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Executive Summary

Background

The emergence of antibiotic resistant bacteria (ARB) of clinical significance, poses a global
threat to humans. Natural aquatic environments are increasingly being recognised as not only
as reservoirs of clinically important ARB, antimicrobial resistance (AMR) and antibiotic
resistance genes (ARGSs) but also as potential pathways for human exposure. Aquatic
pathways by which humans can become exposed include drinking water, water based
recreational activities, consumption of shellfish and irrigated crops. A better understanding of
the pathways that are most responsible for disseminating ‘resistance’ from the aquatic
environment into humans is needed so that relevant authorities are better placed to develop
effective strategies for dealing with the risks.

Methods

A Rapid Evidence Assessment (REA) was used to review the evidence base for the primary
question: ‘What pathways are most responsible for disseminating ‘resistance’ from the
aquatic environment into humans?’ Two secondary questions were also addressed 1) ‘“What
are the factors affecting the transmission of AMR and ARGs from the water environment into
humans?’ 2) ‘What evidence is there that exposure to the pathways is contributing to clinical
infections that cannot be treated with existing antibiotics?” A protocol developed a priori by
the review team and steering group was used to lead the review process.

Key findings

Forty eight articles, comprising 49 studies were included in the REA, consisting of a mixture
of observational and clinical case studies. Twenty seven studies were relevant to the primary
question, and 24 for secondary question 1. Two studies were relevant to both the primary and
secondary questions. No evidence was found for secondary question 2, but studies included

in the REA were used to discuss this question. Pathways reported included drinking water,
water sports, contact with sea, brackish or fresh water, irrigation water, irrigated crops,
contact with aquaria and marine mammals and consumption of seafood.

Tetracycline resistance and integrase genes, together with a diverse range of ARB including
Aeromonas sp. (in particular Aeromonas hydrophila), Campylobacter jejuni, Escherichia
coli, Enterococcus sp., Enterobacter sp., Legionella pneumophila, Pseudomonas sp.,
Salmonella sp. (including Salmonella enterica and Salmonella Java), Staphylococcus sp.
(including Staphylococcus aureus), Vibrio sp. (including Vibrio parahaemolyticus and Vibrio
vulnificus), and Yersinia ruckeri.

The earliest study dated from 1975 and the most recent from 2017 and the majority of studies
from the US, followed by Poland, Spain, UK, France, Australia, Canada, Chile, Norway,
Mexico, Turkey, Portugal, Italy, Germany, Netherlands and Sweden.

‘What pathways are most responsible for disseminating ‘resistance’ from the aquatic
environment into humans?’

Observational and clinical case studies included in this REA indicated a potential but not
direct causal relationship between exposure to ARB/ARG through aquatic pathways and
colonisation/infection in humans. The lack of direct causal evidence does not mean that



transmission is not occurring, but rather that this type of evidence is difficult to obtain as
studies that generate this data are often too complex to undertake, cost prohibitive or would
be unethical to perform. The studies included were highly heterogeneous and low in volume.
It was therefore not possible to identify which pathways are most responsible for
disseminating ‘resistance’ from the aquatic environment into humans.

Five studies linked colonisation/infection with consumption of drinking water. The first study
described a case where a boy from Sweden became ill after drinking well water contaminated
with A. hydrophilia (Krovacek et al., 1989), the second study investigated an outbreak of S.
enterica serovar Typhi that was thought to originate from sewage contaminated tap water in
Turkey (Bayram et al., 2011). An observational case-controlled study indicated that in
England and Wales travel-associated ciprofloxacin-resistant infection cases are independently
associated with travel to Spain, Portugal or Cyprus and the consumption of chicken or bottled
water (The Campylobacter Sentinel Surveillance Scheme Collaborators, 2002). Finally, two
observational cross-sectional studies showed risk of carriage of resistant E. coli was greater
for users of water contaminated with resistant E. coli (Coleman etal., 2012) and that
antibiotic resistance patterns in bacteria isolated from mineral waters for sale in Germany
were similar to clinical isolates (Rosenberg & Hernandez Duquino 1989).

Seven studies were found linking contact with sea, brackish or fresh water with
colonisation/infection. Five clinical case studies reported antibiotic resistant infection with
Vibrio sp or Aeromonas sp. following either ingestion or wound exposure to sea, brackish or
freshwater (Fernandez & Pankey, 1975; Joseph etal., 1979; Kelly et al., 1980; Goncalves et
al., 1992). A case control study indicated that recreational swimming in freshwater is a risk
factor for community-acquired urinary tract infections caused by extended spectrum beta-
lactamases (ESBL) — producing E. coli (Sgraas etal., 2013) and a cross-sectional study that
showed regular surfers were at an increased risk of being faecal carriers of cefotaxime-
resistant E. coli compared to non-surfers (Leonard 2016 unpublished).

Three studies reported that serotypes of Salmonella sp. found in irrigation water were the
same as those found in outbreaks of infection (Li etal., 2014; Micallef etal., 2012; Martinez
et al.,2017). Two articles by the same author also investigated occupational exposure to
antibiotic resistant bacteria in irrigation workers compared to office workers, with one study
indicating that spray irrigators are more likely to be carriers of antibiotic resistant CoNS and
methicillin-resistant coagulase-negative staphylococci compared to controls (Goldstein et al.,
2014 & 2017).

Six studies were found linking seafood with infection. One study reported on an eel farmer
who contracted antibiotic resistant V. vulnificus from his infected eels (Haenenet al., 2014)
and a clinical case study reported on a man who spiked himself on acrab (shell) he was
preparing to eat and developed colistimethate resistant Vibrio sp infection (Fernandez &
Pankey 1975). Four studies, found a relationship between antibiotic resistant V.
parahaemolyticus (Dauros et al., 2011; Hernandez-Diaz etal., 2015), E.coli (Grevskott et al.,
2017) and Salmonella serotype Paratyphi B (Martinez-Urtaza etal., 2006) in environmental
and clinical samples

Four articles investigated the risk that companion and wild animals in aquatic environments
pose to the dissemination of resistance to humans. Three articles (Kirk etal., 2006;
OzFoodNet Working Group. 2004; Weir et al., 2012 - a systematic review) reported on the



same antibiotic resistant S. Java infection outbreak in households with aquaria in Australia.
Finally, an observational cross-sectional study ata cetacean rehabilitation centre indicated
that there is a potential link between human and cetacean carriage of methicillin-resistant S.
aureus (MRSA) (Hower et al., 2013).

‘What are the factors affecting the transmission of AMR and ARGs from the water
environment into humans?’

Variables that lead to increased environmental exposure are to some extent independent of
antimicrobial resistance and so this literature will not have been searched for and captured in
this REA. Factors such as increased rainfall, season, sea surface temperature and tidal
currents may increase the chance of environmental exposure, however, evidence included in
this REA was very heterogeneous, and many of these factors are likely to be location specific
therefore making it difficult to provide any blanket recommendations. Factors that increase
the volume of water ingested by people (e.g. water sports such as swimming and surfing)
may also increase likelihood of developing colonisation/infection status. Likewise, the health
and immune status of the exposed individual might interact with these factors to mediate
infection. Authors highlighted that people with pre-existing injuries/wounds or those that
sustain them in aquatic environments, and people who are immunocompromised or
chronically ill are at greatest risk of antibiotic resistant infection.

‘What evidence is there that exposure to the pathways is contributing to clinical infections
that cannot be treated with existing antibiotics?’

No evidence was found that exposure to aquatic pathways is contributing to clinical
infections that cannot be treated with existing antibiotics.

Implications for policy, practice and research

Although there were no individual studies that directly showed pathways of resistance from
the aquatic environment to humans, a combination of observational and case studies did
indicate a potential causal relationship between exposure to ARB/ARG through aquatic
pathways and colonisation/infection in humans. Factors that increase ingestion of water such
as swimming and surfing, and the health, and immune status of people are likely to influence
the risk of colonisation/infection.

