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Health risk of enteric pathogens in water systems —
the indicator concept

Enteric pathogens are excreted in the faeces of infected humans or animals and may
contaminate water intended for human consumption (Figueras and Borrego, 2010).
There are many different enteric microorganisms that are known to infect humans.
These include bacteria such as Salmonella, Campylobacter, EHEC and Shigella. Also
viruses infect humans such as enterovirus, norovirus, rotavirus, adenovirus, Hepatitis
A and E virus. And parasitic protozoa such as Cryptosporidium and Giardia and parasitic
worms (helminths). Worldwide approximately 842,000 people are estimated to die
each year from diarrhoea as a result of consuming unsafe drinking-water, or through
poor sanitation and/or insufficient hand hygiene (Anonymous, 2016). While the risk
of outbreaks of waterborne diseases increases where standards of water, sanitation
and hygiene are low, outbreaks are not limited to the underdeveloped world. In
developed countries water treatment processes and regulations have greatly reduced
the transmission of pathogens through public drinking water supplies, but water
borne diseases still occur. A number of drinking water related outbreaks has occurred
in Europe. For example, in Spain during the period 0of 1999-2006, 413 outbreaks were
recorded thatinvolved 23,642 cases (Martin Granadoetal.,2008; Figuerasand Borrego,
2010). These outbreaks occurred despite specific legislation designed to prevent
them and the associated microbial control measures being carried out (Figueras
& Borrego, 2010). Between 2000 and 2007, 13 of the total 14 European reporting
countries (Belgium, Croatia, the Czech Republic, Estonia, Finland, Greece, Hungary,
Italy, Lithuania, Norway, Slovakia, Spain, Sweden and the United Kingdom) reported
a total of 354 outbreaks of disease arising from drinking water, resulting in over 47,617
cases of illness (Anonymous, 2009). Waterborne disease outbreaks still occur in the
United States too (Cutler and Miller, 2005). The US Centre for Disease Control (CDC)
reported 780 disease outbreaks associated with the consumption of contaminated
drinking water from 1971 to 2006, resulting in 577,094 cases of illness (Craun et al.,
2010). During 2011-2012, 32 drinking water associated outbreaks were reported to
the US CDC Waterborne Disease and Outbreak Surveillance System, accounting for at
least 431 cases of illness, 102 hospitalizations and 14 deaths (Beer et al., 2015). During
the same period 90 recreational water associated outbreaks resulting in 1788 cases, 95
hospitalizations, and one death being reported to CDC (Hlavsa et al, 2015).
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Chapter1

These data indicate that even in developed countries people may still get ill from
drinking contaminated water. To prevent infections from water borne enteric
pathogens, legislation in Europe, USA and other countries requires analysis of faecal
indicator bacteria (FIB) to determine the microbiological quality of drinking and
bathing water. Ideally, water should be analysed for the presence of enteric pathogens,
but analysing all possible enteric pathogens is time-consuming and costly, and
methods are not wide-spread. Since the common source of all of these pathogens is
faecal pollution, FIB have been introduced to evaluate the microbiological quality of
water. The detection of FIB plays an important role in the protection against infections
caused by enteric pathogens via water. It allows for relatively quickand easy monitoring
of microbiological water quality, indicating the level of contamination. It can also be
used to determine the extent of elimination of (bacterial) pathogens during water

treatment.

Indicator bacteria for faecal contamination of water

E.coliis globally most commonly used as microbial parameter for testing drinking water
quality. Besides Escherichia coli, Enterobacteriaceae family (coliforms), Enterococcus spp.
(enterococci) and Clostridium perfringens have been used for a long time as FIB, due to
their high incidence in the faecal matter of humans and warm-blooded animals and
duetheavailability of relatively fastand inexpensive methods to isolate and enumerate
theseorganismsfromwater. Their presenceinwaterindicates thatfaecal contamination
has occurred and that pathogens may also be present, when the faecal source (host)
was infected. Ashbolt et al. (2001) indicate that there is no universal indicator that
covers all pathogens, but a spectrum of indicators for bacterial, viral and parasitic
protozoans may cover most relevant pathogens of faecal origin. Different indicators
may serve different purposes, from assessing the level of faecal contaminationin source
or bathing waters, determining the efficacy of water treatment processes for different
types of pathogens, for assessing integrity of drinking water distribution networks, for
tracking faecal sources etc. The validity of the use of indicators for these purposes is
affected by differences in rates of removal or inactivation in water treatment processes,
survival in water and other matrices (Ashbolt et al., 2001). Furthermore, enteric illness
is not only caused by enteric bacteria, but may result from infection from pathogenic
viruses, protozoa or parasitic worms (helminths). The viruses and protozoa have
different environmental behaviour and survival characteristics than bacteria, which
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means that faecal bacteria are not always an adequate indicator of their presence or
absence (Medema et al., 2003a). The coliforms have been found to differ considerably
from faecal pathogens in occurrence and resistance to stress (Desmarais et al., 2002;
Harwood et al., 2005; Savichtcheva and Okabe, 2006). The occurrence of outbreaks of
viralillnesses associated with drinking water meeting the coliform standards indicated
that coliforms were an inadequate parameter to assess the virological quality of
treated drinking water (Berg and Metcalf, 1978; Petrilli et al., 1974; Melnick and Gerba,
1982). Waterborne outbreaks of giardiasis and cryptosporidiosis, which have been
reported in industrialised countries (Craun, 1990; MacKenzie et al., 1994; Craun et al.,
1998; Craun et al., 2010) have also demonstrated the shortcoming of coliforms as an
indicator for microbiologically safe drinking water. Groundwaters that are under the
influence of surface waters or other contamination sources (i.e. surface run-off) can
be contaminated with low levels of Cryptosporidium spp. and Giardia spp. (Hancock
et al,, 1997). They can also cause waterborne illness (Craun et al., 1998). Treatment
of these waters with desinfectant using chlorine alone offers no protection against
Cryptosporidium spp. and only limited protection against Giardia spp. (Medema, 1999).
Given the shortcomings of the faecal indicator bacteria to ensure safety, there was
a need of a more effective means for consistently ensuring the safety of a drinking-
water supply. As a result theWorld Health Organisation (WHO) proposed Water Safety
Plans (WSP's) in 2004. WSP's require a proactive risk assessment/risk management
approach, based on understanding the hazards and hazardous events that may occur
to a water supply system, and understanding of the efficacy of the control measures
to adeqautely address these hazards. This covers all steps in the water supply from
catchment to consumer, and ensures all controls are operating adequately by
monitoring the control measures (WHO, 2016). Faecal indicator bacteria still do have
a place in the WSP approach, in order to help in understanding hazards and controls,
and to verify the adequacy of the control measures (WHO, 2016).

Enterococci as faecal indicators

This thesis focuses on enterococci in the environment, the occurrence and behaviour of
different species of enterococci and their value as an indicator of faecal contamination.
Studies evaluating enterococci as faecal indicators of surface water quality have shown
that they have a strong correlation with swimming associated illness in both marine
and fresh water (Kay et al., 1994; Wade et al., 2010; Bonilla et al., 2010; Heaney et al

13




Chapter1

2012). Enterococci tend to persist longer in the environment than coliforms and are
less numerous than faecal coliforms and E. coliin human faeces, but are still sufficiently
numerous to be detected after significant dilution (Stevens et al., 2003).

