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This timely review primarily addresses important but presently undefined microbial risks to public health and to the natural
environment. It specifically focuses on current knowledge, future outlooks and offers some potential alleviation strategies that
may reduce or eliminate the risk of problematic microbes in their viable but nonculturable (VBNC) state and Cryptosporidium
oocysts in the aquatic environment. As emphasis is placed on water quality, particularly surrounding efficacy of decontamination
at the wastewater treatment plant level, this review also touches upon other related emerging issues, namely, the fate and
potential ecotoxicological impact of untreated antibiotics and other pharmaceutically active compounds in water. Deciphering
best published data has elucidated gaps between science and policy that will help stakeholders work towards the European Union’s
Water Framework Directive (2000/60/EC), which provides an ambitious legislative framework for water quality improvements
within its region and seeks to restore all water bodies to “good ecological status” by 2015. Future effective risk-based assessment
and management, post definition of the plethora of dynamic inter-related factors governing the occurrence, persistence and/or
control of these presently undefined hazards in water will also demand exploiting and harnessing tangential advances in allied
disciplines such as mathematical and computer modeling that will permit efficient data generation and transparent reporting to
be undertaken by well-balanced consortia of stakeholders.

1. Viable But Nonculturable Forms of
Waterborne Bacteria

1.1. Background. Since the introduction of the concept or
sublethally injured or viable but nonculturable (VBNC) cells
by Byrd and Colwell in the 1980’s [1], there is increasing
evidence for the existence of such a state in microbes,
particularly in the aquatic environment that elicits a myriad
of interrelated sub-lethal microbial stresses such as nutrient
starvation and osmotic stress [2, 3] (Table 1). This is a cause
for concern because of evidence that microbial pathogens in
such a state may still retain their capacity to cause infections
after ingestion by fish, animals, or by humans, despite their
inability to grow under conditions employed in laboratory-
based procedures for determining their presence in water
[4]. Albeit currently unknown in terms of its severity or
scope, it is now generally appreciated that heavily stressed
pathogenic microbial species existing in a VBNC (or not

immediately culturable state) may potentially pose as yet an
undefined risk to public health, which is attested by the fact
that there is increasing evidence to support the viewpoint
that stressed cells in this quiescent state may actually be more
virulent than well-fed laboratory-tamed microorganisms
due to augmented virulence factor expression. Xu et al. [5]
were the first to bring experimental evidence of the existence
of VBNC state in pathogenic bacteria, where they showed
that E. coli and V. cholera cells that were suspended in
artificial seawater quickly lost their ability to grow on the
culture media normally used for their detection.

1.2. Definition. According to Oliver [16], a bacterium in
the VBNC state is defined as “a cell which is metabolically
active, which being incapable of undergoing the cellular
division required for growth in or on a medium normally
supporting grown of that cell.” Besnard et al. [17] suggest
that the transition to the VBNC state in L. monocytogenes
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Table 1: Methods used to detect VBNC state in waterborne microorganisms.

Method(s) Employed Reporting author(s)∗

Failure of microbial growth in culture media [5]

Use of redox probes to detect microbial respiratory chain activity [6, 7]

Incorporation of radio-labelled substrates in culture media [8]

Resuscitation in embryo of egg yolk [4]

Detection in immunodeficient mice [9]

Addition of antioxidants to culture media [10]

RNA-based genotypic approaches (16S/23S rRNA, mRNA) [11]

cDNA microarrays [2]

In situ hybridisation (FISH), microradiography, epi-fluorescence microscopy, flow cytometry [12]

Rapid enzyme assays [13]

Oligonucleotide probes and tagged green fluorescent protein [14]

Microbial quorum sensing [15]
∗

This is a representative list of authors citing use of named methods for detection of VBNC state in waterborne organisms and therefore does not convey all
published work in this area.

represents a survival strategy that bacteria can adopt under
adverse conditions (starvation, salt stress, etc.). VBNC
microorganisms are considered to represent a subpopulation
of cells that are unable to grow in the usual culture media and
cannot resuscitate by traditional resuscitation techniques,
but yet remain physically active for several functions such
as cellular elongation [18], respiratory chain activity [6,
7, 17], or incorporation of radio-labelled substrates [8].
For example, Cappelier and coworkers [4] recently reported
that avirulent VBNC cells of L. monocytogenes incubated
in filtered sterilized distilled water need the presence of an
embryo to be recovered in egg yolk and regain virulence after
recovery. The VBNC state was observed after a 25 to 47 days
incubation period (concentration of culturable cells less than
1 colony forming unit per mL).

1.3. VBNC State and Occurrence of Atypical Morphologi-
cal Types. As microorganisms are extremely diverse and
dynamic, it is not surprising that the many different types
of microbial species present in the water environment exist
in a number of physiological states that possess different
requirements for survival and to sustain growth. Indeed,
the number of waterborne bacteria in which the VBNC
state has been reported has greatly increased, particularly
in recent times that reflect technological advances. For
instance, Campylobacter jejuni has been reported to exist
in two different cellular morphotypes, where the atypical
coccus-form (currently associated with nongrowing VBNC
state) occurs in water under extended nutrient depletion
conditions [19]. A number of different research groups have
reported that these atypical culture forms are still capable
of infection mice and poultry [20]. Moreover, Rowan and
coworkers [21] recently reported on that different culture
morphotypes of L. monocytogenes generated in water after
exposure to novel pulsed-plasma gas-discharge treatment
can survive internalization by human polymorphonuclear
leukocytes. While Lindbäck et al. [9] reported that the ability
to enter into an avirulent VBNC form is widespread among

L. monocytogenes isolated from salmon, patients and the
environment. L. monocytogenes were tested for virulence in
a cell plaque assay and by intraperitoneally inoculation in
immunodeficient RAG1 mice. Moreover, Moreno et al. [22]
described successions in cellular alterations in Helicobac-
ter pylori NCTC 11637 after inoculation into chlorinated
drinking water. They concluded that H. pylori could survive
disinfection practices normally used in drinking water
treatment in the VBNC form, which would allow them
to reach final consumption points and, at the same time,
enable them to be undetectable by culture methods. Whereas
Kastberg et al. [23] recently reported that L. monocytogenes
cells, whether planktonic or attached, were homogenous with
respect to sensitivity to acidic disinfectants at the single-cell
level.