Overall, the evidence collated for the primary and secondary questions was highly
heterogeneous and low in volume making it impossible to identify which pathways are most
responsible for transmission into humans and difficult to make blanket recommendations to
reduce environmental exposure due to factors which are often location specific (e.qg. tidal
currents). The lack of direct causal evidence does not mean that transmission is not occurring
but rather that this type of evidence is difficult to obtain.

The biology of AMR/ARB/ARG in the aquatic environment including the potential for
transmission through aquatic pathways to humans is a highly complex subject. The evidence
presented in this REA should be considered in combination with other evidence/components
of the topic (e.g. occurrence, evolution, and increasing clinical antibiotic resistance) when
considering implications for policy and practice. For example, a there is a large amount of



literature that shows the presence of diverse AMR, ARB and ARGs in aquatic pathways.
Although not investigated as part of this review, this literature indicates that the human
microbiome is linked with microbial communities in these environments. It is therefore
possible for people coming into contact with these aquatic pathways to become colonised and
either subsequently develop a drug-resistant infection, or pass on ARB/ARGs to other
members of the community who are more vulnerable to developing drug-resistant infections
(e.g. immunocompromised individuals). When the whole body of evidence is considered, it
would indicate that a precautionary principle be followed when considering the implications
of AMR/ARB/ARG contamination of the aquatic environment and potential transmission
pathways.

Implications for policy and practice
Based on the findings of this REA there is a gap in the knowledge base to fully understand:

o What pathways are most responsible for disseminating ‘resistance’ from the
aquatic environment into humans

o Which factors affect the transmission of AMR and ARGs from the water
environment into humans

Authors of studies included in this REA highlighted the following:

e Awareness about the risk of posttraumatic wound infection by bacteria from the sea,
brackish and fresh water (Joseph et al., 1979; Gold & Salit, 1993).

e Advice for people to wash hands after cleaning and feeding fish and avoid using sinks
to clean out aquaria (Kirk etal., 2006; OzFoodNet Working Group, 2004).

e Awareness that people with pre-existing injuries/wounds or those that sustain them in
aquatic environments and people who are immunocompromised or chronically ill are
at greatest risk of antibiotic resistant infection (Fernandez & Pankey, 1975; Joseph et
al., 1979 Gold & Salit., 1993; Haenenet al., 2014).

o Potential risks of water sports for transmission from the aquatic environment into
humans, especially those that are immersive/increase likelihood of water ingestion
(Leonard et al., 2015; Leonard 2016 unpublished).

e Lack of mandatory notification systems for some bacteria/bacterial infections in some
countries or states (e.g. Vibrio spp.) to understand the extent of the problem and guide
appropriate prevention messages (Le Roux et al., 2015; Yoder et al., 2008), (these
systems may not record antibiotic resistance but may help prevent infection).

e During heavy rainfall bacteria maybe involved in the dissemination of antibiotic
resistance via the aquatic environment (Riberio et al., 2014).

Implications for research

The following research gaps have been identified by this REA:



Primary research to investigate how the natural environment spread ARB to the
human microbiome.

Primary research to understand the direction of transmission of ARB/ARG between
humans and the environment.

Primary research to investigate the health effects of exposure to ARB/ARG in aquatic
environments, including transmission resistant bacteria to other (especially
vulnerable) members of the community.

Epidemiological and numerical modelling studies, to fully understand the role of
aquatic exposure routes to assess real risk to human health.

A review of the evidence to better understand to what extent does the transfer of
genes play a role in the spread of resistance and what are the implications of this to
human health.



Background

The emergence of antibiotic resistant bacteria (ARB) of clinical significance, poses a serious
global threat to humans. The G8 science ministers meeting in 2013 (FCO, 2013) and the
O’Neill Review (2016) have highlighted antibiotic resistance as one of the top threats facing
humanity. The burden of antimicrobial resistance (AMR) cannot be tackled solely by
focusing on antibiotic development and to overcome this global threat, a multidisciplinary
approach is required (Kelly et al., 2016). Antimicrobial resistance is a phenomenon whereby
microorganisms (viruses, fungi, bacteria, parasites) survive and grow in the presence of
chemicals or drugs designed to kill them. Antibiotic resistant bacteria, as a subgroup of
AMR, are specifically bacteria that are able to survive and grow in the presence of antibiotics
(atype of antimicrobial). Genes in an organism that confer resistance to antibiotics are known
as antibiotic resistance genes (ARGs). Natural environments are increasingly being
recognised not only as reservoirs of clinically important ARB, AMR and ARGs but also as
potentially significant pathways for human exposure to ARB. However, compared to other
priority topic areas surrounding antibiotic resistance the environment has received less
attention and research funding at national (UK) and European level (Kelly et al., 2016).

Aguatic environmental settings subject to anthropogenic pressure for example wastewater
effluent, aquaculture and animal husbandry facilities have been identified as hotspots and
pathways for AMR and ARGs into the environment (Berglund, 2015; O’Neill, 2015). These
pathways introduce bacteria harbouring ARGs to the aquatic environment as well as resulting
in a build-up of biologically active antimicrobial residues increasing the chances of clinically
relevant pathogens acquiring genes conferring resistance to antimicrobial drugs. For example,
studies have shown the dissemination of antibiotic resistance genes from manure to soil
actinobacteria (Byrne-Bailey et al., 2011) and from actinobacteria to pathogenic bacteria
(Jiang et al., 2017). Antibiotic resistance can evolve in the aquatic environment through
genetic mixing of human and animal bacteria with environmental bacteria, and genetic
mutation and recombination via direct selection pressures imposed by antibiotic residues or
indirect selection by other bioactive compounds such as heavy metals and biocides (e.g. Gaze
et al.,2011). Evidence suggests that even very low concentration of antibiotics found in some
aquatic environments can be effective to select and maintain resistance traits in bacteria
(Gullberg et al., 2011). The aquatic environment therefore acts not only as a reservoir of
clinical resistance genes, but also as a medium for the spread and evolution of resistance
genes (Young, 1993).


http://journal.frontiersin.org/article/10.3389/fmicb.2017.00014/full#B7

The routes by which humans can come into contact with these resistant bacteria and microbes
via aquatic environments are numerous. Examples include consumption of crops grown with
contaminated sludge used as fertiliser or irrigated using treated or untreated water (e.g.
Kinney etal., 2006); consumption of shellfish or fish (e.g. Heuer etal., 2009); drinking of
water drawn from contaminated ground or surface water (e.g. Coleman etal., 2012),
recreational activities in river or streams and marine water linked to contaminated surface
water (e.g. Leonard et al., 2015). These resistant bacteria and microbes have an opportunity
to spread ARGs to the human microbiome making future treatment of clinically important
infections with antimicrobial drugs increasingly difficult (Wellington et al., 2013). A better
understanding of the pathways that are most responsible for disseminating AMR, ARB and
ARGs (hereafter referred to as ‘resistance’) from the aquatic environment into humans is
needed so that relevant authorities are better placed to develop effective strategies for dealing
with the risks.

Objectives of the REA
The REA compiled both academic and grey literature relevant to the primary question:

‘What pathways are most responsible for disseminating ‘resistance’ from the aquatic
environment into humans?’

The population, exposure, comparator and outcome (PECO) elements of the primary question
are detailed in Table 1.

Table 1 PECO Elements of the REA

Population Antimicrobial Resistance (AMR), Antibiotic Resistant Bacteria (ARB),
Antibiotic Resistance Genes (ARGS)

Exposure Pathways of exposure, e.g. drinking water, bathing waters, shellfish or fish
consumption, irrigation

Comparator ~ Alternative pathways of exposure

Outcome Pathways responsible for disseminating resistance, human health

Two secondary questions were also addressed using evidence gathered for the primary
question, limited searches for evidence relevant to the secondary questions and expert
opinion:

1. What are the factors affecting the transmission of AMR and ARGs from the water
environment into humans? E.g. exposure times and frequency, physical conditions in the
environment etc.

