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Abstract

Phages are valuable models or surrogates for enteric viruses because they share many fundamental properties and feptures. Amon
these are structure, composition, morphology, size and site of replication. Even though they use different host cglés aalipha
Bacteroides fragilipphages predominantly replicate in the gastro-intestinal tract of humans and warm-blooded animals where
enteric viruses also replicate. A major advantage of phages is that, compared to viruses, they are detectable by sngile inexp

and rapid techniques. In view of these features, phages are particularly useful as models to assess the behaviourand survival
enteric viruses in the environment, and as surrogates to assess the resistance of human viruses to water treatmenitend disinfec
processes. Since there is no direct correlation between numbers of phages and viruses, phages cannot to a meaningful extent be
used to indicate numbers of viruses in polluted water. The presence of phages typically associated with human and gmimal excre
indicates the potential presence of enteric viruses. However, the absence of these phages from water environmentsis generally
meaningful indication of the absence of enteric viruses. This is because phages such as somatic coliphages, F-RNAmmbliphages a

B. fragilis phages generally outnumber enteric viruses in water environments, and they are at least as resistant to unfavourable
conditions including those in water treatment and disinfection processes. However, using highly sensitive molecular techniques
viruses have been detected in drinking water supplies which yielded negative results in conventional tests for phageaténitial

on phages were rather confusing because a wide variety of techniques was used. However, techniques for the detection of phages
are being standardised internationally. This applies in particular to somatic and F-RNA coliphaBe&agiles phages, which

are most commonly used in water quality assessment. Reliable and practical techniques now available include direat quantitativ
plaque assays on samples of water up to ¥0@nd qualitative tests on 50@0on more using highly sensitive enrichment procedures.

Introduction morphological subunits called capsomeres. The capsomeres consist
of a number of protein subunits or molecules called protomers.
Bacteriophages (phages) are viruses which infect bacteria. THegme phages also contain lipid and additional structures such as
were discovered independently by Frederick W Twort in Englantails and spikes. These features imply that in terms of composition,
in 1915 and by Felix d'Herelle at the Pasteur Institute in Paris Btructure and morphology, phages share many fundamental
1917 (Pelczar et al., 1988). Phages were the last of the three majaperties with human viruses. For instance, F-RNA coliphages
classes of viruses to be discovered during World War I. The oth@&amily Leviviridae) and enteroviruses such as polio viruses (Family
two classes were the plant viruses and animal viruses. It was tli&oornaviridae) both have an icosahedral capsid with a diameter of
hoped that their ability to kill bacteria could be used for thabout 25 nm and a single strand (ss)-RNA genome. Under the
prevention and treatment of bacterial disease, but this did not pralectron microscope F-RNA coliphages and enteroviruses are
successful due to the rapid selection of resistant bacteria (Goyahatdly distinguishable (Fig. 1). In addition, F-RNA coliphages and
al., 1987). However, phages eventually turned out to have magmteroviruses are both excreted by humans. For these reasons
other benefits, notably as models or surrogates for human virusediphages are valuable models or surrogates for human enteric
in basic genetic research as well as water quality assessment.viruses. As a result of these similarities, the behaviour of F-RNA
Phages proved to be most valuable tools in research on virusesiphages as well as other phages, resembles that of enteric viruses
because compared with the human, animal, plant and even ingactch closer than faecal bacteria such as coliforms commonly used
hosts of other viruses, phages are easily and rapidly cultivatedas indicators of faecal pollution. The same applies to properties
laboratories which are not particularly demanding with regard tauch as removal by water treatment processes and resistance to
space, facilities, and equipment (Pelczar et al., 1988). Researchd@infection processes. However, there are differences which limit
the basic genetic properties of phages led to the development otlaaindicator value of phages. Forinstance, electrostatic charges on
entirely new science - that of molecular biology - which alloweghages may differ from those on enteric viruses, which affect
unprecedented advancements in all the biological and medigalportant properties such as adsorption to solid surfaces. This has
sciences. In addition, the way all viruses reproduce was firshplications for features like behaviour in the environment, and the
indicated by work with phages (Ackermann, 1969). efficiency of recovery by techniques based on adsorption-elution
principles.
Structure and morphology of phages
Phage replication
Phages basically consist of a nucleic acid molecule (genome)
surrounded by a protein coat (capsid). The capsid is made upRifages and enteric viruses can replicate only inside host cells,
which in the case of phages are susceptible bacteria, and in the case
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Inoviridae and Leviviridae. These features have majorimplications
for the utilisation of phages as models/surrogates for human
viruses. Forinstance, under certain optimal conditions host bacteria,
notably heterotrophic bacteria, may support the replication of
somatic phages in water environments. However, in environmental
waters, even in sewage, conditions rarely if ever meet requirements
for the production of fertility fimbriae. An important limiting
factor is the temperature of at least 30°C. This implies that for all
practical purposes replication of male-specific phages in
environmental waters is most unlikely, while somatic coliphages
may under circumstances multiply in certain water environments
(Grabow et al., 1980).

Optimal conditions for the replication of both somatic and
male-specific phages typically prevail in the gastro-intestinal tract
of humans and other warm-blooded animals. Since human enteric
viruses are released into the environment almost exclusively from
the gastro-intestinal tract of humans, phages which infect typical
enteric bacteria such Bscoli, resemble human viruses with regard
to origin and release into the environment. This strongly supports
the value of phages, notably coliphages Badteroides fragilis
phages, as models/surrogates for enteric viruses.

Among phages, the F-RNA male-specific phages are
theoretically probably the best models/surrogates for enteric viruses
because: like enteric viruses they almost exclusively originate from
the faeces of humans and other warm-blooded animals; like enteric
viruses they fail to multiply in the environment; and in terms of
composition, structure and size they closely resemble human
enteric viruses.

However, coliphages are excreted at all times by a certain
percentage of all humans and other warm-blooded animals (Grabow
et al., 1995), whereas enteric viruses of human health concern are
excreted almost exclusively by humans during infection which

Figure 1
Electron micrograph of F-RNA coliphages (Family Leviviridae).

