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Abstract: Accessibility to abundant sources of high-quality water is integral to the production of safe and wholesome
fresh produce. However, access to safe water is becoming increasingly difficult in many parts of the world, and this
can lead to the production of fresh produce contaminated with pathogenic microorganisms, resulting in increased risk
of human disease. Water, an important raw material in the fresh produce chain, is used in considerable amounts in
many operations, including irrigation and application of pesticides and fertilizers, but also as a transport medium and
for cooling and washing in postharvest practices. In several reported outbreaks related to uncooked fruit and vegetable
products, water has been identified as a likely source of the outbreak. The present study, initiated by the ILSI Europe
Emerging Microbiological Issues Task Force in collaboration with 8 other ILSI branches and support of WHO/FAO,
was undertaken to review the status of, and provide suggestions for, consideration by different stakeholders on water and
sanitation and its impact on food safety and public health. A limited number of guidelines and regulations on water quality
for agricultural production are available, and many of them are still heavily based on microbial standards and (debated)
parameters such as fecal coliforms. Data gaps have been identified with regard to baseline studies of microbial pathogens
in water sources in many regions, the need for agreement on methods and microbial parameters to be used in assessing
water quality, the fate of pathogens in water, and their transfer and persistence on irrigated/processed produce.
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Introduction
Fresh produce (fresh fruits and vegetables) consumption has been

increasing worldwide for several decades (Leon and others 2009;
Betts 2014). The reasons are many, but key is the “healthy eating”
advice currently being promoted, where the “5 portions per day”
message is being widely advocated. Indeed even 7 portions a day
has been recently mentioned. The expansion of the fresh produce
market over recent years has resulted in a wide variety of fruit
and fresh produce being available throughout the year. There is no

MS 20141897 Submitted 14/11/2014, Accepted 13/2/2015. Authors Uytten-
daele, Jacxsens, and Holvoet are with Dept. Food Safety & Food Quality, Ghent
Univ., Ghent, Belgium. Author Jaykus is with Dept. of Food, Bioprocessing and Nu-
trition Sciences, North Carolina State Univ, Raleigh, N.C., U.S.A. Author Amoah
is with Intl. Water Management Inst.—IWMI, Ghana. Authors Chiodini and Rao
Jasti are with ILSI Europe, Intl. Life Sciences Inst., European Branch, 83 Ave. E.
Mounier, B6, B-1200 Brussels, Belgium. Author Cunliffe is with Dept. of Health,
Public Health, P.O. Box 6, Rundle Mall, 5000, South Australia. Author Korsten
is with Dept. of Plant and Crop Sciences, Univ. of Pretoria, 0002, Pretoria, South
Africa. Author Lau is with School of Chemical & Life Sciences, Nanyang Polytech-
nic, Singapore. Author McClure is with Mondelez Intl., Bayerwaldstrasse 8, 81737
München, Germany. Author Medema is with KWR, Watercycle Research Inst., Delft
Univ. of Technology, Postbus 1072, 3430 BB, Nieuwegein, The Netherlands. Author
Sampers is with Dept. of Industrial Biological Sciences, Ghent Univ. Campus Kortrijk,
Kortrijk, Belgium. Corresponding author (E-mail: publications@ilsieurope.be).

doubt that the consumption of increasing amounts of fresh fruits
and vegetables is beneficial to the health of the consumer (Dauchet
and others 2005).

Microbiologically, however, there can be some challenges in
the production of safe fresh produce (Betts 2014), which has been
accompanied by a rise in the number of produce-associated food-
borne disease outbreaks. In the United States between 1998 and
2007, fresh produce was involved in 684 outbreaks, resulting in
26735 cases of illness. Proportionally, this equates to 14.8% of
outbreaks and 22.8% of outbreak-related cases of all foodborne
illnesses in the Untied States. Salads, vegetables, and fruits were
linked to 345, 228 cases and 111 outbreaks, respectively (DeWaal
and others 2009; Olaimat and Holley 2012). There has also been
an increasing association of food-borne outbreaks with vegeta-
bles, juices, and other products in the European Union (EU).
These products represented 8.7% of reported outbreaks for which
a food vehicle was identified in 2010, versus 2.1% in 2009 (EFSA
2012). Based upon EU Zoonoses Monitoring data from 2007 to
2011, Foods of Non-Animal Origin (FoNAO) were associated
with 10% of outbreaks, 26% of cases, 35% of hospitalizations, and
46% of deaths (EFSA Panel on Biological Hazards (BIOHAZ)
Panel 2012). Trends in outbreak data on FoNAO are, however,
strongly influenced by very large outbreaks of considerable mor-
bidity and mortality, such as the 2011 verocytotoxigenic Escherichia
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coli (VTEC) O104 seed sprout outbreak in Germany. Even exclud-
ing this outbreak, FoNAO still caused 10% of outbreaks, 18% of
cases, but only 8% of hospitalizations and 5% of deaths in the EU
(EFSA Panel on Biological Hazards (BIOHAZ) 2012, 2013). In
2008, the World Health Organization (WHO) categorized leafy
green vegetables as the highest priority in terms of fresh produce
safety from a global perspective, as the most common produce
items associated with outbreaks were greens-based salads and let-
tuce (World Health Organization 2008b).

Fresh produce can become contaminated with microbiologi-
cal pathogens during production, at the processing/packing stage,
and/or during preparation. Unfortunately, the importance of each
of these different phases in the farm-to-fork continuum relative
to pathogen contamination is unknown. However, it is clear that
water is an important source of contamination, and over the years,
there has been particular interest in the role of irrigation waters in
this respect. Natural sources of water for irrigation include lakes
and rivers, collected rainwater, desalinated sea water, and deep
aquifers or shallow groundwater. The potential for microbial con-
tamination of these water sources varies significantly depending
on a variety of factors (Suslow and others 2003).

On an international scale, a particularly important factor when
considering the quality of water used in fresh produce primary
production is the availability of water resources, which is under
increasing pressure. There are many reasons for this. For exam-
ple, a growing population creates increased demand for water,
particularly in urban areas. Climate variability causes greater un-
predictability in precipitation, including periods of heavier rainfall
as well as drought. Where there is dependence on groundwater,
recharge often takes place at specific times of the year, so even
relatively brief changes in rainfall patterns can have long-term ef-
fects. Even in parts of the world where water is often thought to
be more plentiful (such as in India and South East Asia), there are
significant pressures on water resources (Shah and others 2014).

In addition to increased water scarcity, human settlements pro-
duce a significant amount of wastewater that is rich in organic
matter and which may be regarded as a resource if processed and
disposed of properly. In fact, more and more regions are consider-
ing using this source of water as a valuable addition to the natural
water resources available. Already wastewater reuse is practiced in
many parts of the world and some countries have extensive expe-
rience with this technology (E.P.H.C. 2006). An important use for
wastewater, after varying degrees of treatment, has been as a source
of water for crop irrigation. This practice also reduces the impact
of excess nutrients into surface waters and provides a source of
plant nutrients in addition to the water needed for a wide variety
of crops. This is practical particularly in water-stressed regions and
where the source of wastewater is reasonably close to where the
crops are grown.

Unfortunately, any water source can become contaminated with
microbial pathogens. This is well known for drinking water and is
the reason why efforts have been made over millennia to separate
wastewater containing human and animal fecal matter from sources
of drinking water. Consequently, a range of pathogens can also be
present in waters used for fresh produce production and process-
ing, and hence enter the food chain. Such hazards include both
human-specific pathogens such as Shigella spp., norovirus, hepatitis
A virus, Cyclospora cayetanensis, and zoonotic pathogens including
verocytotoxin-producing E. coli, Salmonella spp., Yersinia enterocolit-
ica, and Cryptosporidium. In addition, parasites such as tapeworms,
that are of little consequence for drinking water (unless present
inadvertently), are of major significance for food. While there are

some chemical hazards that are of significant concern for drinking
water, such hazards are not generally an issue for foods grown us-
ing irrigation waters. This document focuses on microbiological
issues. Its purpose is to discuss, in detail, the role of water quality in
the safety of fresh produce. Accordingly, we describe the following
areas:

� the epidemiological evidence supporting the role of water in
primary production or at harvest in pathogen contamination
and subsequent outbreaks of foodborne disease;

� the sources of water and methods used for irrigation during
crop production and their impact on microbiological quality
or potential for acting as a contributor to microbial contami-
nation of fresh produce;

� the factors that impact survival of pathogens in water or in
irrigated soil and fresh produce;

� control measures and guidelines for the management of wa-
ter sources and water treatment, including microbiological
criteria, to ensure the safety of fresh produce; and

� the role of testing and sampling to ensure appropriate water
quality.

Fresh Produce and Microbial Food Safety Concerns
and Water

Interest in the safety of fresh produce has grown almost ex-
ponentially over the last decade. Several comprehensive review
articles have been produced, and the interested reader is referred
to some selected ones for further details (De Roever 1998; Siva-
palasingam and others 2004; Johnston and others 2006; Hanning
and others 2009; Leon and others 2009; Strawn and others 2011;
Oliveira and others 2012). This section briefly describes produce–
hazard pairs that have previously caused recognized outbreaks. The
associated epidemiological investigations, with a focus on water
serving as the source of contamination, will be described.