2. What evidence is there that exposure to the pathways is contributing to clinical infections
that cannot be treated with existing antibiotics?

Evidence for horizontal gene transfer (HGT) in the context of environmental dissemination or
environmental transmission to humans was also originally included as a secondary question,



but it was eventually decided to exclude this complex question from the REA, and instead
just list in a separate file any potentially relevant articles that were found incidentally.

Conceptual model

Figure 1 illustrates how ‘resistance’ flows from different sources and pathways into the
aquatic environment and subsequent pathways of exposure to humans. These pathways of
exposure to humans such as drinking water, water based recreational activities, consumption
of shellfish from aquaculture, irrigation water (e.g paths: 1b, 2b, 4b) and other pathways
detailed in the scope section (e.g. animal transmission) were the focus of this REA.

Figure 1. Systems map of antimicrobial resistance and antibiotic resistance gene flows

Systems Map AMR/ARGs Flows

Source 1 Source 2 Source 3 Other
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Scope

All retrieved studies were assessed for relevance using inclusion criteria developed in
collaboration with funders and subject experts as follows:

Relevant subjects: Studies that investigate pathways responsible for disseminating

‘resistance’ from the aquatic environment into humans, including drinking water, water based
recreational activities (e.g. surfing, diving, kayaking etc), bathing waters, human

consumption of crops irrigated with river water/treated waste water and human consumption
of shellfish meat or fish from aquaculture (but not in fish/shellfish imports from excluded
countries) — see exposure list below. Subjects for the secondary questions included factors
affecting transmission into humans (e.g. exposure times and frequency, physical conditions in
the environment etc.), studies showing that exposure to pathways is contributing to clinical
infections that are resistant to antibiotics and evidence for HGT in the context of
environmental dissemination or environmental transmission to humans.

Relevant types of study: Primary research and clinical case studies. Relevant reviews and
modelling studies were collated and listed in a separate appendix as additional information.
Reviews were screened for relevant studies to ensure they have been collated in the searches.

Population: Antimicrobial resistance, antibiotic resistance genes, antibiotic resistant bacteria,
antibiotic resistance

Exposure: Drinking water, recreational activities such as swimming, surfing, diving and
kayaking conducted in natural bathing waters, human consumption of crops irrigated with
river water/treated waste water, human consumption of shellfish meat or fish from
aquaculture, occupational pathways into general population (such as farmers and waste water
treatment workers who have contact with water), waterborne and airborne (aerosol)
transmission, animal and protist transmission.

Outcomes: Pathways responsible for disseminating resistance, human health, factors affecting
the transmission of AMR and ARGs; exposure pathways contributing to clinical infections
that are resistant to antibiotics

Geographical limits: Countries that are members of the Organisation for Economic Co-
operation and Development (OECD): Australia, Austria, Belgium, Canada, Chile, Czech
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Israel, Italy, Japan, Korea, Latvia, Luxembourg, Mexico, Netherlands, New Zealand,



Norway, Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey,
United Kingdom, United States.

Language: Studies published in the English language
Date of Publication: No date restrictions

Method

The REA was conducted following the Authority/NERC guidelines for the production of
Quick Scoping Reviews and Rapid Evidence Assessments (Collins etal., 2015).

Search keywords

Search terms were formulated by the review team and the Authority. A scoping search was
performed to validate the methodology. Keywords were tested for specificity and sensitivity
using the online database I1SI Web of Knowledge (core collection). Wildcard (*) were used
where accepted by the database/search engine to pick up multiple word endings. For example
*water* picks up water, waters, freshwater etc. Table 2 shows the keywords and qualifiers
used in the searches. A full list of keywords and qualifiers used for each online database
searched is given in Appendix 1.

Table 2 shows keywords and qualifiers used in the literature search.

Population keyword Exposure qualifier Additional qualifier
"antimicrobial resistance" river* *health
“antibiotic resistan*” aquatic irrigate* crop*
marine aquaculture*
sea shellfish*
lake* sport*
pond* bathing
*water* drinking
estuar* farmer*
stream worker*
transmission
wild animal*
colonis*
microbiome
carriage
exposure
recreation
Searches

A comprehensive search was undertaken using multiple information sources to capture an un-
biased sample of literature. The search strategy was developed to identify both published and
grey literature.



Online literature databases, search engines and websites of relevant organisations (identified
by experts) were searched with keywords to identify relevant literature. Database and
repository searches were conducted in the English language. The searches endeavored to be
as thorough as possible within the limitations of the timescale of the REA. Recognised
experts were asked for further recommendations and for provision of relevant unpublished
material.

Online sources searched to identify relevant literature:
Academic databases:

Science Direct [http//www.sciencedirect.com]

Thomson Reuters Web of Science Core Collection [http://ipscience.thomsonreuters.com]
Wiley Online [http://onlinelibrary.wiley.com]

Pubmed [http://europepmc.org]

CAB abstracts [http//www.cabi.org/]

Greenfile [EBSCOhost www.greeninfoonline.com]

Ethos [http://ethos.bl.uk/Home.do]

DART-Europe E thesis [http//www.dart-europe.eu/basicsearch.php]

Organisational websites:

Defra online databases [https://www.gov.uk/government/organisations/department-for-
environment-food-rural-affairs]

NERC Open Research Archive [https://nora.nerc.ac.uk/]

Centre for Disease Control and Prevention [https://www.cdc.gov/]

Environment & Natural Resources Canada
[ttps://www.canada.ca/en/services/environment.html]

European Centre for Disease Prevention and Control
[http://ecdc.europa.eu/en/Pages/home.aspx]

European Environment Agency [http://www.eea.europa.eu/]

Public Health England [https://www.gov.uk/government/organisations/public-health-
england]

Medical Research Council [https://www.mrc.ac.uk/]

Umweltbundesamt [https//www.umweltbundesamt.de/en]

United Nations Environment Programme [http://web.unep.org/]

United Nations Environment Programme Mediterranean Action Plan
[http://web.unep.org/unepmap/]

United States Environment Protection Agency [https://www.epa.gov/]

World Health Organization [http://www.who.int/en/]

Search engines. The first 50 hits searched for relevant studies:
Google [http//www.google.co.uk]
Google Scholar [http:// scholar.google.com]

The results of each search term on each database was imported into a separate EndNote X7
library file. All the database libraries were incorporated into one library, recording the
number of references captured. Using the automatic function in the EndNote X7 software
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duplicates were removed. A record of each search was made to enable a re-run of the search
if needed. The following data was be recorded: date the search was conducted; database
name; search term; number of hits.

Study inclusion

Articles were screened for relevance by one reviewer, by applying study inclusion criteria

(relevant subjects, geographic area and date of publication etc.) detailed in the scope section
above. A list of key terms was also used to remove irrelevant literature and a record of these
terms is available in Appendix 1. EPPI Reviewer 4 software was used to screen the articles.

The number of articles included and excluded at each stage was recorded. The resulting
references were used to formulate a systematic map database.

Systematic map database

All primary researchand clinical case studies were mapped in an Excel file. The systematic
map database was used to describe the volume, nature and characteristics of the
research/evidence relating to this REA.

Reviews and theses relating to the REA and evidence for HGT in the context of
environmental dissemination or environmental transmission to humans were excluded from
the Systematic map database, but listed separately.

Critical appraisal

No critical appraisal was conducted in this REA due to the type of evidence collated, its
limited volume and highly heterogeneous nature.