Size of about 25 nm and morphology are similar to that of human S .
enteroviruses like polio virus. Note attachment of the phages to may last for a few days to a few weeks. This implies that the

bacterial fertility fimbriae which have receptor sites for these incidence of human enteric viruses in the environment is subject to
phages. The thicker rods are bacterial flagellae without variables such as the epidemiology of viral infections, outbreaks of
receptor sites. infections in communities, vaccination against viruses, seasonal

changes, and other variables which do not affect the excretion of

generating systems of the host cell to replicate, and hence, phageliphages. In addition, human enteric viruses and coliphages are
can multiply only in metabolising host bacteria (Goyal et al., 1987hot excreted in the same numbers and not for the same periods of
Some phage species have fewer than 10 genes and use almost élhaf. Consequently there is rarely, if ever, a direct correlation
the cellular functions, whereas others have 30 to 100 genes and@@®veen the numbers of any coliphages and any enteric viruses in
less dependent on the host. A few of the large phage particles hawager environments at any time.
so many of their own genes that, for certain functions such as DNA Phages are divided into two groups according to their mode of
replication, they need no host genes (Freifelder, 1987). Phages ogplication. Virulent (lytic) phages typically proceed with replication
only infect certain bacteria. The host-specificity of phages isnmediately after infecting the host cell and new viruses are
determined by receptor sites (protein molecules) on the surfacerefeased in large numbers by rupture (lysis) of the host cell within
bacteria. Only certain phages will recognise these receptor siteslittle as 30 min after infection. These phages typically produce
and attach to them which leads to infection of the bacterium (Goyakar plaques on a lawn of susceptible host bacteria because all
etal., 1987). bacteria in the area of infection are destroyed (Davis et al., 1990).

Phage receptor sites are located on different parts of bactefi@mperate (lysogenic) phages do not necessarily start replicating
Some of them are located on the cell wall and are present all ihemediately. Depending on a number of conditions, these phages
time. These receptor sites are typically recognised by phagesy integrate their nucleic acid (genome) into that of the host cell
known as somatic phages. This implies that somatic phages @amere it remains until induced to become autonomous again and
infect host bacteria at any time, and somatic phages will even attastart replication and cell lysis (Brock and Madigan, 1988). The
to dead host bacteria. Somatic phages typically include membeisage genome may also replicate autonomously in the cytoplasm
of the families Myoviridae, Siphoviridae, Podoviridae andf host cells without the production of new complete phage
Microviridae. Receptor sites for other phages are located on, foarticles and lysis of the host cell. These autonomously replicating
instance, the fertility (sex) fimbriae of host bacteria. These fimbriagenetic phage elements are known as plasmids or episomes (Hayes,
are produced only by bacteria in the logarithmic growth phase68).
under optimal growth conditions. In the cas&s€herichia coli As part of the process of lysogenic infection, phages may
fertility fimbriae are produced only at temperatures well aboveonvey new properties to the host bacteria. Phages which display
30°C. Phages which typically utilise these receptor sites are knownis feature include those which code for the production of toxins.
as male-specific phages and include members of the famili€sey convert normally harmless bacteria into pathogens, such as
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the shiga toxin-converting phages involved in the pathogenicity of Typical members: Coliphages T5 and
E. coli O157:H7 (Muniesa and Jofre, 1998, 2000; Nataro and
Kaper, 1998). Several other phages likewise convert harmless Podoviridae:
bacteria into life-threatening pathogens (Hayes, 1968). This Cubic (Icosahedral) capsid, linear dsDNA, short non-contractile
implies that although phages are not able to infect humans tail.
themselves, they play an important role in infectious diseases. It Typical members: Coliphage T7 and enterobacter phage P22.
may, therefore, be argued that the absence of phages from water
intended for human consumption is as desirable as the absence ofMicroviridae:
human viruses (Muniesa and Jofre, 1998; Muniesa et al., 1999). Cubic (icosahedral) capsid, circular single-strand (ss) DNA, no
Various agents or conditions such as ultravioletlightirradiation tail.
and a number of chemical agents induce the genome of lysogenic Typical member: ColiphagexX174.
phages or plasmids to code for the production of new phages.
Generally, these phages are released at low frequency with limited Inoviridae:
impact on host populations. Consequently, these phages produceFilamentous or rod-shaped, circular ssSDNA, no tail.
faint or mottled plaques because many host bacteria in the plague Typical member: Coliphage f1, fd and M13.
area remain viable and intact (Hayes, 1968).
The host-specificity of phages proved to be a most useful tool [ eviviridae:
for the classification of certain bacteria. Phages may not only be Cubic (icosahedral) capsid, linear ssRNA, no tail.
specific for species of bacteria, but also for strains of bacteria, Typical members: enterobacteriophages MS2 and QR.
allowing typing beyond the level of species. For instance,
Escherichia coli0157:H7 has been sub-divided into 66 differenin addition, there is a number of other families such as Cystoviridae
phage types (Frost et al., 1993). Phage typing played a major r@¢@veloped, icosahedral capsid with segmented dsRNA), Lipo-
in studies on the epidemiology & coli O157:H7 infections. thrixviridae (enveloped rod-shaped capsid with linear dsDNA),
Phage typingisrelatively easy to perform and allows large numbetsrticoviridae (lipid-containing icosahedral capsid with circular
of bacterial isolates to be analysed (Strockbine et al., 1998). TRISDNA) and Tectiviridae (lipid-containing double icosahedral
method of typing has also been applied to a number of othgspsid with linear dsDNA), Plasmaviridae (enveloped pleomorphic

bacteria. capsid with circular dsDNA), Rudiviridae (non-enveloped rod-
shaped capsid with linear dsDNA) and Fuselloviridae (non-
Phage classification enveloped lemon-shaped capsid with circular dsDNA) .
Members of most of the families of phages have been detected
Phage taxonomy in awide variety of water environments (Spencer, 1955; Ackermann

and Nguyen, 1983; Tartera and Jofre, 1987; Havelaar et al., 1990;
Adams (1953a) was the first phage taxonomist of note. Hgrabow et al., 1993, 1998; Pedroso and Martins, 1995).
considered all the available criteria for classification and concluded
thata Linnaean system, although desirable, was premature. He @s@ges commonly used as models/surrogates in
warned against grouping phages together with other viruses becaggger quality assessment
doing so would imply a common origin.
Phages are associated with almost all bacterial genera, includggmatic coliphages
the cyanobacteria, archaebacteria and mycoplasmas. Phages may
readily be grouped on the basis of a few gross characteristiphis term refers to a wide spectrum of lytic members of the families
including (Abeles et al., 1984): host range, morphology, nucleigyoviridae, Siphoviridae, Podoviridae and Microviridae thatinfect
acid, strategies of infection, morphogenesis, phylogeny, serology, coliand certain closely related members of the bacterial family
sensitivity to physical and chemical agents, and dependence Prterobacteriacea (Hayes, 1968). Some of these hosts may multiply
properties of hosts and the environment. or metabolise in water environments to the extent that they support
Goyal etal. (1987) classified phages into three groups accordift@ replication of somatic coliphages. In other words, counts of
to location of receptor sites on the following parts of host bacteriggmatic coliphages may increase in certain water environments
(Grabow 1990; Grabow et al., 1998). Somatic coliphages have
+ appendages such as pili and flagella (appendage phages), been found to generally outnumber F-RNA phages in waste water
+ outerlayersuchasthe polysaccharide capsule (capsule phaggsd raw water sources by a factor of about 5, and cytopathogenic
« cell wall (somatic phages). human viruses by about 500 (Grabow et al., 1993). Somatic
coliphages are, therefore, usefulindicators of the potential presence
Phages of particular interestin water quality assessment are curreoflenteric viruses in water environments, and valuable models/
classified into the following six families, primarily according tosurrogates for assessing the behaviour of enteric viruses in water
morphology and nucleic acid content (Pelczar etal., 1988; Maniloffeatment and disinfection processes (Grabow, 1990; Grabow et

and Ackermann, 1998) (Fig. 2): al., 1999b). Somatic coliphages are detectable by relatively simple,
inexpensive and rapid plaque assays (Grabow et al 1998; ISO,
e Myoviridae: 1998a;Standard Methodsl998; Green et al., 2000).
Cubic capsid (icosahedral or elongated), linear double-stranded
(ds) DNA, long contractile tail. Male-specific F-RNA coliphages

