

Finland 1/1 4/80 (5) 0/4 (0) 

India 1/1 16/60 (26.8) 0/16 (0) 

Netherlands 1/1 4/147 (2.7) 5/0 (0) a 

Nigeria 1/0 25/25 (100) N/R 

Portugal 1/1 8/16 (50) 0/8 (0) 

South Africa 3/1 142/157 (90.5) 0/4 (0) 

South Korea 1/1 46/627 (7.3) 0/46 (0) 

USA 5/5 40/734 (5.5) 7/40 (17.5) 

Zambia 0/0 N/R N/R 

a Investigation reported VTEC detection in samples with no prior (FIO) ‘generic’ E. coli detection ( Schets et al., 2005 ). N/R = Not 

reported. 
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prout outbreak; ca. 2011) ( Buchholz et al., 2011 ; Pachepsky et al., 

011 ; Nguyen-the et al., 2016 ). In particular, due to its zoonotic ori-

in, enhanced survival capacity in soil/water, and high prevalence 

n farming environments, VTEC is a leading etiological agent of 

utbreaks linked to the consumption of fresh produce ( Olaimat and 

olley, 2012 ; Lal et al., 2012 ; Jung et al., 2014 ). Conversely, stud-

es based in rural environments with an (explicit) focus on cat- 

le rearing exhibited higher VTEC detection rates in comparison 

o other rural sub-categories ( Table 2 ). However, two investiga- 

ions of supplies located adjacent to Concentrated Animal Feeding 

perations (CAFOs) ( Economides et al., 2012 ; Li et al., 2015 ) re-

orted positive (FIO) E. coli groundwater sample detection (8.6%) 

ut no VTEC contamination. Similarly, Joung et al. (2013) analysed 

roundwater wells in relation to (confined) livestock carcass burial 

ites. All samples analysed ( n = 627) were negative for VTEC, with 

ates of generic E. coli contamination calculated at 7.3%. The results 

resented seem to support the aforementioned inferences relat- 

ng to the spatial distribution (i.e., confinement) of potential VTEC 

ources and decreased likelihood of groundwater supply contami- 

ation. 

.4. Potential influence of climate and seasonality 

Although based on limited data (both in frequency and scope), 

ummary statistics highlight the potential influence of ‘temperate’ 

nd ‘cold’ climatic settings on higher rates of VTEC supply inci- 

ence (2–2.5%) ( Table 2 ). Pooled data may (at times discreetly) re- 

ect the cumulative effects of lower temperatures, reduced ultravi- 

let (UV) solar radiation, and higher precipitation on VTEC survival, 

ransport, and thus environmental prevalence. There is substantial 

vidence within the literature supporting enhanced (extra-host) E. 

oli and VTEC survival at lower temperatures ( < 10 °C), in both 

nvironmental and potable water, soils, plant material, cattle feces 

nd derived effluents (e.g., manure, slurry) ( John and Rose, 2005 ; 

remaux et al., 2008 ; Ma et al., 2011 ; van Elsas et al., 2011 ). Gen-

rally, increased stress and energy expenditure associated with 

igher temperatures limits E. coli persistence in the environment 

ith large amplitude oscillations ( > + /- 7 °C) particularly impact- 

ng E. coli survival ( Semenov et al., 2007 ). Previous experiments 

onducted on natural well water indicate increased VTEC survival 

t 5–10 °C ( Rice et al., 1992 ; Watterworth et al., 2006 ). Collated

ata trends may also be partially due to reduced levels of solar UV 
11 
adiation in ‘temperate’ and ‘cold’ settings increasing VTEC preva- 

ence in soils, surface water, and manures, prior to mobilization to 

ubsoils and groundwater ( LeJeune et al., 2001 ; Yaun et al., 2003 ;