Results
Review searching and screening

A total of 41,540 articles were identified through online searches for published and grey
literature and a further 5 articles identified by experts or through review screening. Forty
eight articles, comprising 49 studies were found to be eligible for inclusion in the REA. A
record of the number of hits from each database searched is available in Appendix 1. Figure 2
shows the literature included and excluded at each stage of the REA process. All 48 articles
included for mapping were found at full text and were summarised in an Excel database
(Appendix 2).

During title and abstract screening evidence for HGT in the context of environmental
dissemination or environmental transmission to humans was collated but not included in the
final REA, as it was decided this complex subject would be better address by a separate
review. A total of 94 articles of potential relevance to this topic were collated and a list of
these articles is presented in Appendix 2 as useful additional information for a future review.

Two theses and 12 reviews were identified and are listed in Appendix 2 as additional
information.
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Review statistics

Forty eight articles, comprising 49 studies were included in the REA consisting of a mixture
of observational cross-sectional (n=10), cross-sectional, controlled (n=3), case-controlled
(n=2), survey (n=26) and clinical case studies (n=8). Twenty seven studies were relevant to
the primary question, and 24 for secondary question 1. Two studies were relevant to both the
primary and secondary questions. No evidence was found for secondary question 2 but
studies included in the REA were used to discuss this question.

The literature gathered fell into 5 ‘pathways’:

1. Drinking water (Primary question n=5; Secondary question 1 n=3)

2. Seaor freshwater contact and aquatic recreation (Primary question n=7; Secondary
question 1. n=10)

3. lrrigation (Primary question n= 6; Secondary question 1. n= 1)

4. Seafood (Primary question n=6; Secondary question 1. n= 6)

5. Companion and wild animals (primary question n=3; Secondary question 1 n=2)

No studies were found that showed direct evidence that any of the pathways disseminated
‘resistance’ from the aquatic environment into humans. In lieu of these studies, evidence that
indicated a potential causal link between environmental exposure to ARB/ARGs and
infection/colonisation in humans was included.

The earliest study dated from 1975 and the most recent from 2017. Most articles were from
the US (n= 17) followed by Poland (n=4), Spain (n=4), UK (n=4), France (n=3), Australia
(n=2), Canada (n=2), Chile (n=2), Norway (n=2), Mexico (n=2), Turkey (n=2), Portugal
(n=1), Italy (n=1), Germany (n=1), Netherlands (n=1), Sweden (n=1).

With the exception of 2 studies, where the focus was tetracycline resistance and integrase
genes, all other studies focused on ARB. Organisms studied included Aeromonas sp. (n=4) in
particular Aeromonas hydrophila, Campylobacter jejuni (n=1), Escherichia coli,
Enterococcus sp. and Enterobacter sp. (n=13), Legionella pneumophila (n=1), Pseudomonas
sp. (n=2), Salmonella sp. (n=9) including Salmonella enterica and Salmonella Java,
Staphylococcus sp. (n=6) including Staphylococcus aureus, Vibrio sp. (n= 9) including Vibrio
parahaemolyticus and Vibrio vulnificus, Yersinia ruckeri (n=1), unknown (n=1).

Review synthesis primary question

Drinking water
Five studies were found linking colonisation/infection with consumption of drinking water.

Krovacek et al. (1989) describe the case of a young boy in Sweden (1.5 years old) who drank
from a well and had long term diarrhoea. Ampicillin, penicillin and erythromycin resistant A.
hydrophila was isolated from drinking water samples taken from the well. Once the boy
ceased drinking the well water his diarrhoea stopped. However, no samples were taken from
his stools to verify the well water was indeed the cause of his illness and other people and
animals drinking from the well showed no signs of infection.



Bayram et al. (2011) reported on an outbreak of S. enterica serovar Typhi in Turkey. Clinical
isolates were resistant to ampicillin, ampicillin/sulbactam, chloramphenicol, cefuroxime,
amikacin, gentamicin and trimethoprim sulfamethoxazole. The authors hypothesised that the
outbreak was probably caused by consumption of tap water contaminated with sewage.

An observational case-control study by The Campylobacter Sentinel Surveillance Scheme
Collaborators (2002) investigated factors associated with acquisition of a ciprofloxacin-
resistant C. jejuni infection in England and Wales. 55% of cases of Campylobacter infection
acquired abroad were ciprofloxacin-resistant compared to those acquired in the UK (10%).
Travel-associated ciprofloxacin-resistant infection cases were independently associated with
travel to Spain, Portugal or Cyprus and the consumption of chicken or bottled water. On the
other hand, in the UK this was associated with consumption of pre-cooked cold meats.

Coleman etal., 2012 carried out an observational, cross-sectional study and found the risk of
carriage of resistant E. coli was higher for users of water contaminated with resistant E. coli,
with 41% of individuals carrying a resistant strain of E. coli and 28% carrying a multidrug-
resistant strain. However, there were potential confounders in this study including households
with children in nappies and frequent handling of raw meat.

Finally, an observational cross-sectional study by Rosenberg & Hernandez Duquino (1989)
compared antibiotic resistant bacteria in mineral waters for purchase in Germany with clinical
isolates. Nine species of Pseudomonas were found in in mineral waters, with P. cepacia and
P. maltophilia showing the greatest antibiotic resistance. Similar resistance patterns were
found between mineral water and clinical isolates. The authors concluded that immune
compromised or chronically ill individuals should consider very carefully the consumption of
mineral water given the presence of antibiotic resistant species associated with nosocomial
infections.

Sea, brackish & fresh water contact & aquatic recreation pathways

Seven studies were found linking contact with sea, brackish or fresh water with
colonisation/infection.

Three of the clinical case studies reported Vibrio sp. and Aeromonas sp. infection following
wound exposure to sea, brackish or freshwater, with clinical isolates showing resistance to
specific antibiotics.

Fernandez and Pankey (1975) described a case where a man with ant bites developed Vibrio
sp. infection after paddling in seawater in the Gulf of Mexico. Although he was treated with
tetracycline and penicillin, he later died. Culture specimens indicated the organism was
similar to V. parahaeolyticus and was resistant to colistimethate in vitro. Joseph et al. (1979)
described an Aeromonas spp. infection (Aeromonas sobria and A. hydrophila) in the leg
wound of a scuba diver from US. The diver sustained a wound in brackish water and was
admitted to hospital following a dive in sea water the following evening. Both isolates were
resistant to ampicillin, carbenicillin, and cephalothin, but only A. hydrophila was resistant to
tetracycline in vitro. However, despite these results the patient’s infection responded to
tetracycline therapy. A. sobria and A. hydrophila were also isolated from water samples
where the infection took place and had the same biotype as those isolated from the infection
wound and were resistant to tetracycline. Gold and Salit (1993) reported a case of cloxacillin-
resistant A. hydrophila infection in a woman caused by micro-dermal abrasions after a



swimming incident in freshwater. The infection was subsequently treated successfully by
surgically draining the wound.

Two case studies reported on ingestion of seawater leading to infection, with clinical and
environmental isolates showing resistance to some antibiotics. Kelly et al. (1980) described a
case study from US where a resuscitated drowning victim on an intensive care unit later
developed pneumonia and septicaemia. Characteristics of lactose positive Vibrio sp. was
isolated from seputum and blood samples and seawater samples from the drowning site.
Environmental and clinical samples were similar and colistin-resistant. Goncalves et al.
(1992) described the death of a previously healthy young man in Portugal who went
swimming in the sea and subsequently died of A. hydrophila fulminant pneumonia. Bacterial
isolates from the patient were ampicillin, carbenicillin and cephalothin resistant.

In a case control study in Norway Sgraas et al. (2013) found that recreational swimming in
freshwater is a risk factor for community-acquired urinary tract infections caused by extended
spectrum beta-lactamases (ESBL) — producing E. coli.