Typical members: Coliphages T4, P1 and Mu.
F-RNA coliphages are ss-RNA phages which represent the simplest

« Siphoviridae (Stylovirudae): phages and so constitute a convenient model system for observing
Cubic (icosahedral) capsid, linear dsDNA, long non-contractilbiological events such as viral adsorption and penetration, replication
tail.
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Figure 2
Diagrammatic illustration of the basic structure of families of
bacteriophages (from Murphy et al., 1995).

254 ISSN 0378-4738 = Water SA Vol. 27 No. 2 April 2001 Available on websitéttp://www.wrc.org.za



and translation of the viral genome, assembly, and viral releaseman enteric viruses (Havelaar and Nieuwstad, 1985; IAWPRC,
(Strauss and Sinsheimer, 1963). The F-specific phages adshé91).
specifically to Fertility (F) fimbriae (sex-pili) coded by the F-  Detection of F-RNA coliphages by plague assays is not as easy
plasmid of E. coli K-12 and related plasmids of the IncF-and simple as in the case of somatic coliphages. The reason is that
incompatibility group (Havelaar and Pot-Hogeboom, 1988). Rhe F fimbriae with receptor sites for the phages are produced only
RNA coliphages are classified into four serological types. F-RNBy host bacteria in the logarithmic growth phase. This implies that
coliphages isolated in the USA during the early 1960s belong tee preparation of host cultures for plaque assays has to be timed
group 1, whereas those isolated in Japan belong to groups 2, 3 eakfully to have the host bacteria in the logarithmic growth phase.
4. F-RNA phage MS-2 (ATCC 15597-B1) (Havelaar andEven then the plaques are relatively small and mottled because
Hogeboom, 1984), is a member of serogroup 1 and generally usedny bacteria in the plaque area are not lysed. Successful plaque
as typical member of the group (Havelaar and Pot-Hogeboowmssay procedures have been formulated but it is essential to closely
1988; IS0, 1995; Grabow et al., 1998). The entire genome of M&flow the instructions (Havelaar and Hogeboom, 1984; ISO,
coliphage has been sequenced. It is a positive-sense ss-RN5; Grabow et al., 1998).
molecule of 3 569 nucleotides (Bulmer, 1989). The icosahedral
protein shell with triangulation number T=3 is composed of 18Bacteroides fragilis phages
copies of the coat protein (relative molecular mass3w00); the
virion also contains one copy of a maturation protein (the APhages infecting obligate anaerobic bacteria which constitute a
protein; M 44 000) (Atkins etal., 1979; Beremand and Blumenthaimajor component of the natural flora of the human gastrointestinal
1979; Goyal et al., 1987). The coat protein (capsid) serves tvact have been reported. Among these are phages which infect
protect the RNA and acts as a translational repressor of the phaBeeteroidesspecies, notabl. fragilis (Nacescu et al., 1972;
encoded replicase gene (Sugiyama and Nakada, 1970). Keller and Traub, 1974; Booth et al., 1979; Kai et al., 1985; Jofre
The host-range of pilus-specific phages is not necessariy al., 1989; Tartera and Jofre, 1987; Tartera et al., 1989). The
restricted to one or a few closely related species. Production of gjgnusBacteroidess found in the human gastrointestinal tract in
is usually encoded on the F (fertility) plasmid and the host-rangelafge numbers (more than ®100'%g faeces) in comparison to
pilus-dependent phages depends primarily on the successful transfdiform bacteria which range from ®#00f/g (Geldreich, 1978;
and expression of the plasmid. Since F-encoded pili are or8alyers, 1984). In contrast to coliform bacteria and many other
synthesised at temperatures above 30 °C, F-RNA phages arecmhmonly used bacterial indicators of water quality (Grabow,
likely to replicate in environments other than the gastro-intestinab96), Bacteroidesbacteria themselves have limited value as
tract of warm-blooded animals. The F-plasmi&o€oliK-12 has indicators because they are Gram-negative bacteria which produce
successfully been transferred3almonella typhimuriupas well  no spores, and they are rapidly inactivated by environmental
as Shigella and Proteus species, causing the recipient cells tcoxygen levels. However, the phagesBafteroideshacteria are
become susceptible to male-specific coliphages (Birge, 1981). resistant to unfavourable conditions and may, therefore, prove to be
Aninteresting and valuable feature of F-RNA phages is that tvaluable indicators (Tartera and Jofre, 1987; Tartera et al., 1988;
four serogroups are selectively excreted by humans or animalsfre et al., 1986, 1995). Even when usBgfragilis indicator
Serogroups | and 1V have to date been found exclusively in aninmgttains with a relatively broad phage susceptibility, the percentage
faeces, and serogroup Il phages in human faeces. Serogroupflindividuals in human populations which excrete these phages
phages have been detected in human faeces and in no animal faras$een reported to be only 5% (Kai et al., 1985) to 10% (Tartera
other than 28% of porcine faeces. This phenomenon, which is rastd Jofre, 1987). The failureBffragilisphages to multiply in the
fully understood, offers an attractive tool to distinguish betweeanvironment counts in their favour with regard to utilisation as
faecal pollution of human and animal origin (Furuse et al., 197&odels/surrogates for human enteric viruses.
1983; Osawa et al., 1981; Hsu et al., 1995; Beekwilder et al., 1996; Compared to coliphages and enteric viruBe&agilisphages
Grabow et al., 1998; Hayward, 1999; Uys, 1999). proved relatively resistant to unfavourable conditions, at least in
F-RNA coliphages have particularly attractive features asertain water environments (Tartera etal., 1988; Tartera and Jofre,
models/surrogates of human enteric viruses because their physit@89; Jofre et al., 1989). These findings support their value as
structure, composition and morphology closely resemble thosembdels/surrogates for the potential presence of enteric viruses in
many human enteric viruses. Other valuable features of thesater environments, and as models/surrogates to assess the survival
phages resembling those of human viruses include their failuredbenteric viruses in water treatment and disinfection processes.
multiply in water environments. In addition, many experiments Plaque assays fdB. fragilis phages are more complicated,
confirmed that the resistance of F-RNA coliphages to unfavourabdepensive, labour-intensive and time-consuming than those for
conditions and disinfection processes resembles or exceeds thatarhatic and F-RNA coliphages. Rather complex growth media
most human enteric viruses (Grabow, 1990; IAWPRC, 199%kupplemented with antibiotics are required, and plates have to be
Havelaar et al., 1993). Data on the resistance of F-RNA phagesnioubated under strictly anaerobic conditions. Theoretically, waste
the following have been recorded: various chemicals (Shah andters may be expected to contain higher levelB.dfragilis
McCamish, 1972; Bitton, 1987; Snead etal., 1980), heat treatmg@htages than those on record. The reason for the discrepancy may
(Burge et al., 1981), sunlight (Kapuscinski and Mitchell, 1983)argely be due to failure of maintaining sufficiently anaerobic
ultraviolet light (Harm, 1980; Havelaar et al., 1990), chlorinatiorronditions during the performance of plaque assays. Details on
(Grabow et al., 1983) and water treatment processes (Grabglaque assays f@. fragilisphages have been recorded (Tartera et
1990; Olivieri et al., 1999). al., 1992; 1SO, 1998b). A molecular procedure based on the
In a survey of a range of waste waters and raw water sourcpslymerase chain reaction (PCR) for the detectioB.dfagilis
F-RNA phages have been found to outhnumber cytopathogeiSP40 phages proved to be more sensitive than plague assays and
enteric viruses by a factor of about 100 (Grabow et al., 1998). Thielded higher counts of the phages in sewage as well as river- and
implies that the absence of F-RNA phages from raw and treatsea-water (Puig et al., 2000).
water supplies offers a meaningful indication of the absence of
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Phage ecology 30 °C in fresh water and sediment samples in the presence of host
bacteria. No increase in phage numbers was observed under either