1.4. Use of Fluorescent Redox and Other Enzymatic Probes.
Direct visualization of actively respiring bacteria is gaining in
popularity amongst research groups investigating this VBNC
state [3, 6, 7]. Researchers have exploited use of metabolic
staining to reveal an underestimation in the level of microbial
survival compared to similar samples cultured on traditional
agar plates. Recent research in our laboratory has also shown
that subpopulations of waterborne pathogens such as E.
coli and Pseudomonas spp. treated with novel pulsed-power
disinfection technologies (such as use of pulsed-plasma gas-
discharge technology that will be expanded on later in this
paper) were capable of reducing the redox dye 5-cyano-2,
3-ditolyl tetrazolium chloride (CTC) that is an indicator
of electron acceptor function, yet similarly treated samples
were unable to form colonies on a variety of laboratory-
based culture media [6, 7]. This corroborates more recent
research undertaken by Sawaya and coworkers [3] who used
a combined 4’6-diamidion-2-phenylindole (DAPI) and CTC
stains to highlight the occurrence of physiologically active
bacteria in river and wastewater treatment plants that were
much higher than those obtained by plate counting. These
researchers also reported that microscopic viable bacteria
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were more chlorine resistant than culturable bacteria. That
said, a demonstration of active respiration does not neces-
sarily infer that these stressed bacteria are capable of future
growth. As numerous researchers continue to report on
the use of redox stains for highlighting differences in agar-
plate counts, it is important that we holistically explore and
identify specific microbial cues at the cellular level which
govern the transition to the VBNC state along with exploiting
commensurate advances in media formulations that are
tailored for optimal resuscitation of these sublethally stressed
cells (cited in [10, 24]). The latter authors showed that the
addition of a commercially available antioxidant Oxyrase and
a heat-stable autoinducer of growth secreted by enterobac-
terial species in response to norepinephrine, resuscitated E.
coli, and Salmonella enteric serovar Typhimurium that were
stressed by prolonged incubation in water microcosms.

1.5. VBNC State and Cell Suicide Phenomenon. Advancing
the earlier pioneering work of Dodd et al. [25] and
Aldsworth et al. [26], who previously postulated that self-
destruction or “cell suicide” may be attributed to sublethally
stressed or damage microbes being incapable of coping
with oxidative burst when rapidly growing on nutrient rich
media, it is important that we also exploit advances in
toxicology (such as methods exploring cellular apoptosis
and necrosis, cell membrane lipid peroxidation assays, and
nuclear chromatin/comet assays) that will provide valuable
insights into the possible role of intracellular free radicals in
combination with the direct physical action of the applied
environmental stress on the generation and persistence of
VBNC organisms in water. Indeed, Servais and coworkers
[12] recently reported that certain environmental factors
such as nutrient scarcity and solar irradiation lead to a high
proportion of VBNC E. coli in freshwater. The latter fecal
microorganisms are brought into freshwater environments
mainly through wastewater release, surface runoff, and soil
leaching. Interestingly, modified guidelines for bathing water
states that enumeration of E. coli will replace total coliforms
and fecal (also called thermotolerant) coliforms as bacterial
indicators of water quality [27]. The latter authors articulated
that the number of E. coli in freshwater is systematically
underestimated by traditional culture-based methods such
as multiple tube fermentation and or membrane filtration
techniques), which is cause for concern from a public health
perspective. On a related theme, numerous researchers
have also recently reported on the occurrence of “bacterial
autophagy” (i.e., microbial adaptation to autophagic micro-
bicidal host immune cell defences), which is an important
cell survival process initiated during nitrogen starvation
conditions [28].

1.6. Molecular-Based Techniques for Rapid Detection and
Classification of VBNC Organisms. Among the minority of
bacteria that have been discovered it is estimated that more
than 90% are as yet nonculturable as attested by the fact
that International Committee on Systematic Bacteriology has
recognised a new category for nonculturable bacteria that it
named “Candidatus” for which phylogenetic relatedness has

been determined by amplification and sequence analysis of
prokaryotic RNA genes with universal prokaryotic primers
and authenticity has been verified by use of in situ probes.
Such nonculturable organisms may only be detected by use
of such molecular techniques based on probes such as 16S
and 23S rRNAs or on determination of mRNA, either by
quantitative real-time PCR and/or by fluorescent techniques
such as in situ hybridization (FISH), microradiography,
epifluorescence microscopy, and flow cytometry [2, 11,
12]. While Fiksdal and Tryland [13] advocated use of
rapid enzyme assays for monitoring of water quality, which
may also detect organisms in the injured or VBNC state.
Garcia-Armisen and Servais [11] showed that the ratio of
direct viable- (DVC-) FISH count and the culturable count
increased with decreasing abundance of culturable E. coli
in river water, and therefore the slope of the linear-log-
log correlation of DVC-FISH versus colony forming unit
numbers was less than one. The authors hypothesized that
the more stressful conditions, such as nutrient deprivation
and increase solar stress at low turbidities met in low
contaminated environments, were responsible for the larger
fraction of VBNC E.coli. As mentioned previously by many
research groups [13, 29–33], all field trials plotting log β-
D-galactosidase (GALase) activity or log β-D-glucuronidase
(GLUase) activity versus log culturable target bacteria in
fresh or marine water have shown regression straight lines
with a slope less than one, suggesting that enzyme activity
calculated per culturable indicator bacteria increases when
their numbers decrease (e.g., when sewage effluent becomes
diluted in receiving waters). Pure culture studies of E. coli
have also shown that after exposure to other types of
extrinsic stress such as chlorination, the GALase activity
is less reduced than the direct viable count [29]. While
Zimmerman and coworkers [34] demonstrated that E. coli
can be present in higher numbers in recreational water
samples using fluorescent antibody direct viable counting
that what are detected with standard culture methods. The
latter advances the early landmark study of Bjergbaek and
Roslev [14] who reported on the occurrence and persistence
of VBNC E. coli in nondisinfected drinking water using
different cultivation dependent methods, fluorescence in situ
hybridization (FISH) using specific olignucleotide probes,
direct viable counts (DVC), and by enumeration of GFP-
tagged E. coli (green fluorescent protein, GFP). These studies
specifically reemphasises the need for a rapid, accurate, and
precise method for detecting health risks to humans from
contaminated water.