0 04 ; Fremaux et al., 20 08 ). Additionally, the effects of high rain-

all on the release and propagation of fecal material and bacte- 

ia through enhanced (landscape) hydrological connectivity (e.g., 

verland flow) have been well substantiated ( Fremaux et al., 2008 ; 

ofstra, 2011 ; McCarthy et al., 2012 ; Blaustein et al., 2016 ). Unsur-

risingly, VTEC outbreaks have been frequently linked with periods 

f heavy antecedent rainfall ( Muniesa et al., 2006 ; O’Dwyer et al., 

016 ). These effects are suggested via higher VTEC sample/supply 

etection rates calculated from investigations focusing on periods 

f ‘high’ precipitation (~ 2%) ( Table 2 ). E. coli have also been shown

o benefit from anaerobic and microaerobic conditions provided by 

oist or waterlogged environments often found in (wet) ‘temper- 

te’ settings ( Fremaux et al., 2008 ; Brennan et al., 2010 ; van Elsas

t al., 2011 ). 

.5. Contamination sources, pathways and hydrogeology 

Reviewed investigations also alluded to the potential relevance 

f ‘human’ contamination sources, and specifically, latrines. With 

he exception of one study ( Won et al., 2013 ), all investigations 

lign contamination sources with ‘human’ origin derived from 

ower income settings ( n = 4), thus reinforcing the potential under- 

ying role of socioeconomic drivers ( Graham and Polizzotto, 2013 ). 

ust three investigations reported potential ingress mechanisms 

 Table 4 ), all of which were largely grounded on inconclusive evi- 

ence, representing a critical knowledge gap. A major methodolog- 

cal limitation precluding accurate identification of VTEC contami- 

ation sources was the lack of molecular VTEC strain typing em- 

loyed in reviewed studies (e.g., PFGE, MLVA) ( Table 1 ). A signifi- 

ant majority of studies tentatively identified VTEC sources based 

n proximity rather than employing DNA typing to effectively link 

source(s)’ and ‘receptor(s)’, thus representing a key implication for 

he applicability of reported data. As such, while cattle are gener- 

lly reported as a major source of environmental VTEC, their im- 

ortance as a reservoir in developing regions, in the absence of 

ata, is more uncertain ( Mainga et al., 2018 ). Accordingly, other 

ey animal (or human) VTEC reservoirs may remain unaccounted 

or ( Ferens and Hovde, 2011 ; Ahmed et al., 2015 ). 
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Table 4 

Summary of selected characteristics within the “VTEC contamination” data extraction category based on studies 

with positive detection of VTEC in groundwater ( n = 9). The study number column is based on the number of 

investigations analysing or reporting relevant data (e.g., reported source/pathway). Pooled synthesis data among 

selected characteristics are also provided. 

Characteristics Studies n (%) Positive Samples n (%) Positive Sources n (%) 

Contamination Ingress Mechanisms a 

Groundwater Recharge 2/3 (66.7) 3/50 (6) 12/68 (17.7) 

Direct Surface Ingress 2/3 (66.7) N/R 9/18 (50) 

N/R 6/9 (66.7) b 13/427 (3) 13/425 (3.1) 

Contamination Source a 

Animal Origin 5/6 (83.3) 13/427 (3) 20/442 (4.5) 

Human Origin 5/6 (83.3) 11/330 (3.3) 21/348 (6) 

N/R 3/9 (33.3) b N/R 1/1 (100) 

Reported Animal Origin a 

Cattle 3/5 (60) 12/327 (3.7) 20/342 (5.9) 

N/R 2/5 (40) 1/100 (1) 2/101 (2) 

Reported Human Origin a 

Pit Latrines 2/5 (40) N/R 9/18 (50) 

N/R 3/5 (60) 11/330 (3.3) 15/474 (3.2) 