Awide variety of phages occur in many water environments (Goyakrobic or anaerobic conditions.

etal., 1987). Apart from phages in human and animal wastes, large

numbers of phages also infect bacteria which form part of thurvival

natural flora of fresh water and marine environments (Bergh et al.,

1989). Factors which affect the numbers and behaviour of phages in water
environments include: The densities of both host bacteria and
Phages of human and animal origin in water phages; the association of phages and bacteria with solids; the
environments presence of organic matter, especially organic matter thatinfluences
the metabolic activity of the host bacteria; ultraviolet and visible
Replication light; temperature; pH; the concentration and type of ions; and the

metabolic activities of micro-organisms other than the host bacteria.
Phages which infect bacterial members of the intestinal flora @he effects of several of these variables on phage survival have
humans and animals adsorb and replicate optimally at bodigen studied under laboratory conditions. Less information is
temperature which is about 37°C for humans and most animalgailable on the survival of phages in the environment (Goyal et al.,
concerned. Forinstance, F-RNA coliphages can infect host bactel#87).
only attemperatures above 30°C, and not at all at lower temperatures Yates et al. (1985) found that the survival of viruses in ground
(Havelaar and Pot-Hogeboom, 1988). Seeley and Primrose (198@ter did not correlate with the pH, nitrate concentration, turbidity,
suggested the following classification of coliphages according tor hardness of water samples obtained from several sources in the
the effect of temperature on their efficiency of plating: United States. Temperature was the only variable that correlated

with the survival of phage MS2. Niemi (1976) also reported that
« low-temperature (LT) phages with optimum plating tempethe survival of phage T7 in river, lake and ground water was related

ratures at or below 30 to the temperature of the water.

* mid-temperature (MT) phages in the range of 15 {€42 Organic compounds which affect phage survival in water

» high-temperature (HT) phages in the range of 25 1G 42 environments include humic and fulvic acids, which may influence
30 to 45C. the attachment of phages to sediments and other solids, and

possibly also to their host bacteria. Humic acids influence the
Some faecal coliform bacteria closely relate&Etaoli, notably — attachment of enteroviruses to microporous filters (Sobsey and
Klebsiellaspecies, are heterotrophic and multiply in certain watedickey, 1985). Fulvic acid was found to complex with viruses and
environments. This implies that they can support the replication tgduce their ability to adsorb to soils (Bixby and O'Brien, 1979).
somatic coliphages under suitable conditions. Forinstance, counts As a result of the many variables which affect the survival and
of somatic coliphages have been found to increase in sand filteéeplication of phages, itis generally difficult to predict the incidence
and biologically active carbon filters (Grabow, 1990). Howeve@nd behaviour of phages in water environments.
it is most unlikely that conditions in water environments may
approach those required for the replication of F-RNA coliphage®hages in water environments
This refers particularly to the temperature of at least 30°C which is
required for the production of the F fimbriae on which the recept&@tudies on the incidence of phages in water environments have
sites for the phages are located. Likewise, it is most unlikely thiaeen reported from most parts of the world for some decades now.
B. fragilis phages can multiply in water environments. Mosbtnfortunately, the data are not particularly consistentand meaningful
important reasons are that the hosts are metabolically active onlymparison is not always possible. One reason is the many
under strictly anaerobic conditions, and the hosts are rapidhariables mentioned above which affect the incidence, survival and
inactivated in water environments. behaviour of phages in different water environments. However,
The presence of organic matter plays an important role in tl@other important reason is inconsistency in techniques used for
replication of phages since it affects the metabolic activity of hotlte recovery of phages from water environments, and eventual
bacteria. According to Goyal et al. (198)typhiis capable of detection and enumeration of the phages (Green et al., 2000). This
producing phage titres of 30 per i? in both laboratory media is not altogether surprising because virology, including phages, is
and sewage. a young and rapidly developing science. Phages can be recovered
Cations such as calcium and magnesium ions, promote phayel detected by many techniques and approaches, and much of the
adsorption to host bacteria (Havelaar and Hogeboom, 1983). Therk along these lines is still in a research or developmental stage.
pH of water would not appear to have a major effect on phadgemajor reason for discrepancies in results is host bacteria used for
adsorption and replication (Goyal et al., 1987). the detection of various groups of phages. However, findings from
The numbers of phages and their host bacteria are an importerény parts of the world and international collaboration are now
factor in the replication of phages. At low levels of host bacteri@recipitating into meaningful, universally-accepted guidelines for
the probability of a phage encountering a susceptible host is ldlae recovery and detection of phages in water environments.
and productive infection may not occur. Bacteria in fresh water
environments may be under more nutrient-limiting conditions ankicidence of phages in water environments
may be concentrated at the surface of solids rather than in the
overlaying water (Goyal et al., 1987). Evidence has been presenteesh water
that successful phage replication requires at leds$tdsd bacteria Most data on the incidence of phages in water environments are on
per ni (Goyal et al., 1987). somatic coliphages. Thisis largely because somatic coliphages are
Tartera et al. (1989) studied the ability of phage B40-8, typeletectable by simple, inexpensive and rapid techniques, and the
specific phage foB. fragilis HSP40, to replicate at either 22 orphages occur in large numbers in any water environment exposed
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to human or animal excreta. Data on the incidence of somagarlier, results from differentlaboratories tend to differ extensively.
coliphages in fresh water environments have been recorded Byis is predominantly because the incidence and survival of phages
many authors, including Hilton and Stotsky (1973), Kenard anid sewage is subject to many variables, and different techniques
Valentine (1974), Primrose and Day (1977), Seeley et al. (1979ere used to count the phages. In an electron microscopic analysis
Logan et al. (1980), Bitton et al. (1981), Simkova and Servenkd sewage Ewert and Paynter (1980) detected more thdn 10
(1981), Grabow et al. (1984, 1993, 1998), Kennedy et al. (198%hages per litre, which suggested that coliphages represented about
Shields and Farrah (1986), Scheuerman et al. (1987) and Arauj@&% of the total population of phages in the sewage concerned.
al. (1997). Counts of somatic and F-RNA phages as higlt psr10 Tartera et al. (1989) record®d fragilis HSP40 phage counts