Other likely candidate methods for efficient and rapid-
detection of VBNC bacteria in the aquatic and soil envi-
ronments include RNA-based genotypic approaches. Dunaev
et al. [2] recently reported on the rapid and accurate
quantification of VBNC pathogens in biosolids via mon-
itoring and quantifying stress-related genes in Salmonella
spp. using cDNA microarrays combined with quantitative
reverse transcription polymerase chain reaction (qRT-PCR).
Quantification of mRNA was correlated to cell viability and
their ability to grow. Okabe and Shimazu [35] also describe
detection of host-specific Bacteroides-Prevotella 16S rRNA
genetic markers (total, human, cow- and pig-specific) as
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promising alternative indicators for identifying the sources
of fecal pollution in environmental water because of their
abundance in the feces of warm-blooded animals. The
authors clearly state that detection of aforementioned genetic
markers mainly reflected the presence of VBNC Bacteroides-
Prevotella cells in water, suggesting that seasonal and geo-
graphical variations in persistence of these host-specific
Bacteroiides-Prevotella 16S rRNA genetic markers must be
considered if used as alternative fecal indicators in envi-
ronmental waters. This corroborates emerging studies that
suggest that increases in coliform concentration after STP
and dewatering processes may be attributed to cells going
into VBNC state implying traditional coliform enumeration
methods are not sufficient to determine number of viable
cells. This also reinforces common viewpoint shared by many
scientists that a variety of problematic bacteria can enter
VBNC states as a survival response when exposed to dele-
terious environmental stresses such as nutrient starvation,
osmotic stress, and so forth. However, in order to gain
a greater appreciation of environmental and public health
risks associated with persistence of microbial pathogens in
different culturable states, it is imperative that we acquire
an understanding of the interrelated molecular responses
governing tolerance to these applied sub-lethal stressors.
Such as detailed investigations reported by Brackman et al.
[15] who recently found that autoinducer- (AI-) 2 quorum-
sensing inhibitors affected starvation response and reduce
virulence in several Vibrio species, most likely by interfering
the signal transduction pathway at the level of LuxPQ.

1.7. Risk Assessment and Predictive Modeling for Management
of VBNC State Organisms in Water. The aforementioned
detection methods are not as yet commonly used for routine
measurement as they either are not simple enough and/or the
equipment is too expensive. Therefore, in terms of enabling
effective risk-based assessment and environmental manage-
ment to address the occurrence and persistence of VBNC
pathogens in water, critical data must be acquired to convert
VBNC-phase potential pathogens from unknown to known
and defined hazards. In terms of satisfying these information
gaps, accurate enumeration of total microbial load and real
time identification to the various types present in water are
pivotal to hazard identification and characterization, which
will contribute significantly to assuring water safety. Regard-
ing the latter, Smeets et al. [36] recently described improved
methods for modelling drinking water safety using a robust
quantitative microbial risk assessment (QMRA), where a
case study monitored Campylobacter data for rapid sand
filtration and ozonation processes. This study showed that
currently applied methods do not predict monitored data
used for validation. Therefore, underestimation in the levels
of problematic microbes in water, and failure to identify the
presence of pathogenic organisms in representative water
samples also pose significant threats to public health.

1.8. Use of Advanced Detection Techniques to Investigate
Virulence Potential in VBNC State Organisms. Greater infor-
mation is also required on elucidating the existence of

commonly shared cellular mechanisms (and associated gene
expression regulators and gene markers) that govern cellular
conversion to this VBNC state. Moreover, there is a dearth
of knowledge regarding specific underlying molecular and
associated cellular mechanisms governing transition and
persistence of waterborne microorganisms in this VBNC
state, in addition to obviously establishing what specific
environmental conditions or triggers cause these changes
in culturable state. Greater studies are also required to
investigate the presence and role of this VBNC state in
microbial pathogens that cause disease in the aquatic natural
setting such as in fish.Taking for example, Flavobacterium
psychrophilum, the causative agent of rainbow trout fly
syndrome and cold water disease in salmonids, where
subpopulations were still culturable after starvation for 300
days in sterilised fresh water. The virulence of starved F.
psychrophilum was maintained for at least 7 days after
the transfer of the bacterial cells to fresh water [37]. The
VNBC state was earlier reported for this fish pathogen
by Madetoja and Wiklund [38] who revealed differences
between enumeration using advanced immunoflourescence
and genetic probes (i.e., nested PCR) compared to that
of using traditional agar plate cultivation. While the long-
term survival cellular responses to salinity, temperature and
starvation have been studies in the eel pathogen Vibrio
vulnificus for over a decade [39]. To combat such severe
microbial infections affecting fish, many researchers have
advocated water recirculation and good management as
potential methods to avoid disease outbreaks particularly
with F. psychrophilum [40]. Thus, highlighting the impor-
tance of augmenting water quality through improvements
in wastewater treatment, which should be augmented in
efficiency and capacity to cater for under-appreciated and for
emerging microbial threats.

1.9. Addressing Scientific Shortfalls in VBNC to Inform Policy.
To comprehensively address such issues, detailed analysis of
the proteome that arise during this morphological transition
will enable identification and characterization of key proteins
that are responsible for this VBNC state. In addition,
tandem use of microarray gene analysis along with real-time
quantitative PCR will help unravel specific gene functions
and will pin-point over-arching regulatory framework(s).
The aforementioned studies should also be carried out in
parallel with developing improved protocols for resuscitating
VBNC organisms, particularly availing of advances made in
fermentation technology such as exploiting chemostat-based
bioreactor approaches that can simulate and monitor mul-
tiple environmental stresses (either applied simultaneously
or sequentially) over extended time periods. Indeed, Kooi
and coworkers [41] recently exploited use of a chemostat
to report on the dynamic behaviour of simple aquatic
ecosystems with emphasis on nutrient recycling in order
to monitor toxicants. Thus, use of the latter provides a
useful vehicle for investigating the effects of deleterious
microbial stressors on the structure and functioning of
ecosystems. Other related studies that merit attention include
the development of more rapid, user-friendly, field-based
technologies that will reliably and repeatably detect and
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quantify various waterborne pathogens that may persist
in different culture states. Less than four hours was rec-
ommended as “rapid” by Noble and Weisberg [42] in a
recent review of rapid detection methods for bacteria in
recreational waters. Due to plethora of different detection
methods currently being developed combined with obvious
interlaboratory variability in terms of associated operating
protocols, it is imperative that we develop and agree upon
a standardized battery of reliable tools for detecting and
quantifying culturable and nonculturable bacteria so as
to establish future unified, quantitative-risk management
protocols for monitoring our aquatic environments. The
latter will greatly facilitate our endeavours to collectively
comply with emerging environmental policies such as EU’s
Water Framework Directive.