Finally, a cross-sectional study conducted in the UK (Leonard 2016 unpublished) found that
regular surfers were at an increased risk of being faecal carriers of cefotaxime-resistant E.
coli (9.1%) compared to non-surfers (3.1%). Characterisation of these ARB revealed that the
majority of cefotaxime-resistant E. coli were harbouring the mobile resistance gene, blactx-wm,
and that many of these E. coli were the uropathogenic E. coli, ST131. Similar isolates were
also found in coastal bathing waters in the UK. However, the study could not provide
conclusive evidence that surfers were not colonised by CTX-M-producing bacteria before
exposure.

Irrigation

Three studies reported that serotypes of Salmonella sp. found in irrigation water were the
same as those found in outbreaks of infection.

Li et al. (2014) sampled irrigation pond water from vegetable produce farms between 2011
and 2013 in south eastern US. PulseNet patterns of some isolates were identical to strains
associated with an outbreak of Salmonella Thompson in 2010, 2012, and 2013, Salmonella
Enteritidis in 2011 and 2013, and Salmonella Javiana in 2012. Salmonella Newport isolates
of the multidrug resistant-AmpC (MDR-AmpC) phenotype were found, exhibiting resistance
to ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, and tetracycline (ACSSuT),
and to 1st, 2nd, and 3rd generations of cephalosporins (cephalothin, amoxicillin-clavulanic
acid, and ceftriaxone). These isolates had a pulsed-field gel electrophoresis pattern
indistinguishable from the patterns of the isolates from clinical settings. Clinically relevant
Salmonella Virchow isolate (C243), was also found and demonstrated reduced susceptibility
to kanamycin. Salmonella sp. prevalence varied with season and was significantly higher in
summer months possibly influenced by temperature and precipitation.

Martinez etal. (2017) characterised Salmonella sp. from rivers and irrigation channels in
Chile. Pulsotypes from seven Salmonella isolates (serotypes Enteritidis, Typhimurium and
Infantis) were identical to outbreak-associated clinical isolates and almost all isolates showed
a multidrug resistance phenotype. Frequency of detection was greater in rural compared to
peri-urban or urban areas.



Micallef etal. (2013) identified Salmonella Braenderup, S. Javiana and S. Newport from
irrigation water and S. Typhimurium from irrigation ditch soil from tomato farms in the US.
These serotypes have previously implicated in Salmonella outbreaks associated with tomato
consumption. There was widespread resistance to sulfisoxazole and some resistance to
ampicillin, cefoxitin, amoxicillin/clavulanic acid, and tetracycline. To the authors knowledge
at the date of publication all tomato-associated Salmonella sp. outbreaks reported by the
Centre for Disease Control have been caused by susceptible strains.

Two articles by the same author investigated occupational exposure to antibiotic resistant
bacteria in irrigation workers compared to office workers.

Goldstein et al. (2014) compared odds of colonisation with methicillin-resistant S. aureus
(MRSA), methicillin-susceptible S. aureus (MSSA), vancomycin-resistant enterococci
(VRE), and vancomycin-susceptible enterococci (VSE) between spray irrigation workers
using reclaimed water and office worker controls in the US. No significant difference was
found but number of study participants was low.

Goldstein et al. (2017) investigated antibiotic-resistant coagulase-negative staphylococcus
(CoNS) carriage in US spray irrigators exposed to reclaimed water compared to controls
(office workers). Spray irrigators were significantly more likely to be carriers of antibiotic-
resistant CoNS and methicillin-resistant coagulase-negative staphylococci (MRCoONS)
compared to controls. However, the authors could not confirm that antibiotic-resistant CoNS,
and MRCoNS originated from reclaimed water and the small number of subjects was a
limitation of the experiment. Due to the short duration of the study it was also not known
whether CoNS carriage influenced the risk of CoNS infection among the study participants.
The authors suggest that this relationship has not been fully explored in the literature and
therefore public health implications are unclear.

Seafood
Six studies were found linking seafood with infection.

Haenen etal. (2014) reported the case of a Dutch eel farmer who suffered a severe V.
vulnificus biotype 2 (ST 112) zoonosis from his infected eels. The biotype had resistance to
Cefox and intermediate resistance to Cefa but was treatable with other antibiotics. It was
hypothesised that skin injuries and change in the immune status of farmer led to the zoonosis.
Strains from the eels showed resistance to cefoxitin, and one strain showed increasing
resistance to quinolones, trimethoprim and with sulphonamide, and tetracycline. The authors
stated that “risk assessment and prevention are needed to protect farmers and processors of
eels as well as brackish-water and marine fish. Virulence testing of V. vulnificus strains is
recommended. Medics should be aware of the potential zoonotic risk of V. vulnificus
infections in our temperate geographical zone associated with indoor eel farming.” The
authors also highlighted the fact that at the time of publication human infections with V.
vulnificus were not yet notifiable in the Netherlands but they are in the US.

Fernandez and Pankey (1975) described the case of a man in Mexico who spiked himself on a
crab (shell) he was preparing to eat and the resulting Vibrio sp. infection was treated with
penicillin. Cultures showed Vibrio sp. that was resistant to colistimethate.



Hernandez-Diaz et al. (2015) conducted an epidemiological surveillance of V.
parahaemolyticus strains in both environmental (eg. sediment, seawater and shrimp) and
clinical samples (from clinical gastroenteritis patients who had eaten seafood and sought
health care during the period 2011-2013) in Mexico. The first Mexican outbreak of
gastroenteritis caused by pandemic V. parahaemolyticus strain O3:K6 was in 2004 with
further recurrent sporadic cases that have spread in that geographic area. Serovars O3:K6 and
06:K46 were identified in both environmental and clinical strains. 93.8% of strains were
resistant to ampicillin but sensitive to chloramphenicol (98.8%). However, multidrug
resistance significantly increased from 2004 to 2013. The authors concluded that the
pandemic O3:K6 clone has endemically established in the Pacific Coast of Mexico.

Dauros et al. (2011) investigated the genetic relationship, genotype dominance and antibiotic
resistance of V. parahaemolyticus intwo outbreaks from clinical and environmental sources
in Chile in 2005 and 2007. Antibiotic resistance was found to ampicillin, cephalothin,
cefoxitin, cefpodoxime, amikacin, streptomycin and kanamycin. The authors concluded
“These results suggest the persistence and dominance of a unique pulsed-field gel
electrophoresis (PFGE) clone of V. parahaemolyticus during 2005 and 2007, and the absence
of genetic elements that capture antibiotic resistance genes described in other species of
Vibrio.”

Grevskott etal. (2017) investigated antibiotic resistant rates in E. coli and other
Enterobacteriaceae isolates from marine bivalves in Norway. 38% of isolates were resistant
to at least one antibiotic and 5% were multi-drug antibiotic, with one isolate resistant to 15
drugs. The authors found that multiple-locus variable number tandem repeat analysis
(MLVA) profiles were associated with community-acquired E. coil strains causing
bacteraemia.

Martinez-Urtaza etal. (2006) investigated Salmonella serotype Paratyphi B isolates obtained
from shellfish and human infections in Spain for antibiotic resistance. The authors concluded
that there is a potential risk to the public of acquiring enteric fever linked to eating raw
shellfish. However, only two clinical isolates showed resistance to streptomycin out of any of
the antibiotics tested.

Companion and wild animals

Four articles investigated the risk that companion and wild animals in aquatic environments
pose to the dissemination of resistance to humans, three of which (Kirk et al., 2006;
OzFoodNet Working Group. 2004; Weir et al., 2012 - a systematic review) all reported the
same outbreak of S. Java infections (2003/2004) in Australia. Twenty two cases were
reported of which 82% had contact with fish aquariums during the incubation period.
Seventy-two per cent of cases were infected with strains that were resistant to ampicillin,
streptomycin, tetracycline, chloramphenicol, sulfonamides, spectinomycin. Households
affected reported high risk behaviours such as cleaning aquaria in sinks and 61% of cases
reported fish in aquarium had been sick or died in the week prior to their illness. S. Java was
also isolated from the water or gravel of 5 cases. The authors of these articles recommended
the public to wash hands after cleaning and feeding fish and avoid cleaning aquaria in sinks.