Pathogen contamination of fresh produce can occur at multiple
locations across the farm-to-fork pathway. While water is an im-
portant vehicle for produce contamination, it is not the only one.
With the exception of a few documented instances in which seeds
have been contaminated with pathogens, the production phase is
the earliest point at which fresh produce becomes contaminated
with pathogens. This phase includes the steps of planting, grow-
ing, irrigating, and other activities and treatments associated with
the production of the mature plant. Contamination of produce
at the production phase frequently occurs as a consequence of
exposure to contaminated water or soil. The former is of great
interest to this report and will be discussed in detail throughout
the article. Soil can be a source of contamination of crops if the
production site was previously used for animal production and in-
dustrial dumping, or if biosolids/sludge, manure, or animal waste
was applied as fertilizer or for waste disposal. Animal encroach-
ment (birds, mammals, reptiles, and so on) is another important
source of produce contamination preharvest, as is water runoff
from surrounding areas where animal feces contaminates the land.

Outbreak investigations are an important and challenging com-
ponent of epidemiology and public health and can prevent fu-
ture problems by identifying contamination sources and mitigation
strategies (Reingold 1998). Data availability on outbreaks associ-
ated with fresh produce, and in particular detailed information on
outbreaks and sources of contamination, are diverse and scattered.
Table 1 lists examples of commodities and pathogens that have
been reported in various foodborne outbreaks linked to fresh pro-
duce consumption. The most common produce items associated
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with these outbreaks have been leafy vegetables (spinach, lettuce,
and lettuce mixes or salads), herbs, sprouted seeds, tomatoes, and
berries. Cantaloupes, green onions, peppers, papaya, sugar snap
peas, and a number of other commodities have also caused out-
breaks. Just as there is a broad range of commodities associated with
foodborne illness, the list of foodborne pathogens is also exten-
sive. The biological hazards that dominate most reported produce-
associated outbreaks are either zoonotic or human in origin. The
most common zoonotic bacteria include Salmonella enterica (vari-
ous serotypes) and verocytotoxin-producing E. coli O157, whereas
outbreaks associated with Campylobacter jejuni and Listeria monocy-
togenes are relatively rare. Recently, however, L. monocytogenes has
been associated with one of the deadliest produce-associated out-
breaks, involving cantaloupe melons (Centers for Disease Control
and Prevention [CDC] 2011). Human-specific bacterial pathogens
such as Shigella spp. and other pathogenic E. coli (such as entero-
toxigenic E. coli) are included. In addition, some of the human
enteric viruses, particularly hepatitis A virus, human noroviruses,
and rotavirus, have caused outbreaks, as have the parasitic protozoa
Cryptosporidium and Cyclospora.

A portion of these foodborne illnesses associated with fresh pro-
duce originate from poor water quality used in the production or
postharvesting washing. For example, irrigation pond water was
responsible for a multistate tomato-associated Salmonella New-
port outbreak in the Untied States (Greene and others 2008).
Iceberg lettuce contaminated with E. coli O157 caused a large
outbreak in Sweden, probably due to river water used for irri-
gation. The organism contained vt2 genes, which on their own
may not be responsible for the outbreak but they are together
with other factors involved. However, the strain was only iso-
lated from cattle upstream (Söderström and others 2008). Agri-
cultural water was also the source of contamination in a na-
tionwide 2008 US outbreak of Salmonella Saint Paul in peppers
(Behravesh and others 2011). A more recent Enterohaemorrhagic
Escherichia coli (EHEC) outbreak in June 2013 in Sweden was
caused by fresh salad, components of which could have been con-
taminated by irrigation water, although this could not be con-
firmed (Edelstein and others 2013). Most recently (September
2013), a verocytotoxin-producing E. coli outbreak associated with
the consumption of watercress was attributed to either wildlife
entering the farm or contaminated runoff water (Public Health
England 2014).

However, identification of the implicated food vehicle and/or
the location of the point of food contamination in fresh produce-
associated outbreaks are recurrent challenges. In 2012, in the EU,
only 6.3% of 5363 outbreaks investigated had the same causative
agent identified in the food vehicle or food chain and in human
cases (EFSA 2014). Investigations of several Cyclospora outbreaks in
June–August 2013, associated with the consumption of contam-
inated iceberg lettuce, were still unable to identify the causative
agent (CDC 2013). But earlier reports from CDC in 2006 re-
ported that potential water issues may have been related to the
fresh spinach outbreak at that time which was attributed to surface
runoff from grazing areas onto cultivated fields, construction of
irrigation wells, depths to groundwater and groundwater–surface
water interaction, and direct use of surface water for irrigation
(CFERT and others 2007).

A major limitation of epidemiological investigation is that, in
many instances, the true source of contamination is never ascer-
tained and, in the absence of data, investigators can only speculate
or assume a source. Such is the case for water; many outbreak
investigations assume that the use of nonpotable irrigation water

just prior to harvest, or contaminated wash water, is responsible for
pathogen contamination of produce. There is substantial danger
in such assumptions, not just because they can be incorrect, but
also because there is evidence that once a particular transmission
pathway is identified, repeated outbreaks and investigations lead
to a bias in causation (Lynch and others 2009).

Criteria for reuse of treated wastewater in irrigation are specific
to a country or a region. In low-income countries, a range of
alternative safety practices such as cessation of irrigation prior to
harvesting, lowering of watering cans to reduce splashes from the
soil, furrow irrigation, and so on are recommended to safeguard
public health as much as possible in the local context (Keraita
and others 2010; Amoah and others 2011). It is also important
to note that the use of contaminated water in the dilution and
subsequent application of fungicides and insecticides can also pose
a significant microbial risk in a preharvest setting. Special attention
to water quality should be given when using delivery techniques
(for example, sprayers) that expose the edible portion of leafy
vegetables directly to water, especially close to harvest time (Codex
Alimentarius Commission 2003b).

Despite the vast amount of information in Table 1, these
reported outbreaks are likely underestimates of the real situation.
At national or international levels, an outbreak will receive
widespread attention if the event (i) creates serious impacts on
public health; (ii) is unusual or unexpected (the agent and/or pro-
duce type are unexpected, the circumstances of the outbreak are
unique); and/or (iii) poses a significant risk of international spread
with consequences for international travel or trade restrictions.
The latter criterion is also the one that the WHO’s INFOSAN
alert system follows to identify potential international food-related
events as threats to public health (World Health Organization
2008a; Rosenkötter and others 2014). In point of fact, many of
the smaller outbreaks are never investigated. Finally, and perhaps
most importantly, the vast majority of foodborne disease illness
cases occur sporadically in the population, and these are not at
all captured in routine epidemiological surveillance or outbreak
investigations (Scallan and others 2011). Hence, Table 1 is in no
way exhaustive, and much more information can be gleaned by
consulting other sources of information. Such sources include
the scientific literature, annual reports of national public health or
food safety agencies (CDC or FDA in the United States; ECDC,
EFSA, or RASFF in the EU, Food Standards Australia & New
Zealand, and so on), and reports of outbreak investigations and
epidemiological surveillance systems (such as Eurosurveillance,
MMWR, and others). Local news media and dedicated Internet
search engines (such as ProMedmail) are also information sources.

Most of the examples of fresh produce-associated outbreaks re-
ported in Table 1 originate from Europe, North America, New
Zealand, and Australia, as these locations have well-developed epi-
demiological surveillance systems; such systems are not available
in much of the developing world. It is also important to note that,
even for these countries, outbreak investigations may be biased or
may differ geographically as a function of capacity, organizational
structure, differences in trade flow, and so on. Outbreak data are
rarely available from developing countries due to the lack of well-
functioning surveillance and reporting systems. But it has been
shown in some countries such as Senegal, South Africa, Mex-
ico, and India that the quality of irrigation water and water for
washing to maintain produce freshness influences microbial qual-
ity (presence of fecal indicator organisms and pathogens) (Minhas
and others 2006; Ibenyassine and others 2007; Ndiaye and others
2011; Castro-Rosas and others 2012).
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Water Sources and Irrigation Methods Used in Fresh
Produce Primary Production

Agricultural practices, including types of crops produced, water
sources, and irrigation and harvesting practices, vary considerably
around the world. Table 2 provides a summary of agricultural
practices used in different geographical areas of the world. Clearly,
there is considerable variability here. Fecally contaminated irri-
gation water is certainly a possible, and sometimes likely, source
of pathogen contamination of fresh, ready-to-eat fruits and veg-
etables. Introduction of enteric pathogens from irrigation water is
associated with either the source/type of water or the irrigation
method (Brackett 1999; Steele and Odumeru 2004; Leifert and
others 2008). Different sources and qualities of water are used for
irrigation, with each of these having a different propensity to re-
sult in microbiological contamination of the crops. In addition,
the method of irrigation plays an important role in the mode
of contamination and transfer of bacteria, viruses, or protozoa to
produce. In this section, we summarize key issues associated with
water sources and irrigation methods applied at the fresh produce
production phase of the farm-to-fork continuum.

Irrigation water sources
Water used for irrigation may originate from multiple sources:

municipal water, rainwater, groundwater, surface water (open
canals, impounded water such as ponds, reservoirs, and lakes),
and wastewater (James 2006). The advantages and disadvantages of
each are summarized in Table 3. Naturally, municipal water is of
the best quality (but only available in some developed regions and
quite expensive), followed by groundwater, rainwater, and surface
water. The latter may or may not include discharges of treated
(or untreated) human or industrial wastewater. Because of the ac-
ceptable quality and low cost of groundwater, this source of water
is increasingly being used. However, the quality and sustainability
of natural groundwater reservoirs is threatened in some regions
by overabstraction. This results in the degradation of spring-fed
rivers, destruction of wetlands, and chemical and microbiological
contamination of the water (Krinner and others 1999; Reid and
others 2003). In (semi) arid areas, desalinated seawater or brack-
ish groundwater can also be used for irrigation purposes. Each of
these water categories varies in microbiological quality as detailed
below.