2. The Waterborne Enteroparasite:
Cryptosporidium

2.1. Background. Cryptosporidium species have emerged over
the past decades as major waterborne pathogens causing gas-
troenteritis in humans [43]. The occurrence of the environ-
mentally resistant thick-walled oocyst stage of this organism
has become a worldwide concern due to its resistance to
disinfection with chlorine at concentrations typically applied
in drinking water treatment plants (2 to 6 mg/L) [44]. Thus,
the control of Cryptosporidium oocysts remains a major chal-
lenge for drinking water utilities due to fact that the common
chemical disinfectants-free and combined chlorine, when
used singly, are practically ineffective for inactivating this
protozoan under conditions encountered in most treatment
facilities [45]. Cryptosporidium spp. are found ubiquitously
and the transmission “oocyst-stage” may remain viable for
several months in the aquatic environment. This protozoan
is transmitted via the faecal-oral route, where consumption
of contaminated drinking water and use of recreational water
are major sources of infection [46]. Cryptosporidium oocysts
are resistant to conventional disinfectants at concentrations
and exposure times commonly used, and their infectious
doses in humans have been estimated to be as low as 30
oocysts [47]. Indeed, more than 160 waterborne outbreaks
of cryptosporidiosis have been reported globally, with the
greatest documentation occurring in the US and the UK
[46, 48].

This situation has become a major concern for water
authorities and consequently, significant modifications to
drinking water regulations have been proposed for the
detection and surveillance of this protozoan in the US and in
other developed countries [49]. The new European Drink-
ing Water Directive advocates that all the state members
should provide drinking water supplies with absence of
pathogenic organisms [50]. However problems associated
with the determination of oocysts viability/infectivity make
the establishment of maximum acceptable concentrations
very difficult, and concentrations of ≥3–30 oocysts/100
litres in treated water have been proposed as action levels
[51]. Recent contamination of drinking water supplies in
the west of Ireland have led to a significant number of
confirmed cases of cryptosporidiosis, intimating that the

use of conventional decontamination methods failed to
eliminate this enteroparasite in treated water (cited in Garvey
et al. [52]). This situation has become a major concern for
water authorities and consequently, significant modifications
to drinking water regulations have been proposed for the
detection and surveillance of this protozoan in the US and
in other developed countries [50].

2.2. Alternative or Complementary Decontamination Methods.
Development of alternative methods of Cryptosporidium
disinfection for water applications (such as ozone and/or
UV) has been hindered by the uncertainty surrounding
efficacy of using in vitro surrogate viability assays due to
their overestimation of oocysts survivors posttreatments
and the lack of critical data on the preferred use of in
vitro cell culture and/or in vivo animal-based infectivity
assays to determine interrelated factors governing repeatable
disinfection of oocysts suspended in water [53]. Although
recent studies that utilised at least 20 different cell lines
have advocated the preferential use of the human ileoce-
cal adenocarcinoma HCT-8 cell line as an equivalent in
vitro method to that of using the “gold standard” mouse
assay for measuring infectivity of Cryptosporidium [44],
there has been limited evidence to date on the combined
use of these approaches for assessing critical operational
parameters governing pulsed UV light (PUV) as a means
of disinfecting water contaminated with this enteroparasite
[53]. This study demonstrated that there is good agreement
between use of in vitro culture-qPCR and the SCID-mouse-
infectivity assays for evaluating the disinfection efficacy of
pulsed UV for inactivating C. parvum suspended in saline,
thus reducing the requirement to unnecessarily use animals
for these particular research studies. However, the authors
recommended that pressing investigations are needed to
comprehensively demonstrate efficacy of using this novel
disinfection UV approach for treating lower concentrations
of infectious oocysts under dynamic conditions found in
WWTPs and in the aquatic environment. Development of a
reliable and repeatable method of measuring fluence values
from UV-delivered pulses for water disinfection applications
is also required, and should take on board critical interrelated
factors identified previously by Bolton and Linden [54] for
continuous low- (LP) and medium-pressure (MP) UV units.

Development of PUV has recently received attention as
a potentially novel strategy for decontaminating water as it
offers many benefits including rapid microbial reductions
and efficiency of energy usage due to underpinning high
peak-power dissipation during treatments [55, 56]. Indeed,
use of ultraviolet (UV) light have become widely accepted
as alternative methods to chlorination for wastewater
disinfection [57, 58]. There are also over 2,000 wastewater
treatment plants worldwide using either LP or MP ultra-
violet technologies. Recent studies investigating continuous-
use UV lamp technology has demonstrated the effectiveness
of UV in inactivating pathogens in wastewater [57]. Research
has also shown that, to ensure permanent inactivation and
prevent the recovery of microorganisms following exposure
to UV, a broad polychromatic spectrum of UV wavelengths
is necessary such as doses delivered by MP and PUV
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systems. These wavelengths inflict irreparable damage not
only on cellular DNA, but on other molecules such as
enzymes as well. Moreover, numerous studies have also
highlighted limitations of decontamination techniques
such as conventional low pressure mercury lamps designed
to produce energy at 254 nm (called monochromatic or
germicidal light) that include microbial repair and the
necessity for lengthy durations of exposure to obtain suitable
levels of decontamination [59]. More recently, medium-
pressure mercury UV lamps have been used because of
their much higher germicidal UV power per unit length
and because of their ability to emit polychromatic light
comprising germicidal wavelengths from 200 to 300 nm)
[54]. This approach kills microorganisms by using ultrashort
duration pulses of an intense broadband emission spectrum
that is rich in UV-C germicidal light (200 to 280 nm band).