Enterococcus species isolated from enteric and non-enteric
habitats

Enterococci are common inhabitants of the intestines of humans and animals. Faecal
contamination of water bodies will lead to the presence of enterococci in these water
bodies. There are several Enterococcus species. The use of different identification
techniques provided information on the occurrence and the incidence of particular
Enterococcus species in the excreta of different hosts. E. faecalis and E. faecium are
considered to be the most abundant enterococci in human faeces (Devriese et al.,
1994; Finegold etal.,1983; Noble,1978; Patel et al., 1998). Buta number of other species
including E. avium, E. hirae, E. durans, E. gallinarum, E. casseliflavus, E. mundtii, E. caccae and
E. raffinosus have also been isolated from human stools (Carvalho et al., 2006; Layton
etal., 2010).

Devriese et al. (1987) reported E. faecalis, E. faecium, E. hirae, and E. durans as the most
commonly isolated Enterococcus species from farm animals, however other species
have been found occasionally or in particular age groups such as E. cecorum in older
poultry (Aarestrup etal., 2002). E. avium, which was originally described as emanating
from human faeces (Cuthof, 1955) is common in chicken faeces (Nowlan and Deibel,
1967). In preruminant calves, the enterococcal flora mainly consists of E. faecalis, E.
faecium, and E. avium, but later this flora is gradually replaced by E. cecorum (Devriese,
etal.,1992a). Mostly E. faecalis and E. faecium, but also E. hirae and E. cecorum have been
found from the intestines of swine (Devriese and Haesebrouck, 1991; Devriese et al.,
1994). E. faecalis is also predominant in the intestinal flora of cats and dogs (Devriese et
al., 1992b). However other species including E. avium, E. raffinosus, E. durans, E. cecorum,
E. gallinarum, E. canis and E. canintestini (Devriese et al., 1992b; De Graef, et al., 2003;
Naser, etal., 2005) have been found in cats and dogs.

In faecal samples of wild birds E. faecium, E. durans, and E. gallinarum have been detected

(Silva, et al., 2011; Han, et al., 2011). Enterococci have been isolated also from wild
boars, partridges and fish (Liza ramada) (Almeida, et al., 2011), red foxes (Radhouani,
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et al., 2011) and wild rabbits (Silva, et al., 2010). The characterization of Enterococcus
species was however not reported in these animals.

A variety of insects, including beetles, flies, bees, termites, and worms have been
found to harbor enterococci (Martin and Mundt, 1972). A survey of Drosophila, Cox and
Gilmore (2007) found E. faecalis, E. faecium, E. gallinarum, and E. durans, and localized
them to the digestive tract. These findings were confirmed by other studies in which
Enterococcus casseliflavus, E. gallinarum, E. faecalis, E. faecium, and E. hirae were isolated
from insects (Macovei and Zurek 2006, Graham et al., 2009; Channaiah et al., 2010;
Ahmad et al., 2011). The study on enterococci in human, other mammalian and avian
faecal samples by Layton et al. (2010) suggested that no single species of Enterococcus is
reliable as an exclusive indicator of human faecal pollution.

Alongside the excreta of humans and animals, enterococci have also been isolated
from non-enteric environments. Some studies suggested that Enterococcus casseliflavus
and Enterococcus mundtii may be abundant in environmental reservoirs (such as on
plants) than other enterococcal species (Bahirathan et al., 1998; Ferguson et al., 2005;
Wheeler et al., 2002). Some studies demonstrated high numbers of enterococci on
flowering vegetation (Mundt, 1963), on forage crops (Mlleretal., 2001), on Cladophora
algae (Whitman et al., 2003), on beach wrack (Anderson et al., 1997; Grant, et al.,
2001; Imamuraetal., 2011), submerged aquatic vegetation (mostly Hydrilla verticillata)
(Badgley et al., 2010a; Badgley et al., 2010b) and decaying vegetation on both fresh
and marine beaches (Byappanahalli et al., 2003; Imamura et al., 2011). Enterococcus
species have been recovered from sand from freshwater and marine beaches (E.
faecium, E. casseliflavus, E. durans), and from marine sediments (E. faecalis, E. faecium, E.
hirae, E. casseliflavus, and E. mundtii) (Ferguson et al., 2005).

Numerous recently characterized Enterococcus species such as E. moraviensis, E.
haemoperoxidus, E. rotai, E. ureilyticus, E. aquamarinus, E. rivorum, E. silesiacus, E. ureasiticus
and E. quebecensis have been isolated from water (Svec, et al., 2001; Svec, et al., 2005;
Svecetal., 2006; Niemi, etal., 2012; Sistek, et al., 2012). Whether they are inhabitants
of warm-blooded animals is still unknown.
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Chapter1

Human health risk

All sources of Enterococcus in water, emanating from faeces of humans, livestock and
wild warm-blooded animals, may contain pathogens that can infect humans. The
risk of pathogen presence is the highest in human faeces. The subgroup named
‘intestinal enterococci’ (E. faecium, E. faecalis, E. durans and E. hirae), consisting of the
most frequently isolated species from human and animal faeces, has been separated
from other enterococci and suggested as being more specific for faecal pollution
(Anonymous, 2011). Note however, that the method used for “intestinal enterococci,” in
the European Union drinking and bathing water quality standards (ISO 7899: 2000-2)
is not only specific for just these four species; other species may also be isolated using
this method (Byappanahallietal., 2012a).

The human risk from water contaminated with wild animal faeces has been assumed to
be lower than from human faeces, because the probability of human pathogens being
present is highest in human faeces and in part because viruses, a common cause of
illnesses from exposure to faeces, are highly host-specific. For example, human enteric
viruses (such as noroviruses, hepatitis A and E viruses, rotaviruses and enteroviruses) in
water originate predominantly from human faecal material (Medema et al., 2003b).
Shigellaspp.isalsoresponsible formanywaterbornedisease casesandalarge proportion
of the deaths from waterborne disease (Traverso, 1996), and is almost exclusively of
human faecal origin. Therefore, several studies proposed that the identification of
human-specificenterococcal species or genotypes could aid in distinguishing between
human faecal contamination and other environmental sources of the organisms. It has
been suggested that E. faecium containing the enterococcal surface protein (esp) gene
may be human-specific (Scott et al., 2005), but esp-containing E. faecium can also be
found in aselected numberof animal hosts (Layton etal., 2009; Whitmanetal., 2007).
The ratio between enterococci and Escherichia coli, which has been suggested to be used
in order to indicate whether the contamination is from human or animal sources, is
considered unreliable (Paymentetal., 2003).