One study looked at transmission of methicillin-resistant S. aureus (MRSA) in between
humans and pilot whales at a rehabilitation centre in the US. Hower et al. (2013) sampled



human volunteers, whales, seawater, and sand from multiple sites at a marine mammal
rehabilitation centre, nearby recreational beaches, and a canal and analysed them for MSSA
and MRSA. The study identified a potential link between human and cetacean carriage of S.
aureus which may be shed into an environment by humans or pilot whales and subsequently
colonize or infect exposed new hosts. The authors concluded that “Future studies are needed
to include sampling prior to the animals direct exposure to potentially colonized humans to
determine the sources of S. aureus and subsequent risks to animals and people involved in
their care.”

Review synthesis secondary questions

What are the factors affecting the transmission of AMR and ARGs from the
water environment intohumans? E.g. exposure timesand frequency, physical
conditions in the environment etc.

Drinking water

The impact of rainfall on the occurrence of ARB was reported in four articles. Three articles
were related to drinking water and investigated ARB in karstic hydro systems (aquifer) in
France (Laroche et al., 2010; Flores Riberio etal., 2012 & 2014). Heavy rainfall and
increased turbidity resulted in elevated prevalence of ARB (E.coli & Pseudomonas sp.).
During turbid events Flores Riberio etal. (2014) isolated antibiotic resistant Pseudomonas sp.
from final drinking water and concluded that “Pseudomonas could be involved in the
dissemination of antibiotic resistance via drinking water during critical periods.” Rosenberg
& Hernandez Duquino (1989) also pointed out that people who are immunocompromised or
chronically ill are most at risk from infection by ARB.

Sea, brackish & fresh water contact & aquatic recreation pathways

Environmental factors that may affect ARB/ARG transmission from recreational fresh and
seawater to humans have not been directly proven, but may include season (Shaw et al.,
2014), weather (Haack et al., 2003), landscape (Haack et al., 2003), water depth (Hamelin et
al., 2006; Vignaroli et al., 2013), beach zone (Plano etal., 2013; Skdrczewski etal., 2014;
Mudryk et al., 2013) and re-suspension of sediments induced for example by recreational
activities, natural events or fishing (e.g. Vignaroli et al., 2013; Marion etal., 2015). These
factors are likely however, to be location specific, for example beach orientation (e.g. Haack
et al., 2003), seasonal influence of local sewage plants (e.g. Hamelin etal., 2006), and natural
(e.g. tidal currents) or local activities that increase re-suspension of sediments (e.g. Vignaroli
et al.,2013) or large recreational events (Marion etal., 2015).

Different types of water sport may also increase risk. Leonard et al. (2015) assessed the
amount of water ingested during different water sports (surfers, sea swimmers, divers and
kayakers) and combined this with water sampling data to estimate people’s exposure to
bacteria resistant to antibiotics. While only 0.12% of E. coli found in coastal waters and rivers
running into beaches were resistant to third generation cephalosporins, the authors stated that
this was enough to present a potential risk of exposure to water users. Those at highest risk of
exposure were surfers and sea swimmers due to their tendency to swallow more water.



Furthermore, as discussed above factors such as having an open wound or being wounded in
sea water or fresh waters can increase the likelihood of antibiotic resistant infection with
Vibrio sp. or Aeromonas sp. (e.g. Fernandez and Pankey., 1975; Joseph et al., 1979; Gold &
Salit, 1993).

Irrigation

Luo etal. (2015) found ARB in irrigation ponds in the USA, however they concluded that the
influence of rainfall is complicated as it may either dilute pathogen concentration or suspend
bacteria from sediments or pond banks making it available in the irrigation pond water.

Seafood

Very little evidence was found for the secondary question and seafood. Seasonal occurrence
of ARB in fish and shellfish was mentioned in 7 papers (Depaola, Peeler & Rodrick, 1995;
Martinez-Urtaza., 2004; Kayis et al., 2009; Barkovskii et al.,2010 & 2012; Lopatek et al.,
2015; Garrido-Maestu et al., 2016). The limited evidence was conflicting, and may be
influenced by differences in preferable conditions for particular bacterial species and the
impact of local conditions and sources of antibiotic resistance.

Lopatek etal. (2015) and Kayis et al. (2009) found a greater occurrence of ARB in the spring
and summer for shellfish in Poland (V. parahaemolyticus) and farmed rainbow fish in Turkey
(ARB including Y. ruckeri) respectively. Garrido-Maestu et al. (2016) sampled cultivated
mussels in Spain and found 78% of samples had a combination of tdh, trh and/or tdh/trh
virulence factors and resistance to erythromycin. In 52% of samples V. parahaemolyticus
possessed the ermB gene for resistance to erythromycin. No Vibrio cholerae (non-O1/non-
0139) or V. vulnificus was found between June and October and the authors stated this
reflected other researchers findings that there is low incidence of V. vulnificus and no
detection of V. cholera in summer months. V. parahaemolyticus was found during October
and September and again they stated that this was similar to other research that found higher
densities of V. parahaemolyticus during warmer months. The authors also stated that Vibrio
“abundance and distribution have been linked, to temperature and salinity, depending on the
pathogen, its habitat, and the geographical location and that “dissolved oxygen, chlorophyll
and plankton have also been found to be important in the ecology of vibrios.”

Martinez-Urtaza etal. (2004) found isolates of antibiotic resistant S. enterica serovar
Typhimurium varied in seasonal occurrence with some isolates exclusively detected in
summer months, whist others were found exclusively in winter months. Barkovskii etal.
(2012) investigated the occurrence of ARGs in pristine oyster reefs in the US and frequencies
varied with season between two estuaries. One estuary was positively correlated to water
turbidity, dissolved solids and potential water density and agricultural and municipal run off
were the source of the ARG. No correlation was found in the other estuary but the authors
suggested that there was ARG migration between the two estuaries possible due to physical
conditions (currents, tides, wind), or animal movement (fish, oyster larvae or waterfowl).

Companion and wild animals



One study found that prevalence of antibiotic resistance in small mammals had a seasonal
trend. Bennett (2004) investigated the role of wildlife as sources of resistance for domestic
animals and man in the UK and found that the prevalence of antibiotic resistant E. coli in
wood mice, peaked in late summer/early autumn, with atrough in late winter/early spring but
no evidence for such seasonality was found for bank voles. Water samples taken from a lake
bordering the mixed woodland where the study took place as well as puddles in the wood had
similar prevalence of resistance to those within the woodland.

Another study found a possible relationship between prevalence of antibiotic resistant
bacteria in marine mammals and algal blooms. Stewart etal. (2014) surveyed antibiotic-
resistant bacteria isolated from bottlenose dolphins in the US. Antibiotic resistant bacteria
varied temporally and an increase in one year may have been connected with a Karenia
brevis redtide harmful algal bloom. The authors suggested proliferation of antibiotic-resistant
bacteria may have occurred though increased quantities of decomposing fish in the water, or
through exposure to brevetoxins and that the associations between antibiotic-resistant and
harmful algal bloom events warrant further study. Some of the bacteria isolated were of
clinical importance e.g. MRSA.

What evidence is there that exposure to the pathways is contributing to clinical
infections that cannot be treated with existing antibiotics?