PUV is produced using techniques that multiply power
manifold by storing electricity in a capacitor over relatively
long times (fractions of a second) and releasing it in a
short time (millionths or thousandths of a second) using
sophisticated pulse compression techniques [56, 60, 61]. The
emitted flash has a high peak power and usually consists
of wavelengths from 200 to 1100 nm broad spectrum light
enriched with shorter germicidal wavelengths [62, 63]. This
technology has received several names in the scientific
literature: pulsed UV light [64–66], high intensity broad-
spectrum pulsed light [67], pulsed light [60], intense pulsed
light [56], and pulsed white light [68]. Despite the fact
that UV light appears effective for inactivating waterborne
enteropathogens, including Cryptosporidium spp. it is recog-
nised that many organisms have mechanisms for repair-
ing light-induced DNA damage. However, Rochelle et al.
[69] recently reported that Cryptosporidium spp. oocysts
could neither repair UV light-induced damage nor regain
infectivity under standard conditions used for storage and
distribution of treated drinking water. This is despite the fact
that both C. parvum and C. hominis were shown to harbour
genes encoding UV repair proteins for mechanisms such
as nucleotide excision repair and photolyase enzymes [70].
Indeed, irradiated oocysts were unable to regain preirradia-
tion levels of infectivity, following exposure to broad array
of potential repair conditions, such as prolonged incubation,
preinfection excystation triggers, and post-UV holding peri-
ods. Otaki et al. [71] reported that adaptive microbial sur-
vival (tailing phenomenon) occurs when samples are treated
in high turbidity solutions using continuous UV sources
whereas tailing did not occur when similar samples were
treated with pulsed xenon lamp. In terms of potential future
alleviation strategies for combating C. parvum in water, it is
likely the combined use MP and PUV technologies would
offer considerable advantages as the next-generation decon-
tamination bolt-on approach including rapid processing and
efficiency of oocyst destruction, and should accommodate
dynamic operational requirements at WWTP level.

Use of ozone is gaining in popularity as an alternative
or complementary approach for disinfection in drinking
water facilities worldwide [58]. Some landmark studies
have recently reported on the possible efficacy of using
ozone for destroying Cryptosporidium oocysts [45]. However,

there are very limited published findings to date that
holistically investigate critical factors governing the effective
and repeatable destruction of this recalcitrant enteroparasite
in drinking water supplies using ozone or other oxidative
agents. Of those researchers that have reported on this
complex oxidation process, it would appear that using ozone
singly or combined with (or without) free chlorine or
monochloramine (in addition to other synergistic factors
such as disinfection concentration, contact time, dissolved
organic content concentration, pH, and temperature) are of
critical importance for the inactivation of treated C. parvum
[72, 73]. Despite limited understanding of the dynamic
complexities underpinning advanced oxidation processes,
ozonation is often preferred to chlorination because former
leads to smaller concentrations of potentially harmful halo-
genated disinfection by-products. Yargeau and Leclair [74]
also recently reported that use of ozone appears to be a
promising technique for degradation of antibiotics, even in
wastewater. After 4.5 min of ozone treatment, the concen-
tration of sulphamethoxazole was below the HPLC detection
limit of 0.6 mgL−1 indicating a degradation efficiency higher
than 99.24%. Intense research has been recently focused
on the development of novel pulsed plasma gas discharge
technology as a complementary means of treating water
containing unwanted microbial pathogens and chemicals.

Pulsed plasma gas-discharge (PPGD) technology in-
volves applying high voltage pulses to gas-injected test liquids
resulting in the formation of a plasma that causes free
radicals such as dissolved ozone and hydrogen peroxide, free
electrons, ultraviolet light (UV), acoustic shock waves, and
electric fields at levels between 10–50 kV/cm to be generated
in the test liquids (Figure 1). Rowan and coworkers [75] has
been shown that application of PPGD successfully reduces
unwanted Campylobacter and Salmonella spp. in poultry
wash water. PPGD (akin to PUV) is an enabling technology
that requires transient generation of high voltage and high
current that in turn results in the generation of large peak
powers ranging from Megawatts to Terrawatts. Depending
upon the application (PPGD or PUV), a pulse generator
will deliver a large energy level on a single shot basis or
alternatively will deliver a modest amount of energy (1–10 J)
at a repetition rate from 10 to 10,000 pulses per second.
Thus PPGD offers a radical new approach to energy delivery
that involves the use of repetitive switching techniques
to deliver stored energy in intense ultrashort bursts (85–
100 nanoseconds). During each pulse, very high levels of
peak power are generated (10–20 MW), and treatment is
achieved using the required number of pulses, which is
favourable in terms of requirements for new energy efficient
technologies for the fast-approaching post peak oil era. Other
research groups have also reported on the successful use of
pulsed high voltage for decontaminating microbial popula-
tions [76] and phenol [77] in liquid solutions. Interestingly,
research in our laboratory has shown that the myriad of
biocidal properties generated by use of PPGD technology
has also demonstrated promising results for the removal
of prions on surgical material intimating potentially other
healthcare applications for this decontamination approach
[78].
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Figure 1: Pulsed-plasma gasdischarge decontamination treatment
of water.

2.3. Potential Hurdles for New Technologies. However, a
nonoptimized pulsed plasma-gas discharge process may
also lead to the formation of undesirable by-products
such as brominated organic compounds and halogenates
in treated water [79]. Brominated organic compounds are
also considered potentially harmful and remain the subject
of international study in order to elucidate mechanistic
and kinetic information regarding their formation during
ozonation so as to identify effective strategies for their
reduction or elimination [80]. Considerable attention should
be given to reducing or eliminating the occurrence of
harmful by-products of ozone during this project via
adjustments in sparged-gas composition, decreasing pH and
complementary use of pulsed UV technology. Surprisingly,
despite increased interest in the development of nonthermal
advanced oxidative processes (such as corona plasma dis-
charges, ozone combined with H2O2, low/medium pressure
UV combined with H2O2, etc.), this author has been unable
to source any published reports on possible toxicological
issues associated with use of these new technologies for
disinfection applications in healthcare, agri-food or the
environment. On a related point, our research group has
recently reported on the occurrence of VBNC state for
food and water-borne microorganisms generated in liquid
suspensions after separate exposure to PPGD and pulse
electric field technologies [6, 7].

3. Antibiotics in the Aquatic Environments

Although antibiotics have been used for decades, only
recently has an increasing number of studies highlighted
the lack of understanding and knowledge about persistence
of antibiotics in the aquatic environment and the potential
environmental risks that this may pose [81]. Particularly as
antibiotics are often poorly degraded or removed in conven-
tional wastewater treatment plants (WWTPs) which causes
formation of toxic degradation products that may impact
negatively on the aquatic environment and public health

[81]. Antibiotics in the broader sense are chemotherapeutic
agents that inhibit or abolish the growth of microorganisms,
and have been used extensively in human and veterinary
medicine as well as aquaculture for the purpose of prevent-
ing or treating microbial infections. Wise [82] estimated
antibiotic consumption worldwide to lie between 100,000
and 200,000 ton per annum. The reader is also directed to
the recently published landmark reviews of Kümmerer [83,
84] for further detailed information on the possible input,
occurrence, fate, and effects of antibiotics in the aquatic
environment.