Human pathogens, such as Campylobacter spp., Salmonella spp. and Cryptosporidium spp.,
can be present in both human and animal wastes (Fenlon, 1981; Fayer et al., 1997). As
reviewed by Medema etal. (2003b), waterfowl, calves, and rodents have been described
as carriers of Cryptosporidium spp. and Giardia spp. Cryptosporidium spp. has additionally
been found in sheep, swine and poultry. Campylobacter spp. has been isolated from
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waterfow! and rodents, whereas Salmonella spp. has been isolated from cattle, pigs,
sheep and waterfowl (Medema et al., 2003b). Genotyping of environmental isolates is
important to determining the presence of genotypes that are pathogenic to humans,
especially in more pristine environments (Medema, 1999; Medema et al.,, 2009).
As reported by Chalmers (2012), most commonly associated species with human
cryptosporidiosis and their hosts are Cryptosporidium hominis (humans), C. parvum
(humans, ruminants) and C. meleagridis (homoiothermic animals: birds and mammals
including humans). Less common, C. canis (dog), C. cuniculus (rabbits, humans), C. felis
(cat), C. ubiquitum (various mammals) and C. viatorum (humans) are also associated with
human cryptosporidiosis. The human-infectious potential of many wildlife-adapted
Cryptosporidium is currently unknown and the UK outbreak caused by C. cuniculus
should serve as a caution against assuming that these unusual species and genotypes
are not significant (Chalmers et al.,, 2009; Robinson et al., 2011). Furthermore, one of
the more common forms of pathogenic Enterohemorrhagic E. coli (EHEC) O157:H7 and
other EHEC variants, are zoonotic pathogens associated with severe human illnesses.
Ruminants such as cattle are considered as the dominant natural reservoir (Muniesa
et al., 2006). Waterborne transmission of EHEC has been demonstrated in drinking
waterborne outbreaks (Craun et al., 2010), where drinking water was contaminated
with ruminant faeces (Hrudey et al., 2003; Olsen et al., 2016). Epidemiological data
alsoindicate a relationship between adverse health effects and swimming in nonpoint
source-affected waters (Haile et al., 1999).

Persistence and growth in non-enteric environments

Although enterococci are believed to originate from the enteric environment,
the occurrence of enterococci in non-enteric and apparently uncontaminated
environments challenges this belief. When enterococci are released from the
gastrointestinal tract of warm-blooded animals into secondary habitats, such as
environmental waters aquatic vegetation or sediment, they are subjected to a series of
bioticand abiotic stressors (sunlight, salinity, starvation, predation) that generally lead
to a decline in the enterococci concentration over time (Byappanahalli et al., 2012a).
However, many studies have clearly demonstrated the persistent nature and even the
growth of some Enterococcus strains in extra-enteric habitats. Whitman and colleagues
(2003) reported that the algal mats (Cladophora) collected along shorelines of southern
and northern Lake Michigan in the Great Lakes contained a significant source of E. coli
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and enterococci. In addition to these faecal bacteria, enteric pathogens such as Shigella,
Campylobacter, and Salmonella were also isolated (Whitman et al., 2003). The findings
of Whitman et al. (2003) have been confirmed by other studies of the Great Lakes
(Verhougstraete et al., 2010). The high densities of enterococci in fresh Cladophora
have been attributed to in situ growth (Byappanahalli et al., 2003). Enterococci grew
over 100-fold in undiluted algal leachate at 35°C in 24 hours, suggesting that algal
leachates (Cladophora) provide nutrients to sustain these bacteria (Byappanahallietal.,
2003). Although Cladophora is perennial in nature and it overwinters, leaving behind
scattered basal stumps, there have been no reports of residual enterococci or other FIB
surviving in these stumps under wintery conditions (Byappanahally et al., 2012a). In
laboratory studies, Badgley et al. (2010a) described that enterococci survived longer
and at much higher densities in mesocosms containing submerged aquatic vegetation
(SAV) thaninthose without SAV. Furthermore, the recovery of adominant E. casseliflavus
strain indicated that this genotype was likely adapted to this vegetation (Badgley
et al., 2010a). In other studies, enterococci have been isolated from plankton and
macro-invertebrates (Maugeri et al., 2004; Signoretto et al., 2004). Signoretto et al.
(2004) suggested that attachment to plankton contributes to the prolonged survival
of E. faecalis. Some studies further suggest that populations of enterococci might be
endogenous in sediments and soils and not exclusively of faecal origin (Byappanahally
and Fujioka, 2004; Desmarais et al., 2002). Where enterococci have been isolated
from fresh and marine water sediments (Ferguson et al., 2005; Obiri-Danso and Jones,
2000) and sand (Halliday and Gast, 2011; Yamahara et al., 2007), it has been reported
that some sediments, soils (Byappanahalli and Fujioka, 2004; Mote et al., 2012) and
beachsands (Yamaharaetal.,2007) mayalso harborenterococci. Rehydration has been
observed to promote growth of enterococci in extra-enteric environments. Whitman
et al. (2003) reported that enterococci survived in sun-dried algal mats stored at 4°C
for over 6 months and displayed the ability to grow to high concentrations (105CFU/g)
upon rehydration (Whitman et al., 2003). Similarly, Moriarty et al. (2012) observed
the ability of enterococci to replicate in pooled simulated Canadian goose faeces in
summer and winter. When initial enterococcal die-off was observed, between days 16
and 28, their concentration increased 10-fold which was associated with rainfall and
rapid (re)hydration of faeces (Moriarty et al., 2012). Studies conducted in beach sand-
filled columns found that transient growth of enterococci occurred after intermittent
wetting of sand (Yamahara et al., 2009). Similar observations were made in soil. In
one mesocosm study, densities of seeded E. faecalis remained nearly constant (6.0 log
CFU/g dry soil) for 8 days when the moist soil (35% moisture, corresponding to a 60%
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water-holding capacity) was allowed to desiccate (to the level of 12% moisture) under
laboratory conditions at a temperature of 25°C. E. coli densities, on the other hand,
declined drastically from 6.0 log CFU/g to 1 CFU/g in 4 days, but returned to the original
levels upon rehydration (Byappanahalli and Fujioka, 2004).

Although enterococci are relatively common in some tropical soils (Byappanahalli
etal, 2012b; Fujioka et al., 1999; Hardina and Fujioka, 1997), it has been argued that
soil environments provide the necessary niche for populations of FIB to survive, adapt,
and grow (Fujioka and Byappanahalli 2003; Ishii and Sadowsky, 2008; Winfield and
Groisman, 2003). Studies of growth characteristics in these environments are rather
limited (Byappanahalli et al., 2012a). An increasing concern is that enterococci and
E. coli may not be reliable faecal indicators in all climatic zones; therefore additional
alternative indicators (C. perfringens, coliphages) were proposed for these regions
(Anonymous, 2010b). The paucity of available nutrients may limit the growth of
enterococci in soil environments, however a likely habitat that provides conditions for
growth is the plant rhizosphere, where microbial activity is known to be several fold
higher than in the adjacent bulk soil (Sorensen, 1997; Byappanahalliet al., 2012a). The
activity of protozoa and nematodes that graze on bacteria also appears to be more
abundantin the rhizosphere (Anonymus, 2016a).

The replication of enterococci under natural conditions is likely to be limited
because of desiccation, the paucity of, and competition for, available nutrients and
other environmental stresses like UV sunlight, salinity, starvation, and predation
(Byappanahalli et al., 2012a). There is a need to characterize the range of conditions
(such as nutrients, moisture and temperature) under which these bacteria proliferate.
Little is known about the interspecies diversity regarding the ability of enterococci to
grow under certain extra-enteric conditions and the ability of pathogens to proliferate
under the same conditions. Such information might be useful for the evaluation
of different Enterococcus species as faecal indicators for water quality surveillance,
particularly in more pristine water environments.