Rainwater or rain-harvested water is generally of relatively good
microbial quality, albeit somewhat variable and of quality less than
what is expected of potable water. The quality of rainwater de-
pends in part on the means by which it is collected or transported.
This can be illustrated with roof-harvested rainwater, which can
be contaminated with pathogenic bacteria and protozoan para-
sites because of the presence of bird, insect, and animal droppings
on roofs, especially immediately after relatively long periods of
drought (Burch and Thomas 1998; Ahmed and others 2002). Wa-
ter running off fields after heavy rainfall collects in lakes, rivers, or
basins and can be heavily contaminated with pathogens from soil
or fecal matter.

Groundwater (or borehole water) is generally of good mi-
crobial quality if infiltration of surface runoff is avoided (Burch
and Thomas 1998). There can, however, be large variations
between shallow groundwater and water from deeper aquifers.
Although groundwater usually contains less organic matter than
surface water, it may contain higher inorganic loads resulting in
unpleasant colors and odors. The depletion rates of groundwater
are accelerating worldwide, as evidenced by the fact that the rate
at which humans are pumping dry the vast underground stores

of water has more than doubled since the early 1950s (Asano and
Cotruva 2004; Foster and Kemper 2014). In general, borehole
water shows less variability in terms of microbial load than
rainwater (Steele and Odumeru 2004). Nonetheless, the potential
for groundwater contamination from surface events, such as
flooding or storm-related runoff from areas of concentrated
manure accumulation, manure lagoons, or sewage treatment
facilities, is well recognized (Oron and others 2001; Ibenyassine
and others 2007; Rai and Tripathi 2007). There also are concerns
based on well-water surveys and the prevalence of human illness
derived from enteric virus contamination in this water (Gerba and
Smith 2005; Pillai 1998). Thus, it is equally important to protect
groundwater resources from microbial contamination sources.

Surface water includes lakes, rivers, creeks, ponds, and springs
that come to the surface. Very often surface waters are con-
taminated due to discharges of (treated) wastewater, storm water
runoff, livestock or wildlife feces, and so on. Also, surface waters
show great variation in turbidity (Burch and Thomas 1998). More
specifically, lakes tend to have better water quality than rivers,
although lakes are also subject to surrounding sources of contam-
ination from river inflow. Rivers, streams, and creeks have unpre-
dictable water quality since activities upstream can rapidly change
the levels of contaminants entering the flowing water. When sur-
face water is used as the irrigation water source, drainage of con-
taminated water into the surface water reservoir can be avoided by
constructing ditches, buffer strips, retention systems, and drainage
systems. Potential overflow points should also be eliminated.

Seawater or brackish water, as with other surface waters, is
subject to industrial and municipal waste discharges and river or
stream runoff, possibly containing a wide range of human enteric
pathogens. There are some crops having high salt tolerance, such
as wheat and barley, and this property can be enhanced by selecting
and breeding, thus providing crop varieties that can be irrigated
with diluted seawater (Ghadiri and others 2006). However, in
nearly all cases, seawater needs to be properly desalinated (such
as seawater from which salt and other minerals are removed to a
certain degree) by thermal processes or reverse osmosis before use
in agriculture (Guler and others 2010). That process can achieve
significant reduction of microorganisms. Although the costs of
reverse osmosis membranes are high, the use of desalinated sea-
water might be economically feasible for high-value crops such as
greenhouse vegetables and flowers (Yermiyahu and others 2007).
Brackish groundwater (i.e., groundwater containing salt, but in
lower concentration than seawater) can also be applied for irri-
gation when desalinated. However, the fact that groundwater is
a limited resource, as opposed to seawater, should be taken into
consideration (Muñoz and Fernández-Alba 2008).

It is generally believed that the use of untreated wastewater
for irrigation presents significant health risks and, hence, is not a
recommended practice (Pedrero and others 2010). Wastewater is
usually of very poor physicochemical and microbiological quality
and, consequently, requires intensive treatment prior to use in ir-
rigation, unless other safety measures are in place when treatment
is not feasible. Unfortunately, wastewater used for irrigation is
often untreated or treated inadequately, particularly in developing
countries (World Health Organization and others 2000). For
example, it has been estimated that the percentage of effectively
treated wastewater was 14% in Latin America and the Caribbean,
35% in Asia, 66% in Europe, and 90% in North America (Carr
and Blumenthal 2004). Homsi (2000) estimated that only 10% of
wastewater is treated in developing countries, resulting in about
20 million hectares of irrigation with insufficiently treated or
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Table 3–Comparison between the different types of water sources used for irrigation.

Aspect Municipal water Groundwater Collected rainfall water Surface water

Definition (Codex
Alimentarius Commission
2003c; Jacxsens 2010)

Water of potable quality
offered by water companies

Water, seeped through from
the surface and present in
porous rocks below the
surface, shallow wells or
deep aquifers

Collected water from
precipitation (rain,
snow, . . . )

Water from a source that is
exposed to the environment
like rivers/canals/lakes/
open wells

Cost (example from one
European country, i.e.,
Belgium)

Capacity compensation +
approximately 3.3
euro/m3 (www.pidpa.be)

First 499 m3 are free of
charge, between 500 and
30000 m3, one m3 cost
around 0.08 € (VMM 2013)

Free Charging depending on the
surface water if >500 m3/y

Contamination sources Pipelines, biofilm Failing of septic systems,
leaking sewer lines and
from land discharge by
passage through soils and
fissures or interaction with
surface water (Fong and
others 2007; Hunt and
others 2005; Lucena and
others 2006; Steele and
others Odumeru 2004).

Dust, organic matter,
leaves, bird and animal
excreta on the
catchment areas (Evans
and others 2006;
Sazakli and others
2007).

Treated wastewater, discharge of
raw sewage, municipal
wastewater, storm-water
runoff, runoff from urban and
agricultural areas. Animals like
birds, farm animals, and even
humans are both indirect and
direct contributors to the
contamination (Geldreich
1991; Savichtcheva and others
Okabe 2006; Sliva and others
Dudley Williams 2001).

Weather impact – Heavy rainfall may lead to
changes in the direction of
water flow systems and
flow through channels that
would not normally occur
which could lead to
contamination (Hunter
2003).

Microbial profile found in
rainwater systems was
dependent on local
environmental
conditions and wind
speeds/directions
(Evans and others
2006). Rainfall after
longer dry periods
results in an increased
presence of bacteria in
the reservoirs (Schets
and others 2005; Yaziz
and others 1989). The
first flush of rainwater
carries most
contaminants into
storages (Yaziz and
others 1989).

Storms, tides, or strong winds
cause sediment resuspension,
bacteria will also resuspend,
resulting high bacteria levels in
the water column (Ahn and
others 2005; Bai and others
Lung 2005; Parker and others
2010; Stumpf and others
2010). An additional increase
in the numbers of organisms in
the surface water is obtained
due to heavy rainfall or storm
flow through sewage overflow
and surface runoff (Ahn and
others 2005; Astrom and
others 2009; Goyal and others
1977; Parker and others 2010;
Rechenburg and others 2006).

diluted wastewater (Raschid-Sally and Jayakody 2009; Scott and
others 2010). Municipal wastewaters generally contain pathogenic
enteric bacteria, viruses, and intestinal parasites. Primary and
secondary water treatment processes can eliminate 1 to 3 log10

units of enteric microorganisms with an additional reduction 1
to 3 log10 units achieved using tertiary treatments like filtration,
all also depending upon the exact treatments used and the type of
microorganism (bacteria, viruses, or protozoan (oo)cysts) (World
Health Organization 2006). However, high microbial numbers
might still be present in these purified wastewaters and additional
disinfection practices should be applied if further elimination is
required, as is frequently the case (Liberti and others 2000, 2001;
Dell’Erba and others 2004; Koivunen and Heinonen-Tanski 2005;
Falsanisi and others 2006). Treated wastewater is an increasingly
relevant water source for irrigation, as it offers a year-round
water supply and reduces the exploitation of natural sources,
in particular the slow-recharging water layer (Lopez and others
2006). Minimum requirements of good practice to protect the
health of the people using wastewater or excreta, or consuming
products grown with wastewater or excreta, are provided by the
WHO (World Health Organization 2006) and its more recent
Guidance Notes (World Health Organization 2010).

Worldwide, however, most irrigation water derives from 2
main sources: surface water or groundwater reserves such as
aquifers (Gleick 2000). In general, irrigation with surface water
is expected to pose greater risk to human health than irrigation
with water from deep aquifers drawn from properly constructed
and protected wells, largely because of the ability to prevent

animal fecal contamination and runoff water from adjacent fields
using the latter method (Suslow and others 2003). Most of these
water sources are naturally replenished by precipitation. The
exception to this is wastewater whose volume depends more
on the population size contributing to the pool of wastewater.
It is also important to note that different sources of water are
very often mixed to obtain sufficient volume needed for certain
water-intensive crop production settings and climatic conditions.
Surely in times of water shortage, sources must be mixed, but the
quality of the final water produced can vary and be unknown by
the user. The identification of source water, combined with the
definition of appropriate water quality, is vital to ensure the safety
of irrigated products (Stine and others 2005).