The concentrations of antibiotics in municipal sewage
and in sewage treatment plants are typically lower by a
factor of 100 compared to hospital effluent [85]. While
bacterial resistance to antibiotics have also been found in
soil [86]. Some studies revealed that many different types
of antibiotics are biodegradable under aerobic or anaerobic
conditions, while other related research has reported that
certain aquatic microbes can actually use these free active
compounds as a sole carbon source. However, research has
also shown that the concentrations and activity spectrum
of compounds found in the environment does not correlate
with the presence of resistant bacteria isolated from the same
environments. Concern over the development of secondary
resistance to commonly-used antibiotics (either through
vertical and/or horizontal gene transfer among related and
unrelated bacteria) in the environment with potential for
adversely affecting aquatic and terrestrial organisms along
with the potential for a cyclic unwanted return to humans
again via consumption of drinking water has stimulated
numerous research groups to investigate these important
issues. Kümmerer [83] clearly articulated that the issue of
acquired resistance was nearly always addressed in pub-
lications by describing the presence of antibiotics in the
environment, with often mere speculation as to the possible
relationship between low concentrations of antibiotics in
water and emergence of resistance. In truth, the latter is a
highly complex process that is as yet not fully understood
[87]. However, the trend of accumulating and accelerating
resistance to antibiotics is of concern as this is also juxtaposed
by the marked reduction in mankinds’ current arsenal of
effective tools for combating this phenomenon.

From a review of best published literature it would
appear that possibly the most significant undefined risk
in terms of antibiotics are microorganisms harbouring
multiple antibiotic resistance genes such as vancomycin-
resistant enterococci (VRE), methicillin-resistant Staphylo-
coccus aureus (MRSA), and multiresistant pseudomonads
that are living in close proximity to each other (such as in
biofilms—sewage sludge flocs) as opposed to the free active
compounds present at low concentrations in the aquatic
environment. Indeed, Davison [88] provided evidence that
antibiotic resistance is already present in natural environ-
ments and that it can be exchanged between bacteria for
at least a decade. Therefore, under intense discussion is
the possibility that nutrient-poor, oxygen-limited and cold
aquatic environments exemplified by sewage sludge may be
selecting for and acting as a reservoir for slowing growing
resistant organisms. This environment provides for a higher
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biodiversity of microbial types and numbers affording a
greater probability for accelerated exchange of antimicrobial
drug resistance and virulence determinants in the presence
of other neighbouring microbes deficient in such deleterious
properties. Indeed, Ohlsen et al. [89] revealed that antibiotics
even at sub-inhibitory concentrations can have an impact on
cell function and can stimulate expression of quiescent viru-
lence factors or potentiate transfer to an antibiotic resistant
state. The latter is strongly aligned with findings from unre-
lated environmental stress studies which previously showed
that many food and waterborne microbial species can sense
and adapt to related and unrelated sub-lethal environmental
stresses (such as osmotic stress or starvation) through com-
plex quorum sensing and respond through an orchestrated
controlled subsequence of preferential gene expression [90].
Thus, not alone may the latter confer microbial tolerance to
the applied stress through a process of elevating activities in
important genes that regulate key house-keeping functions
such as osmotic stress response and protection vital proteins
(chaperone), but such environmental tempering may also
act as stimuli for up-regulating microbial virulence factor
expression. The classic example being L. monocytogenes,
where its’ transcriptional activator PrfA up-regulates viru-
lence factor expression in the presence of a known stress
(e.g., body temperature), yet down-regulates transcription
of pathogenic determinants in the presence of soil-related
carbohydrates. Interestingly, Zupan and Raspor [91] recently
reported on the development of an invasion-agar assay for
determining in vitro invasiveness of Saccharomyces cerevisiae,
and showed that this yeast augmented virulence when
exposed to temperatures typical of human fever (37 to
39◦C) yet exhibited strong repression effect on invasion in
the presence of salts, anoxia and some preservatives. The
aforementioned also highlights the extreme versatility of
microbial species present in complex communities (such as
in biofilms in WWTPs) to rapidly change and adapt when
confronted with a sustained external selective pressure.

Kümmerer [83] stated that there is a dearth of infor-
mation on the interrelated factors governing the fate and
effects of antibiotics in the environment (i.e., microbial
ecology), highlighting that the majority of published studies
to date are limited to single compound approaches. He also
recently postulated that the effects of antibiotics in WWTPs
or in the aquatic environment may be under-estimated,
particularly as there is evidence that microbial exposure to
antibiotics from the same group or from different groups
may result in additive effects. For β-lactams it has been
shown that their potency is much higher in the presence of
5-fluorouracil, a cytotoxic compound also present in sewage
in concentrations at the mg or μgL−1 range. Use of biocides
such as triclosan and quaternary ammonium compounds
used in hospitals and homes may also select for antibiotic
resistance in microbial pathogens. Additionally, there is no
published information as yet on the potential impact of low
levels of other pharmaceutically active compounds (such as
endocrine disrupting chemicals) on development of antibi-
otic resistance as the former also tolerate sewage treatment.

There is also limited information on how long bacteria
maintain antibiotic resistance in the absence of continued

selective pressure for that resistance. That said, recent
findings also suggest that bacteria which have already have
become resistant through the application of antibiotics
will not necessarily have a selective advantage in sewage
treatment [92, 93]. Interestingly Kümmerer [83] reported
that resistance was found to be high in hospital effluents and
in sewage treatment plants, yet hospital effluents contribute
to less than 1% of the total amount of municipal waste
suggesting that hospitals are not the main source of resistant
bacteria in municipal sewage. The latter would also suggest
that antibiotic usage in the community accounts for the
main input of resistant bacteria into municipal sewage.
The question should also be posed as to whether or not
multi-drug resistant bacteria that transcend to the quiescent
VBNC state after periods of extended exposure to a nutrient
depleted stressful environment (such as in water or in soil)
are still capable of gene transfer and whether or not these
important molecular determinants remain unaltered and
stable. Kümmerer [84] also reported that the concentration
of antibiotics may be much higher if the active compounds
are persistent and accumulate, for example, by sorption to
solid surfaces such sewage sludge, sediments, or soil.