litre have been recorded for lake and river water. Although limiteof up to 4 x 10 per litre in Barcelona sewage. Virtually none of
information is available, phages which inféttbsiella pneumoniae these phages were detected in slaughterhouse waste water, which
and Salmonellaspecies have been recovered from fresh wataupports the specificity of the phages for human excreta. Similar
(Goyal et al., 1987). Some coliform bacteria closely related findings were reported for waste waters in South Africa (Grabow
E. coli notableKlebsiella species, are heterotrophic and mayet al., 1993, 1995)Bacteroides fragilistrain RYC2056, which is
support the replication of somatic coliphages in natural wateusceptible to a wider spectrum of phages, would probably yield
environments. Tartera et al. (1989) recorded a mean count oflfigher counts oB. fragilis phages in sewage and polluted water
Bacteroides fragiligphages per litre in a sewage-polluted river. environments than strain HSP40 (Puig et al., 1999).

Sea water The value of phages as models/surrogates for

Coliphages anB. fragilis phages which originate from human andenteric viruses

animal wastes have been detected in sea water (Tartera and Jofre,

1987; Grabow et al., 1989, 1999c; IAWPRC,1991; Kfir et al.The above features of phages theoretically support their value as
1991). Factors which influence the survival of phages in marimeodels/surrogates for enteric viruses in water environments. This
environments include the ionic environment, temperaturepnclusion is based particularly on structure, composition, size and
hydrostatic pressure, anaerobic conditions, and host bacteria (Goyahde of replication which resemble enteric viruses much closer

1980). than commonly used bacterial indicators of faecal pollution such as
coliforms and enterococci (Coetzee, 1962; Vaughn and Metcalf,
Shellfish 1975; Dhillon et al., 1976; Marzouk et al., 1980; Primrose et al.,

Bivalve molluscs such as oysters and mussels feed by filtering lart@82; Borrego et al., 1983; Goyal et al., 1983; Kott, 1984; Havelaar
volumes of seawater, up to 20 litres per hour. In this process thetyal., 1986; Borrego et al., 1987; Goyal et al., 1987; Tartera et al.,
accumulate viruses and other micro-organisms together with fo@889; IAWPRC, 1991; Payment and Franco, 1993; Grabow, 1996).
particles. Numbers of micro-organisms in the gastro-intestinaiversely, phages may for the same reasons not be the models/
tract of bivalves may, therefore, exceed those in the surroundiagrrogates of choice for the wide variety of other pathogens
water by several orders of magnitude. Consequently, it is nassociated with water-borne transmission.
surprising that intestinal infections are more often associated with In addition, phages closely meet the following basic
the consumption of filter feeders than any other seafood (Grabsequirements of models/surrogates for enteric viruses (Kott, 1981,
et al., 1999c). Grabow, 1986):
Enteric viruses and phages are not released as readily as faecal

bacteria by filter feeders depurated in clean water. De Mesqu#a they should be presentin water environments whenever enteric
(1988) detected virtually no reduction in counts of F-RNA and viruses are present,
somatic coliphages in shellfish within 72 h, but a 1-3 log reduction they should be present in the same or higher numbers than
of E. coli, faecal streptococci and spores of clostridia. Consequently, viruses,
tests for faecal bacteria such as coliforms often fail to indicate the theyshould be atleastas resistantas viruses to water purification
presence of viruses in shellfish meat (Goyal et al., 1987; Grabow and disinfection processes,
et al., 1989, 1999c; West, 1989). Vaughn and Metcalf (1978) they should be specific for faecal or sewage pollution,
demonstrated that the retention of coliphage T4 by oysters suspeneedthey should preferably not be able to multiply in water
in clean estuarine waters was similar to that of a typical entero virus, environments,
namely coxsackie virus B3. Phages are, therefore, most valuable they should preferably be non-pathogenic and detectable by
tools for the assessment of the virological safety of shellfish simple, rapid and inexpensive methods.
intended for human consumption (Grabow et al., 1999c).

The value of phages as models/surrogates for enteric viruses is also
Sewage supported by many laboratory experiments and field studies.
A wealth of information is available on phages in sewage. CounBuelin (1948) probably was the first to recommend the use of
of somatic coliphages of the order of1@F per litre have been phages as models/surrogates on the basis of results obtained in
recorded by many authors (Bell, 1976; Ignazzitto et al., 1988tudies on phages in fresh and marine waters. Since then laboratory
Havelaar and Hogeboom, 1984; Havelaar etal., 1984; Tartera etakperiments with individual coliphages confirmed that many of
1989; Grabow et al., 1993). Slaughterhouse waste water has beesm survive longer in natural water environments than enteric
found to contain counts of somatic coliphages as high’4p&0 viruses and are at least as resistant to commonly-used disinfectant
litre (Tartera et al., 1989). Counts of F-RNA coliphages arsuch as chlorine (Kott et al., 1974; Simkova and Cervenka, 1981;
generally on average two to five times lower (Dhillon et al., 197@Btetler, 1984; Yates et al., 1985; Grabow, 1986). Similar findings
Furuse et al., 1973; Dhillon and Dhillon, 1974; Furuse et al., 197Bave been recorded in detailed studies on phages and viruses in
Grabow et al., 1980; Havelaar and Hogeboom, 1984; Havelaaraglvanced treatment trains for the direct reclamation of drinking
al., 1984, 1990; Havelaar and Pot-Hogeboom, 1988; Debartolomeiater from waste water (Grabow, 1990). Tartera et al. (1988)
and Cabelli, 1991; IAWPRC, 1991; Kfiretal., 1991). As mentionetbundB. fragilis phage B40-8 to be more resistant to inactivation
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by chlorine than poliovirus type 1, simian rotavirus SA11, coliphageompared under controlled conditions (EPA, 1986; Grabow et al.,

f2, Escherichia colandStreptococcus faecalis 1983, 1999b; Naranjo et al., 1997).