Irrigation methods
Irrigation methods vary (usually by region) and each method

may have its own potential to introduce human pathogens or, on
occasion, even promote human pathogen growth on the prod-
uct (Stine and others 2005). Irrigation methods range from very
simple manual practices in the developing world to more sophis-
ticated mechanical practices in the developed world. Commonly
used irrigation methods include watering cans and buckets, mo-
torized pumps with hosepipe (Obuobie and others 2010) (the
latter are usually used in Africa and other developing countries),
while sprinkler irrigation systems, irrigation by canals (furrows),
drip irrigation, hydroponic cultivation, and so on, tend to be used
in the developed world. Each irrigation method is discussed below
in some detail.
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Watering cans and buckets: small-scale farmers may use watering
cans and buckets to fetch and manually carry water, from a wa-
ter source, mostly shallow dug wells, streams, or dugouts, to the
fields, followed by watering of crops through the spout or shower
head of the can. This is, therefore, an overhead irrigation method.
When men use this method, they usually carry 2 watering cans
at a time, while the bucket system is mostly practiced by women
and children (IPTRID 2001; Keraita and others 2002). Farmers
using buckets and watering cans come in direct contact with water
mainly by stepping in it while fetching it, or from water splashing
on them while carrying it and during watering; highly contam-
inated water can present a health risk to the farmers themselves.
If the water is contaminated with microbial pathogens, the likeli-
hood for subsequent crop contamination is very high because of
the combination of an overhead application and a large surface
area.

Other surface irrigation methods include flood irrigation (water ap-
plied over the entire field to infiltrate the soil); canal or furrow
irrigation (water applied between ridges, for example, level and
graded furrows, contour furrows, corrugations, and so on); and
sprinkler irrigation (in which water is applied in the form of a spray
and reaches the soil more or less like rain, from travel sprinklers,
spray guns, portable and solid-set sprinklers, and so on). The flood
irrigation system results in complete coverage of the soil surface
with water and is normally not an efficient irrigation method. This
system can also result in contamination of root crops or vegetable
crops growing near the ground. Because it results in direct farm
worker exposure, more so than any other method, flood irriga-
tion poses the greatest health risks to both farmers and consumers
when contaminated irrigation water is used. Similarly, sprinkler
irrigation facilitates the contamination of ground crops (exposing
the edible portion of the produce directly to water, a particular
problem if applied close to harvest time), fruit trees, and farm
workers. Splashing of sprayers can create recontamination of the
crop surface from the soil (Marites and others 2010). In addition,
pathogens contained in aerosolized effluent may be transported
downwind and create a health risk to nearby residents (Fattal and
others 1987). Risk associated with spray irrigation may increase
if the irrigation event occurs immediately after a high wind lapse
(Barker-Reid and others 2009).

In subsurface irrigation, water is supplied through deep surface
canals or buried pipes beneath the root zone in such a way that
it wets the root zone by capillary action, whereas in drip irrigation
water is applied around each plant or a group of plants so as to wet
only the root zone and to limit the moisture to a relatively local
application. Relatively speaking, these methods certainly provide
the greatest degree of health protection for farm workers and con-
sumers, especially if the methods are automated. Drip irrigation
and well-maintained furrow irrigation also limit contamination
of leaf surfaces (Qadir 2008). Plants grown without soil, such
as in hydroponic systems, absorb nutrients and water at varying
rates, constantly changing the composition of the recirculated nu-
trient solution. Hence, water used in hydroponic culture should
be changed frequently or, if recycled, a water treatment method
should be applied.

The method of irrigation plays an important role in the transfer
of contamination to crops. It is important to note that irrigation
distribution networks are designed to meet peak demands, which
might create, in some parts of the network, low-flow conditions
that can contribute to the deterioration of microbial quality of
water. Also, maintenance of the water delivery systems is important
as biofilms can increase the contamination between the source and
the tap (Szewzyk and others 2000; Hallam and others 2001).

The most often applied systems of irrigation in professional crop
production and the advantages and disadvantages associated with
these different irrigation methods are summarized in Table 4. It
is clear that contamination and transfer of pathogens depends on
the irrigation method and on the nature of the produce (SCF
2002). Subsurface or drip irrigation lowers the risk of transfer to
growing plants compared to furrow and sprinkler irrigation, by
minimizing the exposure of the irrigated water to the produce
(Oron and others 2001; Enriquez and others 2003; Hamilton and
others 2006; Song and others 2006). Furthermore, subsurface or
drip irrigation lowers the risk of splashing of contaminated soil
on vegetables (Ntahimpera and others 1999; Pietravalle and others
2001; Girardin and others 2005; Franz and others 2008; Cevallos-
Cevallos and others 2012).

Pathogen contamination by irrigation water is of greatest con-
cern when irrigation is done right before harvest. For example,
water containing 2.5 log CFU Salmonella spp. was sufficient for
contamination and persistence of the pathogen on plants for at
least 48 h after spray irrigation (Kisluk and Yaron 2012). Other
studies have reported E. coli persistence after spray irrigation for
up to 27 days (Erickson and others 2010). Hence, unless the wa-
ter quality is well controlled and potable, spray irrigation is best
applied in the early stages of plant growth, thus maximizing the
opportunity for pathogen die-off.

Based on the above reflections, Table 5 demonstrates the risk
ranking of lower to higher risk of combinations of sources of
water with different irrigation methods and types of crop. The
highest risk of contamination can be attributed to the combi-
nation of raw/poorly treated wastewater to be used for surface
irrigation with watering cans as applied to low-foliar plants such
as lettuce or root crops such as onions or carrots. Ultimately, how-
ever, the type of irrigation method chosen by a grower depends
on several issues, including the groundwater depth, types of water
sources available, local cost of these water sources, cost of irriga-
tion equipment/infrastructure, soil type and slope, and crop type
or applicability of crop rotation(s) (Mena 2006).

The Behavior of Microbial Hazards in the Production
Environment

In considering microbial pathogen contamination of fresh pro-
duce, it is important to understand that, once the microbes are
introduced into water and via water into soil or plants, the fac-
tors impacting their ability to survive, and perhaps even grow,
under given climatic and environmental conditions or stages of
crop production are important. The ability of pathogenic organ-
isms to attach, survive, and grow on the surface of various fruit
and vegetables is dependent upon (i) the metabolic capabilities of
the pathogens themselves; (ii) the unique set of intrinsic factors
possessed by a particular produce item; and (iii) the extrinsic eco-
logical factors that naturally occur in or on the produce at various
stages of production, processing, distribution, and/or preparation
(Beuchat 2002). The survival of pathogens is important as it can
impact the likelihood of an outbreak (Fonseca and others 2011). In
general, the survival of pathogens in pristine water decreases with
increasing temperatures (Rhodes and Kator 1988; González and
Hänninen 2012). However, increasing nutrients and high organic
load can also increase survival. For example, the viable counts of
Campylobacter spp. decreased below detection limits within 5 days
at 25 °C and within a maximum of 70 days at 4 °C (González and
Hänninen 2012). Thomas and others (2002) found 18 times higher
decay rates for Campylobacter spp. at 20 °C. The survival of E. coli
O157 in surface water strongly decreased with increasing temper-
atures; it survived 8 weeks at 25 °C compared to 13 weeks at 8 °C
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Table 4–Comparison of the (dis)advantages of the different irrigation methods.

Aspect Canal/furrow irrigation Sprinkler/overhead irrigation Drip/subsurface irrigation

Definition (Eurostat 2003) Leading of water along the ground,
either by flooding the whole area
or leading the water along small
furrows between the crop rows,
using gravity as a force

Irrigating the plants by propelling
water under high pressure as rain
over the parcels

Irrigating the plants by placing water
low by the plants drop by drop or
with microsprinklers or by forming
fog-like conditions

Advantages (Ghassemi and others
1995; Verbeten 1998)

Low capital costs Suited for a wide range of slopes,
soils, and crops

Increased uniformity, soil structure is
preserved, water is saved because
of reduced evaporation and a
correct control of water quantities
and nutrients reaching plants is
possible

Avoidance of uneven penetration of
water and its subsequent waste

Correct control of water quantities
and nutrients reaching plants is
possible

Disadvantages (Ghassemi and others
1995; Verbeten 1998)

Uneven penetration of the water High initial cost of equipment High capital costs

Water application onto the field may
be uncontrolled

The higher operation costs compared
with surface irrigation

Obstruction of small drippers because
of water impurities

Not suited for all slopes and soils The need of a pumping plant and the
requirement of energy

Creation of an area of permanently
saturated or near-saturated soil
favoring the development of plant
or animal pests

Table 5–Levels of risk associated with different source waters, irrigation methods and crop types.

Level of risk Source watera Irrigation method Crop type

Lower
� Municipal potable water
� Groundwater collected from deep wells/bores
� Rainwater (collected in closed systems)
� Groundwater from shallow wells/bores

� Subsurface
� Drip
� Furrow

� Root crops (e.g., onions)
� Low foliar (e.g., lettuce)
� Off ground (e.g., tomatoes)

Higher Adequately treated wastewaterRainwater (collected in
closed systems)Surface waters in proximity to
animals/human habitationRaw/poorly treated
wastewater

� Spray
� Surface irrigation with watering

cans

� Fruit trees (e.g., apple, mango)
� Low foliar (e.g., lettuce)/root

crops (e.g., onions)

aFrom FAO/WHO Microbiological hazards in fresh leafy vegetables and herbs 2008.

(Wang and Doyle 1998). Salmonella spp. survived 24 weeks in fresh-
water microcosms at ambient temperature (30 °C) compared to
58 weeks at temperatures of 5 °C (Sugumar and Mariappan 2003).