Chapter1

Characteristics of enterococci and detection methods

Taxonomy

Enterococci are facultatively anaerobic, Gram-positive bacteria, able to grow in the
presence of 6.5% NaCl, 40% bile salt, at pH 9.6 and in temperatures ranging between
10°Cand 45 °C (Manero and Blanch,1999). According to The List of Prokaryotic Names
with Standing in Nomenclature (Anonymous, 2016b) there are currently 55 species
described belonging to the Enterococcus genus. The taxonomy of the enterococci has
changed considerably. The genus consisted of only 20 species at the end of the 20th
century, however numerous new species have subsequently been described as the
result of improvements in methods for differentiation (Euzéby, 2013).

Detection methods

In The Netherlands enterococci are usually isolated from water samples using
membrane filtration in combination with Slanetz & Bartley agar (SBA) according to
the standard method ISO 7899-2:2000 (Anonymous, 2000). This ISO method enables
the detection of the species that have been reported as the predominant intestinal
enterococci E. faecalis, E. faecium, E. duransand E. hirae (Anonymous, 2011), however many
other enterococcal species can also be detected using this method. The use of the ISO
method implies thatall typical colonies on SBA that are confirmed to hydrolyze esculin
in the presence of bile, by using bile esculin azide agar (BEAA), serve equally to predicta
potential health risk associated with drinking water. However, it has been reported that
genera Pediococcus, Lactococcus, Aerococcus and Leuconostoc may also occasionally exhibit
positive reactions to Slanetz & Bartley agar tests when the colonies are confirmed by
use of bile-esculin-agar. This may lead to false-positive results of the enterococci assay
and unfavourable judgements about the quality of the water resulting in unnecessary
restrictive consequences (Devriese et al., 1993; Leclercetal., 1996; Pinto et al., 1999).

Quantitative Polymerase Chain Reaction (qPCR) assays that target the 23s rRNA
operon have also been developed (Haugland et al., 2005; Ludwig and Schleifer, 2000)
to detect Enterococcus spp. In the US a standard method for measuring enterococci in
water has been developed by the Environmental Protection Agency (EPA). The EPA
uses a quantitative polymerase chain reaction (QPCR) in conjunction with the TagMan
probe system (Anonymous, 2010a).
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All these methods provide for the detection of a number of Enterococcus spp., which
contains many species and which may have specific hosts or different environmental
survival and growth characteristics. To better understand the differences in sources
and the survival of different Enterococcus species in the environment, as well as to
understand the suitability of different Enterococcus species as an indicator for human
health risk, reliable identification techniques are needed.

Identification of Enterococcus species using MALDI-TOF MS

The identification of cultured microbial isolates in water laboratories in The
Netherlands relied, until recently, on methods based on biochemical tests such as AP!
(bioMerieux). The biochemical systems are limited in the sense that they are laborious,
time-consuming and less reliable when it comes to environmental isolates. Due to
relatively high identification costs, information on the diversity of the Enterococcus
species isolated from water is scarce. With the introduction of new techniques, such as
Matrix-Assisted Laser Desorption and lonization — Time Of Flight mass spectrometry
(MALDI-TOF MS) in water laboratories, the identification of species-level has now
become more readily available. This technique allows for the identification of microbial
species within a few minutes by analyzing mass spectra of peptides and small proteins.
Such a pattern was shown to be characteristic for microbial species (Mellman et al.,
2008; Fenselau and Demirev, 2001; Holland et al., 1996; Krishnamurthy et. al, 1996).
In this thesis, the reliability and the efficiency of MALDI-TOF MS identification for
enterococci isolated from water is evaluated (Chapter 2).

Source tracking of enterococci using MALDI-TOF MS identification

Part of the research described in this thesis has been initiated due to the need to
evaluate the occurrence and sources of enterococci in the Castricum dune infiltration
area in The Netherlands. Infiltration of pre-treated river water into the dune area,
with recovery after horizontal soil passage with a travel time of 60 days or more, has
been used for over 60 years at several sites and has been considered to be the most
important step for the removal of micro-organisms in drinking water production in The
Netherlands. Recovered (abstracted) groundwater is the product of this process and is
normally free of FIB, and therefore considered free of enteric pathogens (Schijven et al.,
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1998; Hornstra,2014). Low numbers of enterococci however have also been occasionally
detected in large volume samples (100 L) in the recovered (abstracted) water. These
observations occurred usually in the warmer period of the year. Understanding of
the origin of these enterococci in abstracted water may lead to the identification of a
specific animal host as a source of (faecal) pollution, or the environmental conditions
that favor the survival or support the growth of these enterococci. Understanding the

source is crucial for assessing associated health risk as well as determining actions

necessary to solve the problem.

To study the sources of enterococci in abstracted water two approaches have been

used:
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1)

MALDI-TOF MS has been applied for the intensive monitoring of
enterococci species in abstracted water (large volume samples). The
most abundant species isolated from the abstracted water was E.
moraviensis. The combination of observations on the effective removal of
enteric micro-organisms by passage through the dunes, the potential for
enterococci species to grow in the environment under certain conditions,
and the fact that no faecal source has been reported yet for E. moraviensis,
led to the hypothesis that the occurrence of this species in abstracted
water may be the result of growth in the environment rather than via
a breakout of faecal contamination. The experiments aimed to answer
the question whether biofilm, sediments from abstraction wells, as well
as soil and plant extracts obtained from common dune vegetation may
promote the growth of enterococci. If enterococci are able to multiply in
one of these non-enteric habitats, it is important to know whether the
ability to grow under such conditions is species specific. If E. moraviensis
is better adapted to the environment and has higher ability to grow
under non-enteric conditions than other Enterococcus species, this may
clarify its frequent occurrence in abstracted water. In order to examine
the likelihood of enterococcal growth in the environment, growth
experiments were performed under the conditions of competititon with
natural bacterial population (Chapter3and 4).

Parallel to the study mentioned above, it has been hypothesized that
identification of the Enterococcus species from animal faeces using



MALDI-TOF MS can provide information on potential faecal sources of
E. moraviensis in the Castricum dune infiltration area. Furthermore, it has
been hypothesized that distribution of the different Enterococcus species
found in abstracted water and the distribution of different Enterococcus
species found in faecal samples may point towards the source of

enterococci in abstracted water (Chapter 5).

The influence of protozoan predation on the numbers of
enterococci and other FIB in the environment

When enterococci are released into the environment, they may be rendered inactive
due to starvation, drought, UV (sunlight) etc., but also due to biological factors such as
predation (Byappanahalli et al., 2012a). Grazing by protozoa, bacteriophage infection
followed by virus-mediated lysis, and predation by some bacteria are among the
biotic effects that control the abundance of prokaryotic organisms in the environment
(Byappanahallietal.,2012a). As reviewed by Byappanahalli et al. (2012a), predation by
bacteria has been described for Vibrio spp., most notably Vibrio parahaemolyticus, where
infection by predatory Bdellovibrio spp. plays a role in the population dynamics of these
species (Mitchell,1971; Sutton and Besant, 1994).

Bacteriophage infection affects a much wider range of bacteria, and viral infection
was suggested to be a mechanism responsible for the elimination of up to 50% of
autochthonous bacteria from aquatic habitats (Fuhrman and Noble, 1995; Proctor and
Fuhrman, 1990; Thingstad, 2000). Bacteriophages that infect various Enterococcus spp.
(hereafter termed enterophage) from different sources (i.e., raw sewage, cow manure,
and environmental waters) were described (Bonilla et al., 2010; Morrison et al., 1997;
Purnelletal., 2011; Santiago-Rodriguez etal., 2010). The relatively high concentrations
of enterophage that specifically infect E. casseliflavus, E. mundtii, or E. gallinarum from
cow faeces (10%to 10° PFU/100 ml) and E. faecalis or E. faecium (10> PFU/100 ml) from
raw sewage (Purnell et al., 2011) indicate that, at least in these instances, lysis by
enterophage can be a predatory factor on populations of enterococci.