The value of phages as models/surrogates for viruses has beenin the assessment of the virological quality of water in treatment
applied in the routine monitoring of raw and treated drinking watgalants or water environments with an unknown composition of
supplies (Grabow et al., 2000), and in the assessment of thleages and viruses, phages are probably best applied as part of a
efficiency of domestic point-of-use water treatment units (Grabo@aombination of indicator organisms selected for the particular
et al., 1999b). purpose concerned (Payment et al., 1985, 1993; Grabow, 1990).

Although the value of phages as indicators/models/surrogates
of enteric viruses is fully appreciated and well-confirmed, there i§lethods for the detection of phages
also sound evidence that phages have certain shortcomings for this
purpose. Major considerations in this regard include: Numbers of phages are generally determined by direct quantitative

plaque assays, the principles of which were designed by Adams

» Phages are excreted by a certain percentage of humans ér#b59). Molten agar is mixed with a suitable volume of the water
animals all the time while viruses are excreted only by infectaghder investigation and a culture of the host bacterium of choice at
individuals for a short period of time. The excretion of virusea temperature just above the solidification temperature of the agar.
depends heavily upon variables such as the epidemiology Diiis mixture is poured on top of a bottom agar in a conventional
various viruses, outbreaks of viral infections and vaccinatio®0 mm diameter petri dish. The plates are incubated and plaques
against viral infections (Grabow et al., 1999a). Consequentlgcored the following day. In tests on waters containing high
there is no direct correlation in numbers of phages and virusesmbers of bacteria which may interfere with the host strain and the
excreted by humans (Vaughn and Metcalf, 1975; Borrego eisibility of plaques, antibiotics such as nalidixic acid may be
al., 1990; Grabow et al., 1993). added to the agar medium and a resistant host strain is used.

» Methods for somatic coliphages detect a wide range of phagBschnical details for these methods have been described elsewhere
with different properties (Yates et al., 1985; Gerba, 1987). (ISO, 1995, 1998a,b; Grabow et al., 19%3andard Methods

+ At least some somatic coliphages may replicate in watdi998).
environments (Seeley and Primrose, 1980; Grabow et al., However, the volume of test water per petri dish is generally
1984; Borrego et al., 1990). limited to about 1 ® The quantitative detection of phages in

» Entericviruses have been detected in water environments in thiembers below the detection limit of direct plaque assays is,
absence of coliphages (Montgomery, 1982; Deetz et al., 1984erefore, carried out by direct plague assays using large petri
Morinigo et al., 1992). dishes, or the recovery of phages from large volumes of water

* Human enteric viruses associated with water-borne diseageowed by conventional plague assays on the concentrates. Small
are excreted almost exclusively by humans (Grabow, 1996)umbers of phages in large volumes of water may also be detected
Phages used as models/surrogates in water quality assessrhgmualitative enrichment procedures.
are excreted by humans and animals. In fact, the faeces of Molecular techniques for the detection of phages are beginning
animals such as cows and pigs generally contains highterappear onthe scene (Rose etal. 1997; Puig etal. 2000). However,
densities of coliphages than that of humans (Dhillon et althese techniques still require optimisation and evaluation before
1976; Osawa et al., 1981; Furuse et al., 1983), and they can be applied to a meaningful extent in routine water quality
percentage of many animals which excrete phages tends torbenitoring. The techniques are, therefore, not discussed in detail
higher than for humans (Grabow et al., 1993; 1995). here.

« The microflora of the gut, diet, and physiological state of This document outlines and summarises some of the latest
animals seems to affect the numbers of coliphages in faecapproaches to techniques for the detection of phages most commonly
Osawa et al. (1981) found a higher percentage of stools framsed in water quality assessment as models/surrogates for human
zoo animals positive for phages than from domestic farmnteric viruses. Recommended techniques, to a large extent based
animals. on internationally-accepted principles and specifications, are

« The composition and numbers of phages excreted by humaasnmarised for somatic and F-RNA coliphages, Bnitagilis
is variable. Patients under antibiotic treatment were found fghages.
excrete lower numbers of phages than comparable patients and
healthy individuals who were not exposed to antibiotics (Furuddost strains
et al., 1983).

» Differences between phages and enteric viruses are also refleddedide variety of host strains has been used for the detection of
by differences in the efficiency of adsorption-elution techniqueghages. Most of these host strains detect groups of phages. This
for their recovery discussed elsewhere. These differences aggplies in particular to somatic coliphages, where different host
due to differences in adsorption properties, which have majetrains are susceptible to a different spectrum of phages. Counts of
implications for behaviour in water environments and at leaghages obtained for different hosts are, therefore, not comparable.
some treatment processes. Consequently, itis important to use standardised host strains which

detect comparable groups of phages.

As a result of the above variables phages cannot be regarded as

absolute indicators, models or surrogates for enteric viruses kost strains for the detection of somatic coliphages

water environments. This is underlined by the detection of enteric

viruses in treated drinking water supplies which yielded negativ&/ild-type strains oE. coliare poor hosts for the detection of the

results in tests for phages, even in presence-absence tests dn 500ide variety of coliphages in waste waters (Hilton and Stotzky,