After irrigation, the ability of enteric bacteria to survive in the
hostile environment of the phyllosphere is debatable. Stress con-
ditions on plant surfaces can restrict pathogenic bacterial survival
(Brandl 2006; Warriner and Namvar 2010). Enteropathogens can
adapt to the phyllosphere environment but may fail to compete
with indigenous epiphytes (Janisiewicz and others 1999; Brandl
and Mandrell 2002; Cooley and others 2006; Warriner and Nam-
var 2010). Between 30% and 80% of the total bacterial population
on a leaf surface is located in biofilms having an increased survival
rate (Morris and Monier 2003). Even if human pathogens can-
not produce homogeneous biofilms, they may become entrapped
in heterogeneous biofilms produced by nonpathogenic bacteria,
making them much more restive to stress conditions (Fett 2000).
However, it has been reported that E. coli O157:H7 may not pref-
erentially colonize biofilms produced by natural microbiota on
lettuce leaves (Seo and Frank 1999).

A number of key factors are likely to influence bacterial death
on the phylloplane, the most important being low humidity, high
temperatures, exposure to UV, and wind-mediated drying of the
leaf surface (Gras and others 1994; Hutchison and others 2008;
Moyne and others 2011; Oliveira and others 2012). The survival
and growth of certain enteric pathogens on plants depends on
the relative humidity (RH). Low RH has been proposed as one
of the main factors limiting survival of bacteria on plant surfaces

(Medina and others 2012; Oliveira and others 2012). For instance,
Salmonella spp. populations declined rapidly under low RH on
cilantro, whereas the organisms were able to grow on cilantro leaves
under humid conditions. Phylloplane bacteria are also efficient in
UV-induced DNA damage repair (Heaton and Jones 2008). En-
teropathogens encounter osmotic stress when passing through the
host gut, which may induce cross-resistance to stresses encoun-
tered on the leaf (Brandl 2006). Protection from environmental
stresses may be facilitated by movement into the internal tissue of
the plant. Enteropathogens in irrigation water can be taken up by
the root system, or via wounds or other structures such as stomata,
and enter the edible portion of the plant (Janisiewicz and others
1999; Seo and Frank 1999; Solomon and others 2002; Zhang and
others 2009). However, despite a lower survival of pathogens in the
field in the warmer seasons, there are higher chances of pathogen
introduction at these times (Fonseca and others 2011).

Several studies have examined the persistence and survival of
pathogens on lettuce through the application of irrigation water,
manure, or direct inoculation of lettuce with soil and manure.
Nevertheless, the comparison of data from individual studies is
difficult due to variability in experimental design and conditions,
plant species, cultivars, maturity at inoculation, bacterial strains
and their cultivation, and analytical methods (Delaquis and oth-
ers 2007). A summary of individual studies carried out with leafy
vegetables is provided in Tables 6 and 7. The tables emphasize
the big differences in experimental design between studies. Some-
times artificially high inoculation levels (5–9 log10 CFU/g or mL)
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were used, such as in experiments to investigate the use of con-
taminated compost and irrigation water on the ability for cross-
contamination, survival, and internalization of human pathogens
in soil or lettuce. Still, the survival of pathogens after application
of irrigation water or manure ranged from 1 day up to 2 months
on lettuce and more than 7 months in soil depending on inocula-
tion level and season (Hutchison and others 2005; Liu and others
2013). Survival of foodborne pathogens on produce is significantly
enhanced once the protective epidermal barrier has been broken
either by physical damage, such as punctures or bruising, or by
degradation by plant pathogens or spoilage organisms (bacteria
or fungi). These conditions can also promote the multiplication
of human pathogens, especially at ambient temperatures. Injured
cells and released cell fluids provide a nourishing environment
for microbial growth. Certain crop management practices and/or
extreme weather conditions (such as heavy rain, hail, or strong
winds) might influence tissue susceptibility for contamination and
internalization with foodborne pathogens by affecting plant phys-
iology, tissue structure, and microbial ecology.

Prevention and Control Measures for Irrigation
Water Quality

To ensure the safety of fresh produce, and simultaneously
safeguard the health of crop producers and their staff, a set of
guidelines, namely, Good Agricultural Practices (GAPs), have
been released. These good practices are defined at the international
level in the “Codex General Principles on Food Hygiene” (Codex
Alimentarius Commission 2003b), with guidance specific to fresh
produce production further developed in “CAC/RCP 53-2003
Code of practice for fresh fruits and vegetables.” This particular
Codex document provides explanations of good practices to
minimize the contamination of fresh produce during cultivation
and (post)-harvest practices. There are many suggested practices,
but, because of the importance of water as a potential source
of contamination, significant parts of GAP documents focus on
water. The Codex Committee on Food Hygiene guidelines for
control of virus contamination of food (Codex Alimentarius
Commission 2012) also recommends that efforts should be made
to use only potable or clean water (this is water quality that does
not affect the wholesomeness of the food) during production.
In parallel to the Codex Alimentarius documents, several
guidelines and quality assurance standards were developed for the
primary production of fresh produce on the initiative of national
competent authorities, fresh produce industry associations, or as
voluntary private standards and marketing agreements in the fresh
produce supply chain. For example, in the United States, there
are general and specific guidance documents provided by the
U.S. FDA (FDA 1998, 2009a, 2009b, 2009c, 2009d). Guidance
is also provided by specific commodity groups (United Fresh
Produce Association 2002, 2005, 2008 2010). GlobalGap is the
European retailers private collective standard set and also acts as an
organization for benchmarking other voluntary standards in agri-
cultural production (including fresh produce production) around
the globe enabling certification of GAPs (www.globalgap.org).
An alternative organization, SQF (Safe Quality Foods), initially
developed in Australia in the early 1990s and currently owned and
managed by the Food Marketing Institute in the United States, has
elaborated the SQF 1000 Code for primary production as a quality
assurance standard for certification of GAPs (www.sqfi.com).
Another quality assurance standard developed on a national
level is Integrated Chain Quality Management (ICQM) in Belgium
(www.vegaplan.be). The ICQM Standard applies specifically
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to agricultural crop production and horticulture and describes
the minimum requirements for producers and workers on good
practices to gain access to the high-value fresh produce market. In
Norway, KSL Matmerk is a private initiative providing guidance
and a quality system for agriculture. McDonald’s Corporation has
issued its own rigorous food safety standard for fresh produce pro-
duction, and there are many other private collective or individual
company-based standards and quality assurance programs available.
Some of the guidelines on use of water sources and prerequisites
on water quality and sampling and testing are shown in Table 8.

With regard to the legal framework demanding implementation
of GAPs, in Europe the EC Regulation No 852/2004 (European
Commission. 2004) on the hygiene of foodstuffs lays down general
hygiene requirements to be respected by food businesses at all
stages of the food chain, including at primary production. Thus,
there is a legal obligation to comply with requirements for good
hygiene practice and thus to prevent the contamination of food of
plant origin also at primary production. Some European countries
also have explicit legislation referring to the quality of water to
be used in primary production (for example, Spain) (Table 8).
In association with the U.S. FDA Food Safety Modernization Act
(FSMA), regulations that result in mandatory GAPs adherence will
inevitably be instituted, although these remain in developmental
stages at the time of this writing.

Overall, several preventive control measures can be practiced
on the farm in an effort to avoid microbial contamination of
irrigation water. Although it is impossible to completely prevent
and, if occurring, eliminate such contamination, careful attention
to controls can minimize risk. For a further review of the most
effective preventive measures and interventions, one is referred
to the above-mentioned Codex Alimentarius Commission
documents, the opinions issued in 2014 by EFSA on the risk
posed by pathogens in food of nonanimal origin (EFSA 2014) or
the review by Gil and others (2015).

As mentioned in many Codes of Practice for primary produc-
tion of fresh produce, the importance of selecting a high-quality
irrigation water source cannot be overemphasized. It is essential
that, on a regular basis, sanitary surveys of water reservoirs and
distribution systems are executed. These should focus on the in-
tegrity of surrounding protective structures, identifying potential
point source and nonpoint source confluences (such as drainage
into these systems). If the evaluation concludes that (human or an-
imal) fecal contamination of the water in a specific area is at levels
that may compromise the quality of the water and thus the safety
of crops, appropriate interventions should be taken. The most im-
portant intervention used to address pathogen risks in irrigation
water, if judged to be of insufficient quality, is water treatment.
Treatment methods correspond approximately to what is used
for sewage water treatment and include coagulation, flocculation,
filtration, and disinfection. Solar irradiation is also suggested to re-
duce the levels of pathogenic microorganisms in irrigation water.
Other options that have been considered to improve the microbial
quality of surface waters include sand filtration or storage in catch-
ments or reservoirs to achieve partial biological treatment before
use (Carr and Blumenthal 2004). Overall, it is recommended to
use a disinfection treatment if using water from open reservoirs
that are prone to human or animal fecal contamination (and thus
likely pathogen contamination). Disinfectant treatments of surface
or well water include chlorination, use of peroxyacetic acid, and
UV treatment. Ozonation has also been described as a possible dis-
infection treatment for irrigation water (Suslow and others 2003).
It can be difficult to choose the technology that is the best fit for a

specific situation, as the performance of the water treatment pro-
cess will depend upon physicochemical and microbial parameters
associated with the water to be treated. Selection of technology
will also relate to aspects including capital and operational costs,
complexity of the technology, required monitoring, and safety
issues (Van Haute and others 2013).