Protozoa (e.g. cellular slime moulds) are present in soil and faecal matter and they

also feed on bacteria (Raper, 1984). This may lead to reduction of FIB numbers in
faecal matter and in soil. Protozoan predation in aquatic ecosystems is well studied
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(Pernthaler, 2005). Some studies estimate that protozoan grazing is responsible
for up to 90% of the overall mortality of both autochthonous and allochthonous
microorganisms from freshwater and marine environments (Anderson et al., 1986;
Menon et al., 2003). A direct correlation between rates of predation and temperature
was found in a variety of environments, with higher rates of grazing and an increase
in protozoan concentrations at higher temperatures (An et al., 2002; Anderson et
al., 1983; Barcina et al., 1991; Sherr et al., 1988). The predilections of protozoa for the
morphology of prey and the physiological state were observed for different types of
protozoa (Beardsley et al., 2003; Gonzalez et al.,, 1990a; Matz et al., 2002; Simek et
al., 1994; Verity, 1991). For example, lower rates of grazing were observed for Gram-
positive organisms (including E. faecalis) than for E. coli (Davies et al., 1995; Gonzalez et
al.,1990b: Iriberrietal., 1994a; Iriberri etal., 1994b; Nilsson,1987). Hartke et al. (Hartke
etal., 2002) showed a more active grazing of zooflagellate protozoa on E. faecalis cells
harvested from the exponential growth phase than on glucose-starved cells, while
nanoflagellates did not appear to exhibit a preference (Hartke et al., 2002).

In terrestrial systems, amoebae are considered important predators of bacteria and
many of these amoebae belong to slime moulds. However, the role of protozoa in soil
and faecesontheconcentration of FIB has notyet been explored. Chapter 6 presentsthe
results of the experiments to determine whether cellular slime moulds (dictyostelids)
can be isolated from soil and dung obtained from infiltration area and if they are able
to consume enterococci and other FIB. In order to estimate the potential predation
pressure caused by these organisms in terrestrial ecosystems, the growth rate of cellular
slime moulds was examined using Pseudomonas fluorescens as a nutritional source.

The significance of antibiotic-resistant enterococciin the
aquatic environment

Enterococci from the gastro-intestinal tract of healthy humans are generally not
virulent. Some Enterococcus strains have nevertheless emerged as leading causes of
hospital-acquired infections (Tendolkar et al., 2003). Ampicillin and vancomycin are
important antibiotics in the treatment of those infections. In infections with ampicillin
resistant enterococci (ARE), vancomycin can still be used, but this is increasingly
leading to the development of Enterococcus strains that are also not susceptible to
vancomycin anymore. These strains are known as vancomycin resistant enterococci

24



(VRE). Therapeutic options for VRE infections are therefore becoming limited. E. faecalis
accounts for most of the enterococci infections of humans, usually representing 80 to
90 % ofclinicalisolates. E. faeciumis detected less frequently (5% to 15 %) butis of higher
significance because of a high incidence of resistance to multiple antibacterial agents,
including vancomycin (Cetinkaya et al., 2000). In The Netherlands, VRE (E. faecium) is
one of the organisms on the watch list of especially resistant micro-organisms.

Aquatic environments could play a role in the transmission of antibiotic-resistant
enterococci. The transfer of resistant bacteria from environmental compartments to
humans may occur through contaminated food (Perreten et al.,1997), manure (if used
as a fertilizer) and contaminated surface water used for irrigation or as recreational
water. Wastewater and sludge from municipal sewage water treatment plants have
been reported as favourable environments, consisting of variable mixtures of bacteria,
nutrients and antimicrobial agents, for both survival and gene transfer (Lindbergetal.,
2004),spreading resistantbacteriain both aquaticand terrestrial environment (lversen
et al., 2004). An additional concern is the possible presence of resistant enterococci
in surface water used as a source for the production of drinking water. The presence
of a reservoir of VRE in the environment could pose a threat for the transmission of
vancomycin resistant bacteria to humans, either of enterococcal strains harbouring
vancomycin-resistance genes, or other bacterial species via the horizontal spread of

the genetic elements.

This thesis

Questions raised from drinking water practices led to the initiation of a number of
investigations in order to find answers for practical problems. The Enterococcus genus
consists of a relatively large number of species, possibly with different ecological
demands. The identification of enterococci on the species level may help to identify
sources of contamination (microbial source tracking). Since enterococci occur in
human and husbandry wastewater, dispersion of antibiotic-resistant strains cannot be
ruled out.

These questions form the frame of this thesis; individual research questions and

general approach are summarized here.
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The MALDI-TOF MS technique opens the possibility to identify
enterococci isolates. In our study, a large number of water-isolated
strains were identified using MALDI-TOF and these identifications were
compared with biochemical and molecular identification techniques
(Chapter 2).

. An important trigger for these studies was the dominant occurrence

of E. moraviensis in many of the large volume samples. As there was no
primary indication of faecal contamination, a number of experiments
were carried out to test possible environmental growth of this species.
Crowth on abstracted water, biofilms in the wells, sediments form the
wells, humus and on plant extract was tested. Growth on plant extracts
was observed in these tests (Chapter 3).

The observation of growth of E. moraviensis on plant extract led to a
comparison to other Enterococcus species (E. casseliflavus, E. hirae, E.
faecalis and E. faecium). Can these species grow on plant extracts? Are
they capable of growing in competition with the natural microbial flora?
Two types of tests were carried out. First, tests were done with plant
extracts where most of the natural microbial community was removed
by membrane filtration (0.22 um), in order to test the growth potential
of these species. In the second set up, the natural microbial community
was not removed in order to test whether the competition with the
natural microbial community would reduce the growth, or even lead to

the disappearance of enterococci (Chapter 4).

It was necessary to evaluate the possible sources of faecal contamination
in the vicinity of the abstraction wells. Can E. moraviensis (and E.
haemoperoxidus) be found in animal faeces? If so, is it possible to link
the species distribution found in the water samples with that of certain
animals (or man) to each other? The faeces samples from humans
and several animals living in the dune area were investigated for the
presence and species diversity of enterococci. The diversity pattern
observed in each species was compared (via hierarchical clustering) with
the species distribution of species in the water samples (Chapter 5) to
obtain indications about the water contamination source.



5.

6.

Reduction of bacterial numbers in soil and faeces in the vicinity of
abstraction wells has not yet been studied. Drought, UV (sun light), high
temperatures, etc., inactivate bacteria but also predation by protozoa
is a factor to consider. Cellular slime moulds (dictyostelids) are quite
common terrestrial amoebae. It has been investigated whether these
organisms can be isolated from soil and dung from dune infiltration
area and whether these consume faecal indicator bacteria (Chapter 6).

The presence of ampicillin- (ARE) and vancomycin (VRE)- resistant
enterococci in treated wastewater and in surface water used for the
production of drinking water was evaluated, using a modified version of
the Slanetz & Bartley medium, enriched with 16 mg L ampicillin or 16
mg L vancomycin (Chapter 7).