Serogroup Identified c 

O157:H7 4/8 (50) – –

O103:H2 1/8 (12.5) – –

N/R 3/8 (37.5) – –

FIO Co-occurrence a 

Coliforms d 2/4 (50) – –

E. coli 8/9 (88.9) – –

Enterococcus spp. 0/2 (0) – –

a Multiple selection were available for data fields in this category with percentages not amounting to 100%. 
b Calculation based on the number of studies with positive detection of VTEC in groundwater ( n = 9). 
c Based on the total number of investigations with positive VTEC detection employing PCR ( n = 8). d Includes 

studies reporting total coliforms (TCs), fecal coliforms (FCs) and thermotolerant coliforms (TTCs). N/R = Not re- 

ported. 
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In general, an integrative research approach aimed at identify- 

ng VTEC contamination sources, pathways and potential risk fac- 

ors, is often superseded by a focus on quantifying VTEC environ- 

ental “prevalence”. This feature is also reflected in the recurrent 

mission of local (hydro-)geological characteristics ( Table 1 ). Ac- 

ounting for the influence of parent materials on key (sub-)soil 

haracteristics (e.g., porosity, permeability), and in turn, E. coli 

urvival and transport (i.e., retention, filtration), study area hy- 

rogeological setting represents a pivotal driver ( Fremaux et al., 

008 ; Bolster et al., 2009 ; van Elsas et al., 2011 ). However, a lim-

ted number of investigations provided relevant hydrogeological 

escriptions (5/23; 21.7%). Ferguson et al. (2012) associated local 

eology with (VTEC) groundwater contamination through provi- 

ion of evidence-based links between shallow (unconfined) sandy 

quifers, rainfall intensity and efficient groundwater recharge. Sim- 

larly, Li et al. (2015) attributed unsaturated alluvial sediment soil 

ayers (3–30 m) with a high pollutant attenuation capacity and 

itigation of VTEC transport to groundwater. Additional investiga- 

ions reporting hydrogeological data did not directly address the 

otential relevance in terms of VTEC incidence. Incorporation of 

ydrogeological parameters as potential risk factors in future in- 

estigations is thus strongly advised. 

.6. Groundwater supply type, infrastructure and administration 

With noted exceptions (e.g., Ferguson et al., 2012 ), a signifi- 

ant majority of reviewed investigations failed to describe sample 

ollection protocols and wellhead characteristics (e.g., tap, pump, 

, allowing for discrimination of the effects (if any) of supply 

esign/construction on VTEC incidence. Moreover, descriptions of 

ource structural components (e.g., well casing, seal) and other key 

eatures (e.g., depth, age) were also largely absent from reviewed 

nvestigations (Table S3). This represents an impediment to iden- 

ifying risk factors pertaining to VTEC supply ingress and inap- 

ropriate/faulty structural components. Ferguson et al. (2012) have 
12 
dentified increased supply depth as a determining factor limiting 

TEC contamination, attributed to effective pathogen attenuation 

ith increasing soil depth. Despite its potential importance, only 

/23 (13%) studies (explicitly) reported groundwater supply depth. 

i et al. (2015) failed to detect VTEC irrespective of groundwater 

ell depth while Won et al. (2013) found no association between 

ell depth and VTEC contamination citing inadequate (private) 

upply maintenance as a possible mechanism for VTEC ingress. 

The influence of varying levels of supply maintenance, regula- 

ion and surveillance, are potentially reflected in the higher VTEC 

etection values estimated for ‘private’ supplies ( Table 2 ). In con- 

rast to public/municipal supplies, which are generally managed 

y local/regional regulatory authorities, and often comprise wa- 

er treatment systems, private supplies are largely unregulated and 

ntreated, and as such, more likely subject to inadequate main- 

enance and microbiological contamination ( Hexemer et al., 2008 ; 

reutswiser et al., R. 2011 ; Daniels et al., 2016 ; Fox et al., 2016 ).