The Role of Testing and Monitoring in Ensuring Safe
Water in Fresh Produce Production

Some Codes of Practice demand growers to have the water
they use periodically tested for microbial contaminants. Depend-
ing on the type of water source and method of irrigation, mi-
crobial sampling may be recommended at different frequencies to
verify the functionality of good agricultural practices. Testing is
costly; if testing is applied, it is important that an agreement is
made on the frequency and location of sampling; the sampling
method and volume; the microbial parameters to be analyzed;
the method of detection or enumeration of these microbial pa-
rameters; the interpretation of test results, including specifications
and/or microbiological criteria; and the types of actions to be
taken upon noncompliance. At present, there is no widespread
agreement regarding the microbiological guidelines for irrigation
water. In most cases, actual pathogen contamination of waters and
fresh produce is probably quite rare, particularly in the developed
world. Furthermore, direct pathogen screening is expensive, time-
consuming, and difficult to interpret (Savichtcheva and Okabe
2006). Pathogens tend to be nonuniformly distributed in water,
which complicates the interpretation of negative test results. In
most cases, generic E. coli are used as indicator organisms, as their
presence relates to fecal (animal or human) pollution. Alternatively,
fecal coliforms may be used for this purpose. Total coliforms can
be analyzed to indicate failures in control measures. As operational
indicators, total coliforms may provide information on the ade-
quacy of water treatment and on the microbial condition of the
water distribution system at the point of application. It should be
noted, however, that the presence of total coliforms in the (tank)
water or the distribution system, without further discrimination,
is of no immediate public health significance. Nonetheless, the
presence of coliforms is still an indicator of inattention to “best
practices” and should prompt further actions, such as sanitary sur-
vey of the construction of the water network, the input to the tank
water, control of the water treatment, storage conditions, potential
for regrowth of microorganisms, and so on.

As the pathogens associated with fresh produce outbreaks are
almost always of fecal origin, a good indicator should correlate
with the presence of fecal contamination. Historically, a subset of
the coliforms, the fecal coliforms (those coliforms which ferment
lactose with the production of acid and gas within 48 h at 44.5–
45.5 °C in EC broth) have been most widely used in sampling and
testing of water quality for this purpose. The major genera repre-
sented in the fecal coliform group are Enterobacter, Citrobacter, and
Klebsiella, which are not always of fecal origin, although the ma-
jority of the fecal coliforms are strains of E. coli. A WHO world
survey indicated that most European rivers contain mean fecal
coliform counts of 1000 to 10000 per 100 mL (World Health Or-
ganization 1989). There are, in some countries or states, guidelines
on appropriate microbial quality specifications for surface water or
(treated) wastewater to be used for irrigation based on testing for
fecal coliforms (Table 9). Guidelines for microbial water quality of
surface water for irrigation are usually less stringent than those of
wastewater for unrestricted irrigation due to the assumption that
enteric viruses and other human pathogens are present in lower
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Table 9–Irrigation water quality guidelines and regulations.

Country/region Water type Regulation/guideline Criteriona,b Reference

Australia New Zealand c Irrigation water for nonfood crops
(trees/flowers): Secondary
treatment or primary
treatment with lagoon
detention

Guideline <1000 E. coli per 100 mL

Australia New Zealand Irrigation water for commercial
crops raw or unprocessed
(salads crops and spray
irrigation): Advanced
treatment to achieve total
pathogen removal required
(e.g., secondary, filtration, and
disinfection)

Guideline < 1 E. coli per 100 mL

Australia New Zealande,f Irrigation water for commercial
food crops: Secondary
treatment with >25 days’
lagoon detention and
disinfection

Guideline < 100 E. coli per100 mL

Canada All Guideline 1000 total coliforms per
100 mL

< 100 fecal coliforms per
100 mL

(Steele and others
Odumeru 2004)

Canada (Alberta) Surface water Guideline 1000 total coliforms per
100 mL

< 100 fecal coliforms per
100 mL

(Steele and others
Odumeru 2004)

Canada (British Columbia) All Guideline 200 fecal coliforms per
100 mL

77 E. coli per 100 mL:
< 20 fecal streptococci

per 100 mL

(Steele and others
Odumeru 2004)

Canada (Saskatchewan) Surface water Guideline 1000 total coliforms per
100 mL

< 100 fecal coliforms per
100 mL

(Steele and others
Odumeru 2004)

Italy (Treated) Wastewater Regulation 10 E. coli per 100 mL
Salmonellae absent in 100

mL

(Cirelli and others 2008)

Spain c (Treated) Wastewater Regulation 100 E. coli per 100 mL
< 1 nematode egg in10 L

(BOE 2007)

USA Surface water Guideline <126 E. coli per 100 mL (LGMA 2012; US
Environmental
Protection Agency
2003)

USA (Treated) Wastewater Guideline Fecal coliforms absent per
100 mL

(US Environmental
Protection Agency
2004)

California (USA) ? Regulation <2.2 total coliforms per
100 mL

Fecal coliforms absent

(Steele and others
Odumeru 2004)

WHO Wastewater Guideline <1000 fecal coliforms per
100 mL

<1 nematode egg per L

(Blumenthal and others
2000; World Health
Organization 2006)

aAll values per 100 mL, unless otherwise stated, TC = total coliforms, FC = fecal coliforms, EC = E. coli. bSpecifics of sample value calculation, such as geometric mean, minimal number of samples, period of
sampling, percentage of samples that may deviated from the target value, etc. are not mentioned here.cDirect contact of irrigation water with edible parts. dNo direct contact of irrigation water with edible parts.
eCrops with limited or no ground contact and eaten raw (e.g., tomatoes, capsicums)—drip irrigation and no harvest of wet or dropped produce. fCrops with ground contact with skins removed before consumption
(e.g., watermelons)—if spray irrigation, minimum 2 days between final irrigation and harvest.

concentrations in surface water (Gerba and Choi 2006); or in the
context of microbiological criteria, fecal coliforms in surface water
may originate from sources other than sewage or waste effluents,
which is certainly the case in hot climates.

Actually, with better detection methods available, E. coli is now
the indicator of choice for fecal contamination originating from
warm-blooded animals (including humans) (Mossel 1978, 1983).
The presence of generic E. coli provides evidence of an increased

likelihood of potential contamination of food or water by ecologi-
cally closely related pathogens. Holvoet and others (2014) showed
that the use of water with E. coli levels higher than 2 log10/100
mL needs to be avoided, as 42% of the water samples with values
exceeding this contained a pathogen (Salmonella or Campylobacter
isolates) or the presence of verocytotoxin genes (indicative of the
presence of pathogenic E. coligenes). This is contrasted to less than
10% if the value was below 2 log10 E. coli/100 mL. It has been
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suggested that monitoring of water quality in primary produc-
tion for fecal indicator organisms such as E. coli can help inform
farmers on deviations in good practices and situations that need
corrective measures, thereby contributing to the assurance of a
microbiologically safe product. This is especially the case since
detection of pathogens in water (or fresh produce) is not always
reliable for reasons described above, including statistical limita-
tions, leading to a false sense of security.

The limit of an E. coli criterion in water (or fresh produce) is
set according to what is generally obtainable when applying good
practices and is not a direct indicator of risk. However, an increased
number of E. coli cells (above the level normally observed) indicates
a higher degree of exposure to fecal contamination from pathogen
reservoirs and/or cross-contamination or growth (EFSA 2014).
But indeed the utility of E. coli screening is debatable with regard
to public health. For example, Ahmed and others (2010) found
that 12% of roof harvest rainwater samples had <1 CFU E. coli/100
mL but were positive for one or more pathogens.

It has been suggested that the enterococci perform better than
E. coli in terms of indicating fecal contamination and pathogen
presence in environmental waters (perhaps because they are more
environmentally persistent), although data are mixed (Kinzelman
and others 2003; Lemarchand and Lebaron 2003; Hörman and
others 2004; Harwood and others 2005). Alternative indicators
such as Bacteroides spp., Bifidobacterium spp., and Clostridium per-
fringens, as well as bacteriophages (for example, coliphage MS2 or
�X174 or Bacteroides fragilis phage B40-8) and adenoviruses, have
also been proposed. Again, there are no compelling data about
their utility to date.

The frequency of testing and the maximum allowed indicator
level are still points of debate. Sampling once or twice a year pro-
vides some information on water quality, but eventually a high
variability in the water quality, in particular for surface waters or
during the growing season, may occur. Overall, the frequency of
testing should depend upon the exact farm management and op-
eration practices and climatic conditions. For instance, borehole
water is less vulnerable to contamination and will demand less
frequent testing than open reservoirs (of course, depending upon
the construction of the reservoir). Furthermore, climate incidents
such as flood, runoff of storm water, and so on would by neces-
sity increase the frequency of testing. However, the presence of
an effective and well-operated water treatment system implies a
need for less frequent testing, which would be done merely for
verification purposes.

Future Perspectives: the Role of Risk Assessment
in Managing the Use of Water in Fresh Produce Pri-
mary Production

Guidelines and regulations dealing with microbial standards are
often empirically designed, based upon prior experience on what
is achievable under good practices, and has been shown to func-
tion by prior history and epidemiological evidence as appropriate
in protecting consumers’ health. But other strategies for man-
aging health risks may also be effective (Carr and Blumenthal
2004). For example, the latest guidelines by the World Health
Organization (2006) for use of wastewater in agriculture have
been revised substantially by replacing the fecal coliform guide-
line with health-based targets defined through attributable risk and
disability-adjusted life years (DALYs). As such, governments in de-
veloping countries have been given greater flexibility in achieving
these targets (World Health Organization 2006). These guidelines
are intended to be used as the basis for the development of na-

tional and international approaches to managing the health risk
from hazards associated with treated wastewater use in agriculture.
An example of implementation of this approach is illustrated in
the AGWR report (O’Toole and others 2010). This study showed
how to translate a health outcome target to performance targets
for water treatment, and irrigation and farming practices. It shows
how microbial risk assessment can be used in a regulatory frame-
work to guide food producers to the appropriate risk management
interventions (based on a combination of barriers) in the chain
from irrigated fresh produce to consumer. Another example is a
quantitative microbial risk assessment (QMRA) study elaborated
in Sweden by Ottoson and others (2011). The QMRA indicated
that reducing the maximum contamination level of irrigation wa-
ter from 4 log10 CFU to 2 log10 CFU E. coli/100 mL would lead
to a 5-fold reduction in verocytotoxin-producing E. coli illnesses
due to consumption of iceberg lettuce. Besides controlling the
microbiology of the irrigation water source, other recommenda-
tions could be made using this model, such as increasing the time
between irrigation and harvest. Specifically, cessation of irrigation
for, respectively, 1, 2, 4, and 7 days, which reduced the risk 3, 8.8,
and 18 times. However, depending on the weather conditions,
cessation of irrigation may not be possible in all cases.