While most antibiotics tested to date have not been
biodegradable under aerobic conditions(Kümmerer
[83, 94, 95]), biodegradability has been poor for most of
the compounds investigated in laboratory tests, including
some to the β-lactams [96]. Out of 16 antibiotics tested, only
benzyl penicillin (penicillin G) was completely mineralized
in a combination test [97]. No evidence of biodegradation
for tetracycline was observed during a biodegradability
test, and sorption was found to be the principal removal
mechanisms for tetracycline in activated sludge [98].
Substances extensively applied in fish farming had long
half-lives in soil and sediment as reported in several investi-
gations [99]. However, some substances were at least partly
degradable [100]. Maki et al. [101] found that ampicillin,
deoxycycline, oxytetracycline, and thiamphenicol were
significantly degraded, while josamycin remained at initial
levels. Despite the aforegoing, it has yet to be established
that permanent exposure of antibiotics in sewage treatment
systems promotes the development of antibiotic resistance
and selective effects on bacterial communities.

Studies have also revealed that bacteria that are resistant
to antibiotics are present in surface water. Furthermore,
antimicrobial resistance has also been found in marine
bacteria [102] and bacteria living in estuaries or coastal
waters polluted with sewage water [103]. Other researchers
have reported that antibiotic resistance genes (ARGs) can be
found in a region where no selection pressure exists [104].
Whereas Pruden et al. [105] noted that tetracycline ARGs
tet(W) and tet(o) were present in treated drinking water
and recycled wastewater, suggesting that these are potential
pathways for the spread of ARGs to and from humans.
High loads of antibiotics in sediments at concentrations
potent enough to inhibit the growth of bacteria have been
reported for aquaculture [83]. While antibiotic-resistant
bacteria have been detected in drinking water supplies as far
back as the 1980s. In fish farming sector such as aquaculture
and mariculture, the widespread use of antibiotics for
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treating bacterial diseases has been associated with the
development of resistance in a range of bacterial pathogens
including Aeromonas hydrophilia, Aeromonas salmonicida,
Edwardsiella tarda, Edwardsiella icttaluri, Vibrio anguillarum,
Vibrio salmonicida, Pasteurella piscida and Yersinia ruckeri
[106]. There are also considerable gaps in current knowledge
concerning the possible transfer of chemical contaminants
and microbial pathogens (including those harbouring ARGs)
into the food chain through land spreading of some treated
organic municipal and industrial material on agricultural
land used for food production. The reader is directed to
the comprehensive report produced recently by the Food
Safety Authority of Ireland that addresses critical issues
underpinning these putative concerns [107].

Other Pharmaceutically Active chemicals. A marked
observation from this paper is the pressing need for greater
risk-based assessment and for new and/or improved allevia-
tion strategies for the optimal decontamination of wastewa-
ter at treatment plant level so as to reduce or eliminate the
microbial (and their associated metabolite) risks to public
health. In the context of improving wastewater treatment and
planning for safe drinking supplies, one must also acknowl-
edge growing international concerns about the release of
certain chemicals into the aquatic environment that may
result in alterations in the reproductive health of humans
and wildlife [108–110]. The environmental presence of such
man-made and naturally occurring compounds, properly
referred to as endocrine disrupting chemicals (EDCs), can
mimic or interfere with the binding and action of natural
hormones, thus disrupting normal physiological processes
[111, 112]. Consumption of water contaminated with EDCs
may also cause reproductive disorders in humans as such
chemicals have the ability to mimic the function of natural
estrogens as well as disrupting the synthesis and metabolism
of hormones by binding to hormonal receptors (cited in
[108, 110]). Thyroid system-disrupting activity in water
from municipal domestic sewage treatment plants was also
detected recently [112]. The list of known EDCs is extensive
and includes natural and synthetic steroid hormones (such
as 17 β-estradiol(E2), estrone (E1), and 17 α-ethinylestradiol
(EE2)), phytoextrogens, pesticides, pharmaceuticals, and
surfactants, all of which have been detected worldwide in
processed water from domestic treatment plants (WWTPs)
at the ng/L level that may cause abnormalities to aquatic
organisms [113, 114]. EDCs were recently detected in
effluents from WWTPs and from receiving waters at levels
exceeding ng/L in Ireland [115].

Recent studies conducted by Fogarty and McGee [115]
have demonstrated that fish habituating downstream of
waste-water treatment plants (WWTPs) in the Midlands
region in Ireland exhibited delayed spermatogenesis com-
pared with fish upstream and intersex (feminization) was
discovered in roach [115–117]. The scientific community has
particularly focused on estrogenic EDCs (i.e., compounds
interacting with the human estrogen receptor α), which enter
the environment from a variety of sources including effluent
discharge pipes, agricultural runoff and landfills [117]. In
particular, such EDCs are considered to be dominant con-
tributors to estrogenic activity in treated water from WWTPs

and have been found in treated effluent at the ng/L level
[113, 118]. Whilst intensive conventional-based treatment
approaches have investigated many interrelated factors in the
design and operating conditions of WWTPs for reduction
or elimination of EDCs in treated wastewater, none have
reported on their effective removal. Moreover, due to the
common practice of residual chlorine in drinking water
distribution, halongated by-products such as haloacetic acids
and trihalomethanes form that exhibit a range of potential
carcinogenic potentials (cited in [119]). The European
commission (COM [1999] 706) acknowledged that there is
an urgent need for further scientific research to denature
deconjugated EDCs in the environment. Therefore, it is
essential that such compounds be efficiently and effectively
removed from processed water discharged from WWTPs. On
a similar theme, Yamamoto and coworkers [120] recently
reported the persistence of 8 pharmaceuticals with rela-
tively high ecological risk and high consumption (namely
acetaminophen, atenolol, carbamazepine, ibuprofen, ifen-
prodil, indomethacin,metenamic acid, and propranolol)
using river water.