In Chapter 8 the results are discussed and general conclusions are drawn
on the value of enterococci as a faecal indicator. This includes studying
the sources, environmental occurrence and fate of enterococci, and the
significance of ARE and VRE in the water environment. The findings of
every individual chapter are placed in a broader perspective for each
subject, including the implications for drinking-water practices and
recommendations for further research.
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Chapter 2

ABSTRACT

Matrix-Assisted Laser Desorption lonisation-Time of Flight Mass Spectrometry (MALDI-
TOF MS) has increasingly been used for rapid and reliable identification of clinically
relevant micro-organisms. To establish the applicability of this technique in (drinking)
water quality analysis, the MALDI-TOF MS identification results for Enterococcus spp.
isolated from various water environments were compared with those obtained using
the commercial Rapid 32 ID Strep system. One hundred and one bacterial isolates
were isolated from various types of water and determined as enterococci on the basis
of their growth on Slanetz-Bartley agar in typical colonies. The isolates were identified
by MALDI-TOF MS and the commercial biochemical test Rapid 32 ID Strep. Isolates
yielding in discrepant identifications were genotyped using 16S rRNA gene sequence
analysis. For 86 isolates (85%), the results of Rapid ID 32 Strep were identical to those
obtained with MALDI-TOF MS. Six isolates were impossible to be classified by means
of the Rapid 32 ID Strep test. And for eight out of a total of nine discrepant results
(89%), the 16S analyses confirmed the MALDI-TOF MS identification. MALDI-TOF
MS produced highly reproducible results. These results indicated that the use of two
different culture media had no effect on the identification. In addition, no significant
differences (p=0.32; n=20) were evident between the scores obtained from a 20-fold
measurement of the same isolate. The results of this study showed that MALDI-TOF
MS identification (Bruker) is a reliable method for identifying E. faecium, E. faecalis,
E. durans, E. hirae and E. casseliflavus isolated from water samples. E. mundtii and E.
moraviensis were not included in the Rapid 32 ID Strep database and could therefore
not be identified using that test set. However, MALDI-TOF MS and 16S identified all six

isolates as members of these species.
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INTRODUCTION

Enterococci are widely used in drinking water microbiology as indicators for fecal
contamination and additionally as indicators for the removal of bacteria by water
treatment processes. Their natural habitats are the human and animal intestinal
tracts, but they are also found in environmental habitats (Gelsomino et al., 2002).
Outside of the host organism, enterococci are able to survive for longer periods under
a wide range of temperatures, pH conditions and salinity levels, and they are resistant
to the bactericidal effects of detergents (Shepard and Gilmore, 2002). Some species,
including E. faecium and E. faecalis, appear to be true fecal indicators. For others, such as
E. gallinarum and E. casseliflavus, it is suggested that grasslands are important habitats
(LeClercetal.,1996). Identification of enterococci species level may provide information
on the nature of fecal contamination events and the source of fecal contamination.
When the commensal relationship with the host s disrupted, enterococci, particularly
E. faecalis, may become opportunistic pathogens and cause invasive diseases (Jett et
al.;,1994). In the laboratory, enterococci are detected by culture methods that use their
ability to grow in the presence of azide. Confirmation of presumptive enterococci is
performed by testing their ability to hydrolyze aesculin in the presence of bile within
2 h. However, this method gives no information on species composition. Thus far,
identification of cultured microbial isolates in water laboratories relies on methods
based on biochemical tests such as Api (bioMérieux). Species identification by means
of commercial systems is performed when the results obtained through the use of
routine procedures do not provide sufficient information on, for instance, the potential
source of contamination or the fecal nature of the contamination. It is often necessary
to obtain additional information on the species in question, to collect information on
the probability of a true fecal or potential environmental source, or for source tracking
studies. The biochemical systems are limited in the sense that they are laborious and
less reliable when it comes to environmental isolates. In the last decade, the molecular
technique real-time PCR (Polymerase Chain Reaction) has become an important,
routinely used detection technique for some of the relevant species for water research
(e.g. E.coli, Legionella). Although PCRis accurate, its use for direct detection of (indicator)
bacteria is still limited. Reliable quantification at low levels in environmental samples
is still difficult, hampering the introduction of PCR in water laboratories. Another
drawback of direct PCR determination is the fact that PCR results do not discriminate
between viable and nonviable bacteria. PCR is therefore more often used for colony
confirmation, whereas species identification and source tracking still requires
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sequence analysis. Matrix Assisted Laser Desorption lonisation -Time of Flight Mass
Spectrometry (MALDI-TOF MS) allows the identification of microbial species within
a matter of minutes. This is done by analysing mass spectra of peptides and small
proteins. Such a pattern was shown to be characteristic for microbial species (Mellman
et al., 2008; Fenselau and Demirev, 2001; Holland et al., 1996; Krishnamurthy et. al,
1996). The general principle of MS is to produce, separate, and detect gas-phase ions.
The sample is embedded in the crystalline structure of small organic compounds
(matrix) and deposited on a conductive sample support. The crystals are irradiated with
alaserbeam. The laser energy causes structural decomposition of the irradiated crystal
and generates a particle cloud from which ions are extracted by an electric field. This
results in the disintegration of the crystal. Following acceleration through the electric
field, the ions drift through a field-free path before reaching the detector. lon masses
(mass-to-charge ratios [m/z]) are calculated by measuring their Time Of Flight (TOF),
which is longer for larger molecules than for smaller ones. In recent years, MALDI-TOF
MS has been increasingly used to identify clinically relevant bacteria. The advantages
of MALDI-TOF MS are short preparation time, rapid measurement, automatic spectrum
analysis and no use of consumables. Furthermore, itis possible to add new mass spectra
to the database. However, this technique also has two disadvantages: the necessity to
culture the micro-organisms before identification can be completed, and the relatively
expensive equipment to do so. In this study, the application of MALDI-TOF MS for water
research using Enterococcus spp. as a model was examined. Earlier, Benagli et al. (2011)
have proven MALDI-TOF MS to be a fast, reliable and cost-effective technique for the
identification of clinically relevant E. faecalis and E. faecium. We applied the same criteria
to the environmental isolates E. faecium, E. faecalis E. hirae, E. durans and E. casseliflavus.

METHODS

Bacterial isolates. All isolates (n=101) were obtained from water samples, collected
over a period of 1year. The origins of the isolates were: surface water, water at different
stages of drinking water treatment and drinking water samples from drinking water
distribution systems, mainly after repair works. All isolates were cultured using
membrane filtration on solid selective Slanetz and Bartley agar (SBA) for 44 h at 37
°C. To confirm typical colonies, the membrane, with all the colonies, was transferred
onto bile-aesculin-azid agar (BEAA) for 2 h at 44 "C (according to NEN-EN-ISO 7899-
2:2000). Only confirmed enterococci colonies, which were able to hydrolyse aesculin
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and induced a brown to black colour in the confirmation test were used in this study.
Fresh pure cultures on SBA were made. Furthermore, we took a colony from the SBA
plate to inoculate Columbia Sheep-Blood agar (CSB). Isolates on CSB were cultured
for 24 h at 37 “C. Fresh colonies (within 1 hour after incubation) on SBA and CSB agar
were used for MALDI-TOF MS. The influence of using less fresh colony material was not
studied. For the biochemical Rapid ID 32 Strep test (bioMérieux) only colonies on CSB
agar were used, as prescribed by the manufacturer.