Stine and others (2005) computed the maximum concentration
of Salmonella and hepatitis A virus (HAV) in irrigation water that
would result in a 10−4 annual risk of infection for individuals con-
suming different types of fresh produce that were irrigated under
different conditions. Their findings indicated Salmonella concen-
trations could range from a low of 1.5×102 CFU/mL to a high
of 7.2×106 CFU/100 mL for furrow-irrigated lettuce, depending
upon when the last irrigation event occurred (1 or 14 days before
harvest, respectively). Hamilton and others (2006) developed a mi-
crobial risk assessment (MRA) model to estimate the risk of enteric
virus illness when secondary effluent was used to irrigate horticul-
tural crops (broccoli, cucumber, cabbage, and lettuce). The model
computed the daily exposure based on the human body mass, daily
consumption, virus concentration in water, volume of irrigation
water deposited on the product, virus die-off, and time between
last irrigation and harvest. A dose-response model for rotavirus
was used as a proxy. Across the various produce crops, the annual
risk of infection ranged from a low of 10−9 to 10−3 when irriga-
tion using reclaimed water was ceased 2 weeks before harvest, to a
high of 10−3 to 10−1 when irrigation use was ceased 1 day before
harvest.

Few site-specific data points were available for most of these
MRAs, meaning that many assumptions were necessary. Specific
parameters lacking hard data included the rates of pathogen transfer
from irrigation water to crops, pathogen penetration in food crops,
and pathogen survival on or in food crops. Data on these factors
have been accumulating over the last decade, and this should im-
prove the reliability of future MRA estimates. However, the sheer
number of different fresh produce commodities and pathogens,
combined with water sources and irrigation practices in different
locations, means that developing risk models that can span the
breadth of fresh produce safety will be a considerable challenge.

Overall Conclusions
Outbreaks of foodborne disease associated with fresh produce

are not uncommon. The true disease burden is unknown due to
under-reporting, the impact of sporadic disease, and poor epidemi-
ological surveillance. There have been several outbreaks linked to
contaminated irrigation water. Many different sources of water and
methods are used for irrigation of fresh produce around the world.
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There are 2 main sources of irrigation water: (i) surface water or
treated wastewater (more prone to contamination and variable in
water quality); and (ii) groundwater reserves or collected rain-
fall water (less prone to contamination or more controlled water
quality if stored properly). Drip or subsurface irrigation limits
direct contact between edible plant tissue and irrigation water
(splashes) and thus is less likely to introduce pathogens than fur-
row or sprinkler irrigation. Codes of practice stress the importance
of the quality of the irrigation water source for ensuring safety of
fresh produce. A few general principles of preventive measures are
(i) regular execution of and response to sanitary surveys; (ii) main-
tenance of irrigation water reservoirs and distribution systems;
(iii) adequate water treatments to gain better water quality; and
(iv) fecal indicator tests to monitor water quality. These measures
are particularly helpful after climatic incidents. If working under
conditions of good agricultural practices, in most cases, pathogen
contamination of waters and fresh produce is expected to be an
infrequent and temporary event, so direct pathogen screening of
water (or produce) is likely to be ineffective. Nevertheless, this
might be different in regions or under conditions in which con-
taminated surface water or insufficiently treated wastewater is used
due to lack of access to clean water. Still, sanitary surveys and ob-
servational audits might also be more useful in these situations, as
testing alone should never be relied upon as a food safety man-
agement tool, but rather should complement existing strategies
(GAPs). An emerging alternative is the use of MRA to guide risk
management directions for effective pathogen control and to select
the most appropriate control measures to manage the use of water
in fresh produce production.
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González M, Hänninen ML. 2012. Effect of temperature and antimicrobial
resistance on survival of Campylobacter jejuni in well water: application of
the Weibull model. J Appl Microbiol 113:84–293.

Gorton M, Sauer J, Supatpongkul P. 2011. Wet markets, supermarkets and
the “Big Middle” for food retailing in developing countries: evidence from
Thailand. World Develop 39:1624–37.

Goyal, SM, Gerba CP, Melnick JL. 1977. Occurrence and distribution of
bacterial indicators and pathogens in canal communities along the Texas
coast. Appl Environ Microbiol 34:139–49.

Gras MH, Druet MC, Cerf O. 1994. Bacterial flora of salad leaves
[ready-to-eat raw vegetables, biofilm, decontamination, scarole, frisee,
chioggia]. Sci Aliment 14: 173–88.

Greene SK, Daly ER., Talbot EA, Demma LJ, Holzbauer S, Patel NJ, Hill
TA, Walderhaug MO, Hoekstra RM, Lynch MF. 2008. Recurrent
multistate outbreak of Salmonella Newport associated with tomatoes from
contaminated fields, 2005. Epidemiol Infect 136:157–65.

Guler E, Ozakdag D, Arda M, Yuksel M, Kabay N. 2010. Effect of
temperature on seawater desalination-water quality analyses for desalinated
seawater for its use as drinking and irrigation water. Environ Geochem
Health 32:335–9.

Hallam NB, West JR, Forster CF, Simms J. 2001. The potential for biofilm
growth in water distribution systems. Water Res 35:4063–71.

Hamilton AJ, Stagnitti F, Premier R, Boland AM, Hale G. 2006.
Quantitative microbial risk assessment models for consumption of raw
vegetables irrigated with reclaimed water. Appl Environ Microbiol
72:3284–90.

Hanning IB, Nutt JD, Ricke SC. 2009. Salmonellosis outbreaks in the
United States due to fresh produce: sources and potential intervention
measures. Foodborne Pathog Dis 6:635–48.

Harwood VJ, Levine AD, Scott TM, Chivukula V, Lukasik J, Farrah SR,
Rose JB. 2005. Validity of the indicator organism paradigm for pathogen
reduction in reclaimed water and public health protection. Appl Environ
Microbiol 71:3163–70.

Heaton JC, Jones K. 2008. Microbial contamination of fruit and vegetables
and the behaviour of enteropathogens in the phyllosphere: a review. J Appl
Microbiol 104:613–26.

Herwaldt BL, Ackers ML. 1997. An outbreak in 1996 of cyclosporiasis
associated with imported raspberries. N Engl J Med 336:1548–56.

Hoang LMN, Fyfe M, Ong C, Harb J, Champagne S, Dixon B,
Isaac-Renton J. 2005. Outbreak of cyclosporiasis in British Columbia
associated with imported Thai basil. Epidemiol Infect 133:23–7.

Holvoet K, De Keuckelaere A, Sampers I, Van Haute S, Stals A, Uyttendaele
M. 2014. Quantitative study of cross-contamination with Escherichia coli, E.
coli O157, MS2 phage and murine norovirus in a simulated fresh-cut lettuce
wash process. Food Control 37:218–27.

Horman A, Rimhanen-Finne R, Maunula L, von Bonsdorff CH, Torvela N,
Heikinheimo A, Hanninen ML. 2004. Campylobacter spp., Giardia spp.,
Cryptosporidium, noroviruses and indicator organisms in surface water in
southwestern Finland, 2000–2001. Appl Environ Microbiol 70:
87–95.

Hunt RJ, Coplen TB, Haas NL, Saad DA, Borchardt MA. 2005.
Investigating surface water-well interaction using stable isotope ratios of
water. J Hydrol 302:154–72.

Huong PTT, Everaarts AP, Neeteson JJ, Struik PC. 2013. Vegetable
production in the Red River delta of Vietnam. I. Opportunities and
constraints. NJAS-Wageningen J Life Sci 67:27–36.

Hussain I., L. Raschid, M. A. Hanjra, F. Marikar, W. van der Hoek. 2002.
Wastewater use in agriculture: Review of impacts and methodological issues
in valuing impacts. Working Paper 37. Colombo, Sri Lanka: International
Water Management Institute. ISBN 92-9090-472-0.

Hutchison ML, Avery SM, Monaghan JM. 2008. The air-borne distribution
of zoonotic agents from livestock waste spreading and microbiological risk
to fresh produce from contaminated irrigation sources. J Appl Microbiol
105:848–57.

Hutchison ML, Walters LD, Moore T, Thomas DJ, Avery SM. 2005. Fate of
pathogens present in livestock wastes spread onto fescue plots. Appl Environ
Microbiol 71:691–6.

Ibekwe AM, Shouse PJ, Grieve CM. 2006. Quantification of survival of
Escherichia coli O157:H7 on plants affected by contaminated irrigation water.
Eng Life Sci 6:566–72.

Ibenyassine K, Mhand RA, Karamoko Y, Anajjar B, Chouibani MM, Ennaji
M. 2007. Bacterial pathogens recovered from vegetables irrigated by
wastewater in Morocco. J Environ Health 69:47–51.

Insulander M, Svenungsson B, Lebbad M, Karlsson L, de Jong B. 2010. A
foodborne outbreak of Cyclospora infection in Stockholm, Sweden.
Foodborne Pathog Dis 7:1585–7.