Previous researchers have recently shown that use of
similar non-thermal corona discharge processes such as the
PPGD technology may be potentially effective at destroy-
ing structurally-related organic compounds such as dyes,
phenol and aniline in aqueous solutions [121–125]. Other
nonplasma related studies have shown that the use of UVA
can also facilitate removal of EDCs including E1, E2, and EE2

from water by photolysis [123, 126]. Given that the majority
of known EDCs are phenolic in chemical structure, the ben-
zene rings underpinning these EDCs should be rapidly pho-
todegraded by hydroxyl radical attack during PPGD treat-
ments. It is worth noting that the use of ozone become widely
accepted as alternative methods to chlorination for wastew-
ater disinfection [57, 58], and ozone has traditionally been
applied in drinking water treatment plants for disinfection
[58]. While other researchers have demonstrated the produc-
tion of short-lived, high-oxidative, plasmochemical elements
in pulsed-plasma-treated test liquids such as water and
effluent for bacterial decontamination, no study to date has
reported on the use of corona discharges singly or combined
with pulsed UV light as a novel approach for the destruction
of established and emerging microbial threats to public
health in water or effluents. These dynamic environmental
fate studies must be carried out in tandem with experiments
that ascertain the likelihood of by-product toxicant forma-
tion and unwanted persistence in water, and address these
associated undefined risks by either adjusting existing and/or
implementing new complementary alleviation strategies.

4. Conclusion and Outlooks

There is a pressing need to generate critical data in gaps
highlighted above via provision of funding to establish
consortia of meaningful stakeholders comprising scien-
tists, engineers, and end-users in order to facilitate policy
makers and implementers (suchas water managers) strive
towards meeting ambitious objectives set for the EU’s Water
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Framework Directive that requires member states to attain
a good ecological status for all water bodies by 2015
[127]. While a global response to emerging environmental
problems has been positive with the provision of substantial
research funding been made available to the broad and
diverse researcher communities (such as EU FP7 initiatives),
one obvious real challenge that still remains is how does
mankind harness and channel vast amounts of relevant
sophisticated data that is produced and disseminated from
a multiplicity of research groups worldwide into meaningful
streamlined forums that can be shared and understood by
all in a timely fashion. Exploiting advances in information
technology will assist greatly with this challenge and will
drive effective risk-based assessment, evaluation, and man-
agement of present and emerging problems for the aquatic
environment.

Currently, there is insufficient information available to
reach definitive conclusion on the significance and impact
of the VBNC state organisms and antibiotic resistant
bacteria in the environment which would allow for the
assessment of the potential risk related, for instance, to
human health and ecosystem functions. Indeed impact
of antibiotics present in the aquatic environment on the
frequency of resistance transfer is questionable, with greater
concern placed on the input of resistant bacteria into
the environment from different sources. This suggests that
greater emphasis should be placed on reducing the likelihood
of antibiotic resistance occurrence in the first instance at
the point of source by prudent management and careful
rotation of antibiotic usage in both the hospital and com-
munity settings and by systematic continued monitoring
of resistance, which will collectively impact positively on
public health and wellbeing. The lack of understanding
and knowledge surrounding a broad range of established
and emerging risks to the aquatic environment is apparent.
For example, Mena and Gerba [128] recently reviewed best
published data for risk assessing the opportunist pathogen
P. aeruginosa in water and concluded that process of
estimating risk is currently significantly constrained because
of the absence of specific (quantitative) occurrence data for
Pseudomonads.

In order to gain a greater appreciation and understanding
of the critical environmental fate and associated impact of
such undefined and variable microbial risks, more controlled
laboratory investigations are needed to be undertaken in
combination with conducting field studies. There is also
pressing need to obtain definitive data on proposed risk to
public health and to the aquatic environment combined with
developing appropriate short- and long-term mathematical
and computer models with capacity for monitoring and
predicting ecotoxicological effects of these microbial stres-
sors, particularly under dynamic naturalistic settings akin
to those recently described by Bontje and coworkers [129]
and Gevaert et al. [130] so as to inform policy makers
and managers. It is quite apparent that proper judgement
of the impact of microbial pathogens, their metabolites,
and pharmaceutically active compounds require a thorough
evaluation of their risk and hazard. Regarding the latter,
where risk is normally expressed as the ratio between

the predicted environmental concentration of the active
ingredient (AI) and its predicted no-effect concentration.
Hazard is expressed in terms of AI’s persistence, potential
for bioaccumulation, and ecotoxicity [131]. The combined
use of monitoring data aligned with development and
application of dynamic pollutant (contaminant) fate models
is recommended. Pharmaceutical producers should also
highlight environmental precaution when designing new
more environmental friendly AIs, and that the environmen-
tal data should be transparent to the general public. In terms
of holistic monitoring and prediction, we must also factor
in seasonal environmental changes such as atmospheric
and oceanic processes that occur in response to increasing
greenhouse gases to map disease potentiation dynamics as
this will aid development of appropriate strategies for con-
trolling microbial risks across a range of human and natural
systems. Indeed, Sedas [132] recently showed that climate
also influences the abundance and ecology of pathogens, and
the links between pathogens and changing ocean conditions,
including human disease such as cholera. It is recognised that
environmental risk-based management is typically uncertain
due to different perceptions of the risk problem and our
limited knowledge about the inter-play of biological, physical
and chemical processes underlying these risks [133]. While a
plethora of real-time quantitative microbial detection tools
combined with more rapid and efficient decontamination
approaches are on the horizon, we must be equally prudent
about exhaustively confirming their efficacy such as agreed
standards for sensitivity and reliability for detection, and eco-
friendliness for decontamination.

It is clear and apparent that the emergence of such
complex problems has heralded a new dawn in research
and innovation (i.e., a marked departure from the solitary
PhD student environment), where collection, analysis and
timely dissemination of such vast and meaningful infor-
mation can only be effectively addressed using a well-
managed consortia of networked researchers from various
complementary disciplines by way of using a plethora of
appropriate frontier funding initiatives such those offered
by the EU (http://cordis.europa.eu/fp7/home.html). While
it is recognised that undertaking such far-reaching cross-
boundary initiatives will enable the potential impact, impli-
cations and future proofing of established and emerging
risks to be managed and catered for properly. Is must
be equally recognised that effectively managing and har-
nessing the potential of such diverse consortia comprising
academics, industrial partners (SMEs to multinationals),
policy makers and so forth pose significant logistic and
complex challenges, for example, attempting to holistically
cater for all stakeholders in a united global society on a
single theme who have different needs and goals are real
challenges. Therefore, such important issues must also be
managed with a strong over-arching foresight, particularly
in the context of embracing and exploiting advances in the
communication and information technology landscape so
that we can accommodate and provide for the real-time
flow of knowledge to all stakeholders in order to identify
potential synergies, emerging trends (problematic, beneficial
or otherwise), and/or opportunities.

http://cordis.europa.eu/fp7/home.html
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