Biochemical identification. For biochemical identification, the Rapid ID 32 Strep
tests (bioMérieux) were performed according to manufacturer's instructions. The
identification results were obtained by entering the test results into the Analytical
Profile Index WEB (https://apiweb.biomerieux.com/) using the identification software.
A reliability percentage of > 95% was used for species identification.

MALDI-TOF MS analysis. A colony of a freshly cultured isolate on SBA was thinly
smeared onto a steel target plate (Bruker Daltonik) using a toothpick. Each colony was
overlaid with 1 ml of matrix solution (saturated solution of pu-cyano-4-hydroxycinnamic
acid in 50% acetonitrile, and 2.5% trifluoracetic acid) and dried at room temperature.
Measurements were performed using a Microflex mass spectrometer (Bruker Daltonik,
Bremen, Germany) using FlexControl software (version 2.0). Spectra were recorded
in the positive linear mode (laser frequency, 60 Hz; ion source 1 voltage, 20.0 kV;
ion source 2 voltage, 16.7 kV; lens voltage, 7.0 kV; mass range, 2,000 to 20,000 Da).
For each spectrum 240 shots in 40-shot steps from different positions of the target
spot (automatic mode) were collected and analysed. The BioTyper database contains
spectra of approximately 34 Enterococcus species and is regularly updated by Bruker
Daltonik. The software compared the obtained spectrum with those present in the
database. During the matching process the obtained spectra were scored on the basis
of three matching criteria: 1) the position of peaks in the measured spectrum and how
well they matched the position of peaks in the spectrum from the database, 2) overall
match between the measured spectrum and the spectrum in the database and 3) the
height of the peaks in both spectra. For each criterion a maximum score of 10 could be
obtained. Identical matches were given a score of 7000 (10x10x10). The final results
of the mass spectra matching process were expressed in scores ranging from 0 to max
3 (°log1000). For each isolate, the highest score of a match against a spectrum in the
database was used for identification. For reliable species identification, only scores of
>2.0 were used, which has been established as a criterion in the validation of MALDI-
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TOF MS (Moliner, 2010; Risch et al., 2010). In each target plate run we used Escherichia
coli Bacterial Test Standard (BTS) provided by manufacturer to control the quality of the
measurement. According to the manufacturer's instructions only the measurements
with BTS reliability of >2.3 were used in this study.

16SrRNA analyses. In case of discrepant results between Rapid 1D 32 Strep and MALDI-
TOF MS identifications, additional identification was performed by 16S rRNA whole
gene sequencing analyses after PCR using 8F: AGAGTTTGATCATGGCTCAG and 1392R:
ACCCGGCCGTGTGTACA primers. A sequence was attributed to a certain species when
similarity (>99%) was obtained using BLAST (Basic Local Alignment Search Tool)
software.

Reproducibility test. Three isolates per species (n=15) (E. faecium, E. faecalis, E. durans,
E hirae and E. casseliflavus), originating from different water samples were used for the
MALDI-TOF MS reproducibility test and Rapid 32 ID Strep identification. From each
isolate, a pure culture was made on SBA and identified by MALDI-TOF MS. Subsequently,
we took a colony from SBA and inoculated the Columbia Sheep-Blood (CSB) agar to
obtain the colonies which were identified using Rapid 32 ID Strep. We repeated the
same procedure after a week with the same isolates, using fresh pure cultures.

Influence of culture media on MALDI-TOF results. Since the manufacturer of Rapid 32
ID Strep prescribes the use of Columbia Sheep-Blood agar (CSB), which is not routinely
used in the water laboratory, we examined the influence of this culture medium on
MALDI-TOF MS identification. From almost all isolates included in this study (n=93)
pure cultures were made on SBA. These pure cultures were subsequently identified by
MALDI-TOF and further used to inoculate Columbia sheep-blood agar (bioMérieux) for
24 hours at 37 “C. The colonies were then analysed by MALDI-TOF. During the study
we verified whether or not the amount of colony material influenced the reliability.
We repeated the identification of a randomly chosen E. faecium in 20-fold. Ten times
the colony was smeared on the target plate in a thin layer and another 10 times it
was smeared in a thick layer. As only one isolate was used for the 20-fold test, these
results are not representative for all isolates used in this study. However, the results
may provide information on the sensitivity of the analysis and the way the analysis was
conducted. The robustness of the analysis is important if the method is going to be
used routinely.
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RESULTS AND DISCUSSION

We obtained 107 isolates of positive enterococci on BEAA agar from water samples and
identifiedthemusingRapid D32 Strepsystemand MALDI-TOFMS. For86isolates (85%),
the results of Rapid ID 32 Strep were identical to those obtained with MALDI-TOF MS.
16S rRNA analysis was performed on nine isolates with discrepancies in identification
between the two methods used to compare the corresponding identification by means
of MALDI-TOF and Rapid ID 32 Strep (see Table 2.1). Five strains that showed identical
identification with MALDI-TOF and Rapid ID32 were subjected to 16S rRNA analysis to
confirm the identification. Discrepant results were observed in isolates identified as E.
gallinarum by Rapid 1D 32 Strep, where all six isolates were identified and confirmed as
E. faecium using MALDI-TOF MS and 16S analysis (shown in Table 1). One out of a total
of 14 isolates identified by Rapid ID 32 Strep as E. faecium was identified by MALDI-TOF
MS as E. faecalis and one out of a total of 22 isolates identified by Rapid ID 32 Strep as
E. hirae was identified as E. durans. In both cases, the 165 rRNA gene analysis confirmed
the MALDI-TOF MS identification. For E. faecalis and E. durans the agreement between
Rapid 32 ID and MALDI-TOF MS results was 100%. A noteworthy result was observed
for E. casseliflavus. Using MALDI-TOF MS one of the E. casseliflavus isolates was identified
as E. cecorum. When the analysis was repeated, it was identified as E. casseliflavus. The
16S rRNA gene analysis identified E. casseliflavus.

Table 2.1. Comparison between Rapid ID 32 Strep, MALDI-TOF MS and 16S rRNA identification for Enterococcus spp.

No. of isolates Rapid ID 32 Strep MALDI-TOF MS 16S rRNA

13 E. faecium E. faecium E. faecium*®
26 E. faecalis E. faecalis E. faecalis®

§ 21 E. hirae E. hirae E. hirae®

% n E. durans E. durans E. durans®

3 15 E. casseliflavus E. casseliflavus E. casseliflavus ®
3 no reliable identification ® E. mundtii E. mundtii
3 no reliable identification ® E. moraviensis E. moraviensis

g 1 E. faecium E. faecalis E. faecalis

% 6 E. gallinarum E. faecium E. faecium

Eo 1 E. hirae E. durans E. durans

é 1 E. casseliflavus E. cecorum/E. casseliflavus © E. casseliflavus

Total (n=101)

“ Notall, but one randomly chosen isolate was identified by 165 rRNA.

b Species not included in database of Rapid 32 1D test.

¢ By repeating the measurement twice, differentidentifications were obtained: E. cecorum and E. casseliflavus. Both
times the reliability score was > 2.0.
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Once the correct (defined as identical identification by at least two methods) identity
was determined, the list of species included in this study was made. The number of

isolates per species is listed in Table 2.2.