IPTRID. 2001. Field guide on irrigated agriculture for field assistants.
Available from: ftp://ftp.fao.org/agl/iptrid/FieldGuideSourceFig.pdf.
Accessed 2014 September 25.

Islam M, Doyle MP, Phatak SC, Millner P, Jiang X. 2004. Persistence of
enterohemorrhagic Escherichia coli O157:H7 in soil and on leaf lettuce and
parsley grown in fields treated with contaminated manure composts or
irrigation water. J Food Prot 67:1365–70.

Jacxsens L. 2010. Autocontrolegids aardappelen, groenten en fruit
verwerkende industrie en handel. Versie 2 (in samenwerking met Belgapom,
Vegebe en Fresh Trade Belgium).

James J. 2006. Overview of Microbial Hazards in Fresh Fruit and Vegetables
Operations, in Microbial Hazard Identification in Fresh Fruit and
Vegetables. John Wiley & Sons, Inc. Hoboken. NJ. USA.

Janisiewicz WJ, Conway WS, Brown, MW, Sapers GM, Fratamico P,
Buchanan RL. 1999. Fate of Escherichia coli O157:H7 on fresh-cut apple
tissue and its potential for transmission by fruit flies. Appl Environ Microbiol
65:1–5.

C© 2015 Institute of Food Technologists® Vol. 14, 2015 � Comprehensive Reviews in Food Science and Food Safety 353



Microbial hazards in water . . .

Jiang HXL, Dian H, Chen ZL, Zhang L, Wang, XM, Chen JR, Liu YH,
Liao XP, Liu JH, Zeng ZL. 2011. High prevalence and widespread
distribution of multi-resistant Escherichia coli isolates in pigs and poultry in
China. Veterinary J 187:99–103.

Johannessen GS, Bengtsson GB, Heier BT, Bredholt S, Wasteson Y, Rørvik
LM. 2005. Potential uptake of Escherichia coli O157:H7 from organic
manure into crisphead lettuce. Appl Environ Microbiol 71:2221–5.

Johnston LM, Jaykus LA, Moll D, Anciso J, Mora B, Moe CL. 2006. A field
study of the microbiological quality of fresh produce of domestic and
Mexican origin. Intl J Food Microbiol 112:83–95.

Keraita B, Drechsel P, Huibers F, Raschid-Sally L. 2002. Wastewater use in
informal irrigation in urban and peri-urban areas of Kumasi, Ghana. Urban
Agr Mag 8:11–3.

Keraita B, Drechsel P, Konradsen F. 2010. Up and down the sanitation
ladder: harmonizing the treatment and multiple-barrier perspectives on risk
reduction in wastewater irrigated agriculture. Irrig Drain Sys 24:23–35.

Keraita B, Konradsen F, Drechsel P, Abaidoo, RC. 2007. Reducing
microbial contamination on wastewater-irrigated lettuce by cessation of
irrigation before harvesting. Trop Med Intl Health 12:8–14.

Khalil R, Gomaa M. 2014. Evaluation of the microbiological quality of
conventional and organic leafy greens at the time of purchase from retail
markets in Alexandria, Egypt. Pol J Microbiol 63:237–43.

Kinzelman, J., Ng, C., Jackson, E., Gradus, S. and Bagley, R. (2003).
Enterococci as indicators of Lake Michigan recreational water quality:
comparison of two methodologies and their impacts on public health
regulatory events. Appl Environ Microbiol 69: 92–96.

Kisluk G, Yaron S. 2012. Presence and persistence of Salmonella enterica
serotype Typhimurium in the phyllosphere and rhizosphere of
spray-irrigated parsley. Appl Environ Microbiol 78:4030–6.

Koivunen J, Heinonen-Tanski H. 2005. Peracetic acid (PAA) disinfection of
primary, secondary and tertiary treated municipal wastewaters. Water Res
39:4445–53.

Krinner W, Lallana C, Estrela T, Nixon S, Zabel T, Laffon L, Rees G, Cole
G. 1999. Sustainable water use in Europe: Part 1. Sectoral use of water,
Environmental assessment report. http://www.eea.europa.eu/publications/
binaryeenviasses01pdf/at_download/file. Accessed 2014 August 14.

Leifert C, Ball K, Volakakis N, Cooper JM. 2008. Control of enteric
pathogens in ready-to-eat vegetable crops in organic and low input
production systems: a HACCP-based approach. J Appl Microbiol
105:931–50.

Lemarchand K, Lebaron P. 2003. Occurrence of salmonella spp and
cryyptosporidium spp in a French coastal watershed: relationship with fecal
indicators. FEMS Microbiological Letters 218:203–9.

Leon JS, Jaykus LA, Moe CL. 2009. Microbiology of fruits and vegetables.
Microbiologically safe foods. John Wiley & Sons. Inc., Hoboken. NJ. USA.
p 255–90.

LGMA, Leafy Greens Marketing Agreement. 2012. Commodity specific
food safety guidelines for the production and harvest of lettuce and leafy
greens. Available from: http://www.caleafygreens.ca.gov/sites/default/
files/01.20.12%20CALGMA%20GAPs%20-%20metrics.pdf. Accessed 2014
September 25.

Liberti L, Notarnicola M, Lopez A. 2000. Advanced treatment for municipal
wastewater reuse in agriculture: III. Ozone disinfection. Ozone Sci Eng
22:151–66.

Liberti L, Notarnicola M, Boghetich G, Lopez, A. 2001. Advanced treatment
for municipal wastewater reuse in agriculture. UV disinfection: bacteria
inactivation. Aqua 50:275–85.

Liu C, Hofstra N, Franz E. 2013. Impacts of climate change on the microbial
safety of pre-harvest leafy green vegetables as indicated by Escherichia coli
O157 and Salmonella spp. Intl J Food Microbiol 163:119–28.

Lucena F, Ribas F, Duran AE, Skraber S, Gantzer C, Campos C, Moron A,
Calderon E, Jofre J. 2006. Occurrence of bacterial indicators and
bacteriophages infecting enteric bacteria in groundwater in different
geographical areas. J Appl Microbiol 101:96–102.

Lynch MF, Tauxe RV, Hedberg CW. 2009. The growing burden of
foodborne outbreaks due to contaminated fresh produce: risks and
opportunities. Epidemiol Infect 137:307–15.

Marites M, Tiongco N, Bidwell K. 2010. Risk analysis integrating livelihood
and economic impacts of wastewater irrigation on health. Wastewater
irrigation and health: assessing and mitigating risk in low-income countries.
London: Earthscan-International Development Research Centre. p 127–48.

Matmerk KSL. 2010. The Norwegian Agricultural Quality System and Food
Branding Foundation. Guideline 5. Vegetables, fruits, soft fruits and
greenhouses. Available from: http://www.matmerk.no/kunder/matmerk/
mm.nsf/lupgraphics/Rettleiar%205%20Gr%C3%B8nsaker,%20frukt,%20b%

C3%A6r,%20planteskule,%20blomstrar%20og%20veksthus%20-%20nyno.%
20-%202014.pdf/$file/Rettleiar%205%20Gr%C3%B8nsaker,%20frukt,%
20b%C3%A6r,%20planteskule,%20blomstrar%20og%20veksthus%20-%
20nyno.%20-%202014.pdf. Accessed 2014 October 30.

McDonald’s Good Agricultural Practices. Food Safety Standards. 2011. Issued
March 14, 2011 Version 8.3. By McDonald’s Worldwide Quality Systems,
60 pages

Mdluli F, Thamaga-Chitja J, Schmidt S. 2013. Appraisal of hygiene
indicators and farming practices in the production of leafy vegetables by
organic small-scale farmers in uMbumbulu (Rural KwaZulu-Natal, South
Africa). Intl J Environ Res Public Health 10:4323–38.

Medina MS, Tudela JA, Marı́n A, Allende A, Gil MI. 2012. Short postharvest
storage under low relative humidity improves quality and shelf life of
minimally processed baby spinach (Spinacia oleracea L.). Postharvest Biol
Technol 67:1–9.

Melloul AA, Hassani L, Rafouk L. 2001. Salmonella contamination of
vegetables irrigated with untreated wastewater. World J Microbiol
Biotechnol 17:207–9.

Mena KD. 2006. Produce quality and foodborne disease: assessing water’s
role. Microbial hazard identification in fresh fruit and vegetables. John Wiley
& Sons, Inc., Hoboken. NJ. USA. p 95–114.

Minhas PS, Sharma N, Yadav RK, Joshi PK. 2006. Prevalence and control of
pathogenic contamination in some sewage irrigated vegetable, forage and
cereal grain crops. Bioresour Technol 97:1174–8.

Mootian G, Wu WH, Matthews KR. 2009. Transfer of Escherichia coli
O157:H7 from soil, water, and manure contaminated with low numbers of
the pathogen to lettuce plants. J Food Prot 72:2308–12.

Morris CE. Monier JM. 2003. The ecological significance of biofilm
formation by plant-associated bacteria. Annu Rev Phytopathol 41:429–53.

Mossel DAA. 1978. Index and indicator organisms—a current assessment of
their usefulness and significance [food microbiology]. Food Technol Aust
30:212–9.

Mossel DAA. 1983. Marker (index and indicator) organisms in food and
drinking water. Semantics, ecology, taxonomy and enumeration. Antonie
van Leeuwenhoek 48:609–11.

Moyne AL, Sudarshana MR, Blessington T, Koike ST, Cahn MD, Harris LJ.
2011. Fate of Escherichia coli O157:H7 in field-inoculated lettuce. Food
Microbiol 28:1417–25.
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