samples of water (Grabow et al., 2000). Phages are probably bE&T3; Dhillon and Dhillon, 1974; Bell, 1976). Wild-type coli
applied as models/surrogates in laboratory experiments where #tgins normally have a complete O-antigen that masks the majority
survival or behaviour of selected phages and viruses are direatfy phage receptor sites situated in the R-core of the cell wall
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lipopolysaccharide. Inrough or semi-rough laboratory straifs of yielded negative results in tests Br fragilis HSP40 phages
colithese receptor sites are exposed and the bacteria are suscepi@labow et al., 1993). More recent findings indicateBh&agilis
to a much wider spectrum of phages (Havelaar and HogebooRSP40 phages are not detectable at all in water environments of
1983). Laboratory strains d&. coli commonly used for the some parts of the world. These findings distracted from initial
detection of coliphages include. coli B (Kott, 1966b; Ayres, interest inB. fragilis HSP40 phages as models/surrogates for
1970; Dhillon et al., 1970; Bell, 1976; Gerba et al., 1978; Ignazittenteric viruses in water quality assessment (Puig et al., 1999). The
et al., 1980; Nupen et al., 198&),coli C (Kenard and Valentine, latest thinking favours a host which detects a wider spectriam of
1974, Dhillon et al., 1976; Wentsel et al., 1983), or derivatives dfagilis phages, including phages of both human and animal origin.
E. coliK-12 strains like W3110 (Primrose et al., 1982). DefencBacteroides fragilisstrain RYC2056 has been recommended for
mechanisms of wild-typE. coli strains against attack by phagesthis purpose (Puig et al., 1999; 1ISO, 1998b).
alsoinclude nuclease enzymes which destroy nucleic acid recognised
as foreign. These enzymes destroy the nucleic acid of many phaBegovery methods
as soon as itis injected into the bacterial host and replication of the
phage is preventedscherichia colstrain C (ATCC 13706), also Methods for the recovery of phages should ideally be rapid,
known as WG4, is a mutantin which the genes which code for theéaexpensive, simple, suitable for a wide range of waters including
nuclease enzymes have been deleted. This laboratory stEin ofresh-, sea- and estuarine waters, and they should yield a high
coli is, therefore, susceptible to an even wider range of coliphagefficiency of recovery. Techniques which have been applied and
and s the host most commonly used for detecting somatic coliphagasluated for this purpose include:
in water environments (ISO, 1998a, Grabow et al., 1998).

Adsorption-elution methods
Host strains for the detection of F-RNA coliphages

A number of techniques have been described for the recovery of
As mentioned earlier, the receptor sites for male-specific coliphagelsages and viruses by approaches based on the filtration of test
are located on the fertility fimbriae Bf coli. These fimbriae are water through filter media to which the phages/viruses adsorb. The
produced only byE. coli bacteria which carry the fertility (F) phages/viruses are afterwards released from the filter media into a
plasmid which codes for the production of the fimbrigecherichia  small volume suitable for quantitative phage plaque assays. The
coli strain K12 typically carries the F-plasmid and is widely usegrinciple involved is that viruses/phages carry a particular
for the detection of F-RNA (male-specific) phages (Dhillon et alglectrostatic charge which is predominantly negative at or near
1970; Kottetal., 1978; Glass and O’Brien, 1980; Primrose et aheutral pH levels. This charge on viruses/phages can be modified
1982). Havelaar et al. (1984) applied genetic engineering to predominantly positive by reducing the pH level to about 3.5. At
transfer the F plasmid fror&. coli to a strain ofSalmonella this pH level viruses/phages will adsorb to negatively charged filter
typhimurium This strain then producéd colifimbriae and was media. The balance involved is rather delicate because the lower
suceptible to male-specifie. coli phages. Thé&. typhimurium the pH the better the adsorption, but low pH levels inactivate
strain was further modified by deleting its genes which code farhages/viruses, and the sensitivity of different phages and viruses
pathogenicity in order to render it safe for routine work in wateto low pH levels differs. Hydrophobic interactions also seem to
quality laboratories. This rather unig8etyphimuriunstrain is  play a role in the adsorption proceS$andard Methods1998).
known as WG49 and is widely used as a host for the detectionAfter adsorption, a small volume of a buffer at pH 9.5 or higher is
male-specific coliphages (ISO, 1995; Grabow et al., 1998). Thmassed through the filter to reverse the charge on the viruses/phages
benefit of using a® typhimuriunstrain for the detection of male- to negative. This results in release of the viruses/phages and they
specific coliphages is that it is not susceptible to the large numben be detected by conventional methods (Gerba et al., 1978;
of somatic coliphages in water environments which tend to interfeBhields and Farrah, 1986). Alternatively filter media which carry
with the detection of male-specific coliphages ugtngolihosts. a positive charge at neutral pH levels may be used, which implies
Somatic phages which infeSttyphimuriunare generally present that viruses/phages will adsorb at neutral pH levels. Viruses/
in water environments in much lower numbers than somatfhages are also released from these filters by elution with high pH
coliphages which implies that their interference with the detectidsuffers. The most successful procedures on record include:
of male-specific coliphages is generally negligible.

Adsorption-elution methods using negatively-charged filter media
Host strains for the detection of ~ Bacteroides fragilis
phages Electronegative adsorbent filters

A variety of filter media have been used for the recovery of enteric
Tartera and Jofre (1987) found that phages which infect a certaijinuses. Filters on which most information is available include
strain ofBacteroides fragiliddesignated HSP40 (ATCC 51477) cellulose nitrate and fibreglass acrylic resin membrane filters, both
were not detected in the faeces of warm-blooded animals suchwith 0.45nm porosity Gtandard Method<.998). The principles
cows, pigs, rabbits, mice, poultry or quail, but only in humaimvolved in the recovery of viruses/phages using all these filter
faeces. The specificity & fragilisHSP40 phages for humans hasmedia are basically the same and generally results do not differ
been confirmed by Grabow et al. (1995). This feature implies thsignificantly. Viruses have been recovered from seededo20
B. fragilis HSP40 phages may prove useful for distinguishingrinking water or more at efficiencies of up to 90% (Goyal and
between faecal pollution of human and animal origin (Jagals et aberba, 1982; 1983). However, polio viruses were used in most
1995). efficiency tests which were carried out at extremely low adsorption

However, in a survey of a variety of water environmentspH levels and extremely high elution pH levels. Polio viruses are