Table 2.2. Isolates (n=101) of Enterococcus spp. obtained from water samples.

Enterococcus spp. (n=101)
E. faecium 19
E. faecalis 27
E. hirae 21
E. durans 12
E. casseliflavus 16
E. mundtii 3
E. moraviensis 3

Using the MALDI-TOF MS database, we were able to identify 34 Enterococcus species,
while we only identifyed nine using the Rapid 32 ID Strep system. Some Enterococcus
species, which are not included in the list of species that can be identified by Rapid
ID 32 Strep, such as E. mundtii and E. moraviensis, were identified during our study
using MALDI-TOF MS. Three isolates of these two species were compared to the 16S
sequencing results. For all six isolates the 16S confirmed the identifications obtained
by MALDI-TOF MS. In this case the Rapid 32 ID Strep identifications were considered
unreliable. The MALDI-TOF MS appeared to be very time efficient; 2 minutes were
needed to prepare the isolate for the measurement and another 2 minutes were
needed to identify it. The preparation of one isolate using Rapid ID Strep required 5
minutes to prepare the test and after the 4.5-h incubation an additional 10 minutes

were needed to read and interpret the result.

Reproducibility test. With regard to both methods (Rapid 32 ID Strep and MALDI-
TOF MS respectively), no discrepancy has been observed between identification of
all 15 isolates obtained on a single day and the duplicate test repetition performed
on another day. Using Rapid 32 ID Strep, on both days one of the E. hirae isolates was
identified with a low reliability percentage (77.3%), but confirmed by MALDI-TOF MS
and 16S rRNA gene sequence analysis as E. hirae.

Use of another culture medium. To examine if the reliability of MALDI-TOF MS

identification depended on the use of another cultivation medium, the results

obtained using CSB agar were compared with those obtained using SBA agar. There
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was no difference found in the identification between the two culture media. Using
the Wilcoxon signed-rank test, no significant difference was found either between the
reliability score obtained using SBA and using CSB agar; p=0.304 (n=93). However,
when the same test was carried out per species, a significant difference was found for
E. hirae (p=0.021). The reliability score obtained for E. hirae with CSB agar was higher
than with SBA, but we have not been able to explain the cause of this variation. As
the observed difference did not influence the identification, only the reliability of the
identification, this result may be less significant.

Reliability. The identification score of the 10-fold measurement of thinly smeared
E. faecium varied between 2.399 and 2.540, and when the same isolate was smeared
thickly, the score varied between 1.998 and 2.457. Using the Wilcoxon signed-rank test,
we found a significant difference (p=0.01, n=10) between the reliability scores obtained
from 10 thickly and 10 thinly smeared colonies. In all cases E. faecium was identified.

The MALDI-TOF MS and Rapid 32 ID Strep identification methods were compared
for the identification of Enterococcus species isolated from surface water, process and
drinking water samples. 16S rRNA gene sequencing was used to verify the correct
identification. The 16S rRNA gene sequencing has shown to be a reliable and universal
technique for species identification in clinical microbiology (Clarridge, 2004; Vargha et
al., 2006). The results of this study show that MALDI-TOF MS can be used to efficiently
identify enterococci (E. faecium, E. faecalis, E. durans, E. hirae, E. casseliflavus) isolated
from water samples. For E. mundtii (n=3) and E. moraviensis (n=3) we did not have
enough isolates to show the reliability of MALDI-TOF MS, although the 16S rRNA gene
sequencing confirmed the MALDI-TOF MS identification for six isolates in 100% of the
cases. To explain the discrepancy between two MALDI-TOF MS identification results
of E. casseliflavus, additional research is needed. Discrepancy between MALDI-TOF MS
and Rapid 32 ID Strep was observed in six isolates of E. faecium identified by Rapid 32
ID as E. gallinarum. When the Rapid 32 ID test for these isolates was repeated, different
identification results were obtained: one E. gallinarum was identified this time as E.
faecium. We also noticed that one of the biochemical tests (raffinose) has an important
influence on the biochemical discrimination between these two species. A positive
raffinose test indicated E. gallinarum, where a negative test indicated E. faecium. For all
sixisolates, 16S rRNA gene sequencing confirmed E. faecium as the identity. Variation of
scores obtained in 20 consecutive runs for one randomly chosen isolate showed good
repeatability. However, the preparation of the sample influences the reliability score
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and should therefore be taken into consideration when implementing MALDI-TOF
MS in routine testing. We observed lower scores when running a thick layer of colony
material. It was shown, that the use of two different culture media, Slanetz & Bartley
and Columbia Sheep-Blood agar, did not influence the MALDI-TOF MS identification.
Several studies have reported on the use of MALDI-TOF MS for specific micro-organisms
and yeast obtained from reference collections and clinical isolates (van Veen et al.,
2010; Seng et al., 2009). These studies concluded that MALDI-TOF MS can replace
conventional systems foridentification of bacteria in a conventional clinical laboratory.
Until now, only a few studies included isolates obtained from environmental
samples. A recent study by Moliner et al. (2010) using a large collection of clinical
and environmental Legionella strains, demonstrated that MALDI-TOF is a reliable
tool for the rapid identification of Legionella isolates at the species level. However,
for the most common pathogenic species, L. pneumophila, it could not discriminate
among serogroups, using the present database. Identifying enterococci on species
level requires a new approach for enterococci analysis within a water laboratory and
interpretation of the results. The advantage of rapid identification is the possibility of
a rapid response in the case of a true positive result. Rapid identification also avoids
a response based on a “false positive” test result. As published previously (Health
Protection Agency, 2007), some strains of Aerococcus viridans are also bile-aesculin
positive and can therefore be confused with Enterococcus spp. in water testing. A. viridans
has been observed in many non-fecal environments (Facklam and Elliott,1995), it does
not possess Lancefield group D antigen and cannot be used to indicate fecal pollution.
Beside rapid identification there are also other possible applications of MALDI-TOF MS,
which are more suitable for research purposes than for the routine use. For example,
trained personnel could extend the database, add mass spectra to the database and
exchange data with other users. This is especially relevant for environmental isolates.
However, good quality assurance on newly entered spectra is of great importance.
The Microflex database currently consists of 34 Enterococcus clinically relevant species.
Although this number may seem relatively small, the identification with MALDI-
TOF is specific enough to discriminate between these clinical and our environmental
strains and hence between true fecal species and potential environmental species.
As suggested earlier (Giebel et al., 2008), MALDI-TOF MS—based fingerprinting of
environmental isolates of fecal indicators as shown in this study for environmental
isolates of enterococci, has the potential to become a tool for bacterial source tracking
(BST). To establish the value of such a tool, a large number of environmental isolates
need to be analysed.
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CONCLUSIONS

It has been shown that MALDI-TOF MS can be used for rapid, efficient and reliable
identification of E. faecium, E. faecalis, E. durans, E. hirae and E. casseliflavus isolated from
water samples. To establish the identification reliability of two other species, E. mundtii
and E. moraviensis, more isolates needed to be tested. We obtained high reproducibility
of the identification and obtained the same result when using two different culture
media. To further advance the implementation of this identification technique in
(drinking) water laboratories requires the validation of MALDI-TOF MS for other micro-
organisms isolated from water.
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ABSTRACT

Soil passage through sand du