eview findings thus contribute to a growing body of evidence em- 

hasizing the potential transmission of enteric pathogens and hu- 

an exposure through private groundwater supplies ( Hynds et al., 

014a ; Wallender et al., 2014 ; Murphy et al., 2017 ). Addition- 

lly, higher VTEC detection rates among private supplies may also 

oint to the prevalence of “direct” source contamination rather 

han widespread or aquifer-wide groundwater pollution. Pooled 

ata based on (inferred) levels of supply construction and in- 

egrity indicate hand-dug supplies had elevated VTEC detection 

ates (22.5%) ( Table 2 ). However, findings require careful interpre- 

ation as they largely reflect detection levels reported in a single 

tudy ( Abia et al., 2017 ). Only two investigations explicitly analysed 

and-dug groundwater supplies, both deriving from Sub-Saharan 

frica. Accordingly, any assessment of risk factors associated with 

upplies and levels of protection are precluded by ( i ) vague de- 

criptions of groundwater supplies, ( ii ) tentative nature of supply 

lassifications employed and ( iii ) low number of identified investi- 

ations (explicitly) analysing ‘unimproved’ supplies ( n = 2). 
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. Conclusion and recommendations 

Presented herein is the first global scoping review of the pres- 

nce of Verotoxigenic E. coli (VTEC) in groundwater sources in- 

ended for human consumption. Overall, a VTEC to ‘generic’ E. coli 

ample detection ratio of 15/152 (9.9%) was derived from reviewed 

nvestigations, providing a ‘baseline’ for VTEC in E. coli contami- 

ated groundwater sources. Based on the relatively low number of 

dentified investigations, prevalence of inconsistent reporting, and 

imited amount of data comprising the review dataset, a major 

ecommendation deriving from this investigation is the pressing 

eed for additional field-based studies/data on VTEC prevalence in 

roundwater systems. Additional data is essential to improve es- 

ablished VTEC groundwater contamination ‘baselines’ and accu- 

ately identify (extra-)local contamination risk factors, which are in 

urn, necessary to inform relevant (multi-disciplinary) stakeholders 

ncluding groundwater consumers, public-health authorities and 

egulatory bodies, environmental managers, and hydrogeologists. 

imilarly, investigations deriving from geographically diverse set- 

ings are required to obtain insights/data applicable within differ- 

nt (hydro-)geological, climatic and (local) settlement (urban/rural) 

ontexts. The following bespoke guidelines/recommendations are 

roposed to improve the scope, integrity, and insights obtained 

rom future VTEC-groundwater investigations: 

- Explicit study reporting of (basic) summary statistics and 

methodology implemented; particularly pertaining to: ( i ) inci- 

dence of E. coli and VTEC in groundwater analysed ( n per sam- 

ple/supply), ( ii ) length of field sampling period (e.g., month, 

year), and ( iii ) detailed descriptions of groundwater sampling 

protocols employed (e.g., point of sampling). 

- Investigations employing more temporally inclusive (i.e., ‘re- 

peat’) sampling strategy/designs aimed at providing more ro- 

bust estimates of VTEC groundwater prevalence over time. 

- Identification and description of groundwater supply type(s) 

analysed (e.g., hand-dug well, driven well), key infrastructural 

components (e.g., cap, casing), associated structural parameters 

(e.g., depth, age), and relevant (i.e., local) supply hydrogeologi- 

cal descriptions. 

- Implementation of molecular (VTEC) strain typing techniques 

(e.g., PFGE, MLVA) enabling the effective integration of 

(catchment-groundwater supply) VTEC contamination sources, 

pathways and ingress mechanisms. 

- More investigations employing tools allowing identification of 

VTEC serotypes present within ‘domestic’ groundwater systems. 

The importance of efforts to understand and prevent microbial 

ontamination of groundwater cannot be overstated. To minimize 

ublic health risk, consolidation of robust research approaches and 

ystematic design of sampling programmes is not only warranted, 

ut necessary. Regardless, findings of this study offer valuable in- 

ights into the extent and significance of groundwater as a po- 

ential source of VTEC infection and provides guidance for fu- 

ure research to guide policy development, action plans and re- 

ediation efforts/technologies to safeguard public health into the 

uture. 
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