Clinical case studies (e.g. Fernandez & Pankey, 1975; Kelly etal., 1980; Goncalves et al.,
1992; Gold & Sailt, 1993) have shown occurance of specific antibiotic resistance, but in
every case, alternative antibiotics were available. However, environmental isolates have also
shown resistance to a range of front line antibiotics (e.g. Joseph et al., 1979; Micallef et al.,
2012; Lietal.,2014; Hernandez-Diaz et al., 2015; Grevskott etal., 2017). Shaw etal. (2014)
studied antimicrobial susceptibility of V. vulnificus and V. parahaemolyticus from
recreational and commercial areas of Chesapeake Bay and Maryland coastal bays. They
found that, whilst antibiotics recommended to treat adult Vibrio sp. infections were
susceptible, those recommended for paediatric treatment were not effective against some of
the recovered isolates. Sikora et al. (2017) isolated azithromycin resistant Legionella
pneumophilia froma sanatorium and concluded that therapeutic failures may be associated
with bacterial resistance. Furthermore, areview included in this REA as additional
information highlighted the risk of tap water to nosocomial transmission of antibiotic-
resistant Pseudomonas aeruginosa (Muscarella, 2004).

Conclusions
Primary question: ‘What pathways are most responsible for disseminating
‘resistance’ from the aquatic environment into humans?’

This REA found no studies showing direct causal evidence of a link between the pathways
investigated and transmission of ‘resistance’ into humans, but did find observational and case
studies that indicated a potential causal link between exposure to ARB/ARG through aquatic
pathways and colonisation/infection in humans (e.g. Coleman etal., 2012; Sgraasetal.,
2013; Leonard 2016 unpublished; Goldstein etal., 2017). The studies collated were highly
heterogeneous and low in volume and therefore it is not possible at present, to identify which



pathways are most responsible for disseminating ‘resistance’ from the aquatic environment
into humans.

For example, Authors of studies that compared the similarity of ARB/ARG from aquatic
environments to clinical isolates suggested that the similarities between environmental and
clinical bacteria could be due to transmission of ARB/ARG from environment to humans (eg.
Li et al., 2014; Hernandez-Diaz etal., 2015; Grevskott et al., 2017; Martinez et al., 2017).
but, the observational design of the studies makes causal links difficult to prove. Also
symptomatic bacterial infections associated with aquatic pathways are often sporadic in
nature, and mediated by numerous factors such as extreme heatwaves (e.g. Huehn et al.,
2014), seawater contact with open wounds (e.g. Joseph et al., 1979) or immune status (e.g.
Haenen etal., 2014) Itis therefore perhaps not surprising that the volume of evidence is
limited.

Other limitations of the research were study design, sample size, and existing confounders.
For example, many studies were cross-sectional, making it uncertain whether people were
colonised/infected prior to exposure (e.g. Kirk etal., 2006; Coleman etal., 2012; Hower et
al., 2013; Goldstein etal., 2014; Leonard 2016 unpublished). The correlative nature of the
studies suggested that there are transmission pathways but there was often insufficient
evidence to conclude this was actually occurring (e.g. Krovacek etal., 1989; Coleman et al.,
2012; Martinez etal., 2017; Leonard 2016 unpublished; Goldstein et al., 2017).

Whilst the ‘best quality’ evidence is likely to come from randomised controlled trials and
prospective cohort studies, antibiotic resistant (symptomatic) infections in healthy people are
likely to be rare, and so sample size would have to be impractically large. It may be possible
to look for other markers of infection such as gut or skin colonisation by resistant bacteria but
these conditions are probably asymptomatic and transient in the individual, although there
exists the potential to pass on resistant bacteria to other, vulnerable members of the
community. Studies to examine the effects of direct or indirect transmission to humans are
therefore difficult and potentially very expensive (Leonard et al., 2015) and possibly the
reason why these types of study are uncommon in the literature.

There is a large body of related research that has not been considered in this REA, but that
may also contribute to decision-making in this area.

Examples of research that does not provide evidence of dissemination into humans, but may
inform decision-making include:

e Research investigating the occurrence of AMR, ARB and ARG in the aquatic
environment, such as in fish, rivers, coastal waters, flood water, irrigation water and
irrigated food .

e  Evolution of clinically important AMR in the aquatic environment with increased
prevalence, and potential risk of transmission downstream of waste water treatment
plants (e.g. Amos 2013 unpublished; Amos et al., 2014).

e The identification of small mammals as potentially useful environmental sentinels of
AMR transmission from the aquatic environment into mammalian hosts. For example,
Furness et al. (2017) found proximity to a polluted water body increased the
likelihood of carriage of AMR E. coli in small mammals which excreted greater
numbers of AMR E. coli and a greater diversity of E. coli phylotypes, including



human-associated pathogenic strains. Carriage of cefotaxime resistant E. coli was also
only found in the small mammals associated with polluted water source.

e  Studies that show that bathers are at a significantly higher risk of experiencing a
variety of symptoms of ill health compared to non-bathers (e.g. Leonard unpublished
2016) and whilst resistance was not measured, experts have speculated that a subset or
even majority of bacteria will be resistant in some way.

In conclusion, there is evidence that diverse AMR/ARB/ARG are present in aquatic
environments/pathways, and the literature suggests that the human microbiome is linked with
microbial communities in these environments. It is therefore possible for people coming into
contact with these aquatic pathways containing ARB/ARG to become colonised and either
subsequently develop a drug-resistant infection, or pass on ARB/ARG to other members of
the community who are more vulnerable to developing drug-resistant infections (e.g.
immunocompromised individuals). If colonisation or infection by ARB/ARG is dependent on
the dose people are exposed to, then any factor that increases the abundance of ARB/ARG in
water bodies/seafood/irrigated food/companion animals/drinking water or factors that
increase the volume of water ingested (e.g. particular water sports such as swimming), would
increase the likelihood of developing colonisation/infection status. Likewise, the health and
immune status of the exposed individual might interact with these factors to mediate
infection. People with pre-existing injuries/wounds or those that sustain them in aquatic
environments and people who are immunocompromised or chronically ill are at greatest risk
of antibiotic resistant infection (e.g. Fernandez & Pankey, 1975; Joseph etal., 1979 Gold &
Salit., 1993; Haenenet al., 2014). Healthy people can usually fight off infection and do not
need antibiotics, but the elderly and young children may also be more susceptible. Many
authors highlighted that medical practitioners need to be aware of the bacterial infections
associated with the pathways in this REA not only in terms of diagnosis and treatment but
also in making recommendations to reduce risk to immunocompromised and chronically ill
patients.

This REA identifies a research gap that needs to be addressed to better understand the role of
these pathways in the spread of resistant bacteria to people and their impacts on human health
so that relevant authorities are better placed to develop effective strategies for dealing with
the risks.

Secondary questions

What are the factors affecting the transmission of AMR and ARGs from the
water environment into humans? E.g. exposure timesand frequency, physical
conditions in the environment etc.

The variables that lead to increased environmental exposure are to some extent independent
of AMR and so this literature will not have been searched for and collated in this review.
AMR exposure is a function of total microbial exposure and AMR prevalence in that
population.



Evidence not included in this REA has shown that high flow events increase ARGs and
faecal indicator organisms (FIOs) loads in streams, rivers, estuaries and coastal waters (e.g.
Wilkinson et al., 2006; Kay et al., 2008; Stapleton et al., 2008; Garner et al., 2017)
consequently affecting drinking, recreational and shellfish water protection. Mechanisms that
increase loads under these conditions are varied, including surface run off and its source (e.g.
Edwards et al., 2008) and the re-suspension of faecal indicator organisms (FIOs) stored in
sediments entrained into flowing water (e.g. Wilkinson etal., 2006).

As mentioned above, colonisation or infection by ARB/ARG is dependent on the dose to
which people are exposed. Factors that increase the occurrence of ARB/ARG and the volume
of water ingested, increase likelihood of developing colonisation/infection. It is therefore
prudent to ensure immersion and ingestion of water (and consumption of shellfish) is
minimised particularly during changes in flow conditions (e.g. Amos 2013 unpublished;
Wilkinson et al., 2006; Leonard et al., 2015). This is particularly relevant to some water
sports such as swimming and surfing where larger amounts of water are likely to be ingested
(Leonard etal., 2015). It should be noted that high flow events can also be artificially
induced for recreational sports, such as canoeing and white water rafting and the same
recommendations apply.

Other activities that increase the re-suspension of sediments such as dredging for shellfish
(e.g. Vignaroli etal., 2013) or large recreational events (Marion et al., 2015) have also been
shown to increase loads of ARB.

Local catchment conditions and mitigation measures in place to improve microbiological
standards are also likely to impact ARB and ARG transmission as are other local factors
mentioned previously such as beach orientation (e.g. Haack et al., 2003), seasonal influence
of local sewage plants (e.g. Hamelin et al., 2006) and tidal currents. It is difficult therefore to
provide blanket recommendation as advice would have to be tailored for specific locations.

Whilst evidence for water temperature increasing likelihood of transmission of ARB/ARG to
humans was lacking, there is evidence that some bacterial infections occur more frequently in
warm weather. For example, Gold & Salit, 1993 found Aeromonas sp. infections occurred
more frequently in warm weather; Huehn et al. (2014) reported that in Germany the
incidence of Vibrio sp. infections (usually related contact of seawater with wounds) increases
after extreme heatwaves and Vibrio sp. infection in the US shows a clear seasonal peak in the
summer (Yoder et al., 2008). Le Roux et al. (2015) in a recent workshop to investigate the
emergence of Vibrio sp. pathogens in Europe reported higher prevalence of human infections
followed regional climatic trends with outbreaks occurring during episodes of unusually
warm weather. Sea surface temperatures have increased in Europe and have been linked to
outbreaks of Vibrio-associated human illness caused by V. cholerae non O1-non-0139, V.
parahaemolyticus, and V. vulnificus in several European countries (Le Roux etal., 2015).
Lack of mandatory notification systems in Europe for Vibrio sp. associated illnesses,
however, prevents accurate estimates of the number of Vibrio sp. infections occurring (Le
Roux et al., 2015) and it is not known to what extent antibiotic resistance is an issue. Warm
saline environments with temperatures greater than 15°C favour the growth of Vibrio spp. and
it is speculated that warming of marine saline inland waters in Europe due to climate change
is likely to increase populations of Vibrio spp. and the risk of infection (Le Roux et al.,



2015). Furthermore, elevated water temperatures may also facilitate successful invasion of
pathogenic variants via food trade or wildlife (e.g. migrating birds) (Le Roux etal., 2015).

As mentioned above, factors such as having an open wound or being wounded in sea water or
fresh waters can increase the likelihood of antibiotic resistant infection with Vibrios sp. or
Aeromonas sp. (e.g. Fernandez and Pankey., 1975; Joseph etal., 1979; Gold & Salit, 1993)
and authors have highlighted that those most at risk from ARB are people who have a
compromised immune system or are chronically ill (e.g. Rosenberg & Hernandez Duquino,
1989).

What evidence is there that exposure to the pathways is contributing to clinical
infections that cannot be treated with existing antibiotics?

No evidence was found for this secondary question. This reflects current expert opinion that
the number of infections that cannot be treated with existing antibiotics resulting from any
type of exposure pathway, not just aquatic, is still rare (e.g. programmatically incurable
tuberculosis (Dheda et al., 2017)). However, clinical antibiotic resistance is an increasing
problem, there is evidence for the occurrence of antibiotic resistance in the aquatic
environment and some evidence suggesting evolution of clinically important AMR.
Moreover, experts speculate that that exposure outcomes will lead to increased gut resistome
in humans which is of major concern. This combined with albeit more limited evidence for
transmission of ‘resistance’ to humans suggests that the precautionary principle be followed
and that action to mitigate AMR/ARB/ARG contamination of the environment and
transmission pathways is needed now to prevent future problems arising.

Implications

Observational and case studies included in this REA indicate a potential causal relationship
between exposure to ARB/ARG through aquatic pathways and colonisation/infection in
humans. Factors that increase ingestion of water such as swimming and surfing, and the
health, and immune status of people are also likely to influence the risk of
colonisation/infection.

Overall, the evidence collated for the primary and secondary questions was highly
heterogeneous and low in volume making it impossible to identify which pathways are most
responsible for transmission into humans and difficult to make blanket recommendations to
reduce environmental exposure due to factors which are often location specific (e.qg. tidal
currents). The lack of direct causal evidence does not mean that transmission is not occurring
but rather that this type of evidence is difficult to obtain as the types of studies that generate
this data are often too complex to undertake, cost prohibitive or would be unethical to
perform.

The biology of AMR/ARB/ARG in the aquatic environment including the potential for
transmission through aquatic pathways to humans is a highly complex subject. The evidence
presented in this REA should be considered in combination with other evidence/components
of the topic (e.g. occurrence, evolution, and increasing clinical antibiotic resistance) when
considering implications for policy and practice. For example, a large amount of literature
was excluded from the REA that showed the presence of diverse AMR, ARB and ARGs in



aquatic pathways. The literature suggested that the human microbiome is linked with
microbial communities in these environments. It is therefore possible for people coming into
contact with these aquatic pathways to become colonised and either subsequently develop a
drug-resistant infection, or pass on ARB/ARGs to other members of the community who are
more vulnerable to developing drug-resistant infections (e.g. immunocompromised
individuals). When all the evidence is considered it suggests a precautionary principle be
followed and that action is needed to mitigate AMR/ARB/ARG contamination of the aquatic
environment and potential transmission pathways.

Implications for policy and practice

There is a gap in the knowledge base to fully understand:

o What pathways are most responsible for disseminating ‘resistance’ from the
aquatic environment into humans

o Which factors affect the transmission of AMR and ARGs from the water
environment into humans

Authors highlighted the following:

e Awareness about the risk of posttraumatic wound infection by bacteria from the sea,
brackish and fresh water (Joseph et al., 1979; Gold & Salit, 1993).

e Advice for people to wash hands after cleaning and feeding fish and avoid using sinks
to clean out aquaria (Kirk etal., 2006; OzFoodNet Working Group, 2004).

e Awareness that people with pre-existing injuries/wounds or those that sustain them in
aquatic environments and people who are immunocompromised or chronically ill are
at greatest risk of antibiotic resistant infection (Fernandez & Pankey, 1975; Joseph et
al., 1979 Gold & Salit., 1993; Haenenet al., 2014).

e Potential risks of water sports for transmission from the aquatic environment into
humans, especially those that are immersive/increase likelihood of water ingestion
(Leonard et al., 2015; Leonard 2016 unpublished).

e Lack of mandatory notification systems for some bacteria/bacterial infections in some
countries or states (e.g. Vibrio sp.) to understand the extent of the problem and guide
appropriate prevention messages (Le Roux et al., 2015; Yoder et al., 2008), (these
systems may not record antibiotic resistance but may help prevent infection).

e During heavy rainfall bacteria maybe involved in the dissemination of antibiotic
resistance via the aquatic environment (Riberio et al., 2014).

Implications for research

The following research gaps have been identified by this REA:



e Primary research to investigate how the natural environment spread ARB to the
human microbiome.

e Primary researchto understand the direction of transmission of ARB/ARG between
humans and the environment.

e Primary research to investigate the health effects of exposure to ARB/ARG in aquatic
environments, including transmission resistant bacteria to other (especially
vulnerable) members of the community.

e Epidemiological and numerical modelling studies, to fully understand the role of
aquatic exposure routes to assess real risk to human health.

e A review of the evidence to better understand to what extent does the transfer of
genes play a role in the spread of resistance and what are the implications of this to
human health.
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