B. fragilis HSP40 phages have been found to outnumbexceptionally resistant to these pH levels but no meaningful data
cytopathogenic enteric viruses on average by only about five-foldre available for viruses which are less resistant.
and enteric viruses were often detected in water samples which The efficiency of recovery is affected by dissolved and colloidal
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organic matter which competes with viruses/phages for adsorpti8imgh and Gerba, 1983; Goyal et al., 1987; Sinton et al, 1996).
sites Gtandard Methodsl998). This may partly explain obser- Goyal et al. (1980) used positively-charged Zeta Plus filters to
vations that an increase in the sample volume leads to a decrease@over coliphages MS-2, X-174, T2 and T4 from 17 litre volumes
adsorption efficiency (Logan et al., 1980). Organic matter magf tap water, sewage and lake water. Efficiencies of recovery
also interfere with the elution of viruses from the filters. Anotheranged between 34% and 100%.
limitation is that suspended matter tends to clog the filters which Although positively-charged adsorption-elution systems seem
limits the volume of the water that can be processed and prolortgsgenerally yield recoveries of phages superior to those of nega-
the procedure. In order to avoid clogging, water is generally passigely-charged filter systems, they still have shortcomings. The
through prefilters to remove suspended material. Prefiltration hefficiencies of recovery reported by different laboratories for the
the disadvantage that viruses/phages adsorbed to suspended msdiree and different phages are highly variable (Goyal et al., 1980;
are removed from the water under investigation together with ti8ngh and Gerba, 1983; Rose et al., 1984; Grabow et al., 1993), the
suspended matter. procedures remain relatively expensive, labour-intensive and time-
Di- and trivalent cations enhance the adsorption of viruses andnsuming. Asbestos-containing and diatomaceous earth filters
phages tofilters, possibly by altering the charge on the filter (Walllgave slow flow rates which prohibit the recovery of phages from
et al., 1972), by altering the thickness of the layer of chargésrge volumes of water, and organic compounds significantly
surrounding the surface of the filter (Valentine and Allison, 1959xffect virus adsorption (Sobsey and Glass, 1980; Rose et al., 1984;
or by forming salt bridges between the viruses and the filteRreston et al., 1988; Borrego et al., 1991).
(Kessick and Wagner, 1978). Farrah et al. (1981) found that Sobsey etal. (1990) developed a relatively simple, inexpensive
magnesium sulphate promotes hydrophobic interactions betwegamd practical procedure for the recovery and detection of F-RNA
phage MS-2 and membrane filters, which is consistent with finding®liphages using mixed cellulose nitrate and acetate membrane
on adeno viruses (Fields and Metcalf, 1975). Cations such figers with a diameter of 47 mm and a pore size of Gmib
aluminium chloride at a concentration of 0.001 M are, therefor@ptimum adsorption of phages was at pH levels ranging from 6 to
added to testwaters prior tofiltration (Borrego et al., 1991). Catio®s which implied that no pH adjustment was required for most raw
also enhance the adsorption of phages to their host bacteria, and treated water supplies. Magnesium chloride at a final
calcium and magnesium salts are routinely included in phagencentration of 0.05 M was added to test samples to facilitate
detection media (ISO, 1998a,b). phage adsorption. After filtration the membranes were placed face
Although the recovery of polio and related viruses may bdownward onto an agar medium containing host bacteria and
considered acceptable under certain conditions, evidence has bieenbated overnight. Phages present on the membranes infected
presented that the recovery of phages is poor, mainly becatulse hostbacteria and produced plaques. Numbers of phages present
phages are inactivated by exposure to the pH extremes requiredifoiest samples could, therefore, be counted directly. Tetrazolium
adsorption and elution (Seeley and Primrose, 1982). In additioniplet was added to the phage growth medium to enhance the
the procedure is expensive, labour intensive, cumbersome arisibility of plaques. The method proved to be suitable for analysis

time-consuming$tandard Method<s1998). of 100 to 2 000 #wvolumes of tap water and 100 to 300awlumes
of surface water. The efficiency of recovery of seeded F-RNA
Glass powder phages from 100 fsamples of tap water was 49%, which gradually

Glass powder proved a useful medium for the adsorption-elutiaiecreased with increasing test volume to 12% for 2 (00Tine
recovery of enteric viruses including entero, rota and hepatitis éfficiency of recovery from 100 fiand 300 rhsurface water was
viruses (Bosch et al., 1988, 1991; Gajardo et al., 1991). Gla34% and 18%, respectively. Although the procedure has attractive
powder carries a negative charge at neutral pH levels. In procedui@stures, it should be weighed up against direct plaque assays on
for the recovery of viruses the pH of test water was reduced to 380 n? samples, and presence-absence tests on 56amples,
for adsorption of viruses to the glass powder. A pH 11.5 buffer wasth of which have theoretical efficiencies of 100% (Grabow et al.,
used to elute viruses from the glass powder (Vilagines et al., 1993998; Hayward, 1999; Uys, 1999). Test volumes of the latter
Although no meaningful data are on record, the technique wouldgsays can be increased without loss of efficiency, as will be
not appear suitable for the recovery of phages because most phatiesussed later.
would fail to survive the pH extremes involved (Seeley and
Primrose, 1982). In addition, the procedure has the same sh&harge modified glass powder
comings and limitations described for other adsorption-elutiomhe surface charge of glass powder can be changed from negative
procedures. to positive by treatment with polyethylenimine (Gajardo et al.,
1991). Bosch etal. (1991) recovered hepatitis A virus from 20-litre
Adsorption-elution methods using positively-charged filter mediavolumes of various waters at efficiencies ranging from 60% to
100% using this charge modified glass powder. An assessment of
Electropositive membrane filters the method for the recovery of somatic coliphage V Batieroides
Shortcomings of negatively-charged filter media led to the develofragilis phage B40-8 from 10volumes of tap water indicated that
ment of membranes which carry a positive surface charge at neutralaverage about 97% of the phages adsorbed to the glass powder.
pH levels. These filters eliminate the need for pH reduction of teldiowever, release from the glass powder by means of the pH 9
water because the negatively-charged viruses and phages adsogothum chloride-beef extract elution buffer used for hepatitis A
the filters at or near neutral pH levels (Sobsey and Glass, 1980) vitus was poor, and average efficiencies of recovery were 20% for
variety of membranes and filter systems is available, among thg and 18% for B40-8 (Grabow et al., 1993). In addition, it
well-known ones are CUNO 1-MDS Virosorb and CUNO Zetappeared thatthe glass powder lostits positive charge as the volume
Plus 50-S or 60-Sfilters. Application of these and related positivelpf water passed through the column was increased. The procedure
charged filters in procedures with a wide variety of modificationalso displayed other shortcomings common to adsorption-elution
and variations were used to recover enteric viruses and phagescedures discussed earlier.
(Primrose and Day, 1977; Seeley et al., 1979; Logan et al., 1980;
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Glass wool al., 1980). Hollow fibre units are capable of processing substantially
Oiled sodocalcic glass wool marketed under the trade narfeger volumes, but the volume of retentate is also larger and
“Rantigny 725" by Isover-Orgel, Saint Gobain, France, has surfasecondary concentration may be required, all of which reduces the
electrostatic and hydrophobic properties which facilitate thefficiency of recovery (Grabow etal., 1993). Amajor disadvantage
adsorption of a variety of enteric viruses at pH levels near neutialthe cost of the capital equipment and the membranes.
(Sarrette etal., 1977; Vilaginés et al., 1993). Columns of this glass

wool proved suitable for the routine recovery of enteric viruseSlocculation

from large volumes of water at efficiencies of 80% to 95%

depending on the quality of the water (Vilaginés et al., 1997Relatively successful techniques are on record for the recovery of
Recovery of viruses from the glass wool is accomplished by eluti@mteric viruses from water by adsorption of viruses to flocculants
with a relatively mild pH 9.5 beef extract-glycine buffer. In studiesuch as aluminium hydroxidé&Sfandard Methods1998). The

on the recovery of phages by this procedure, F-RNA coliphageocess probably involves both electrostatic interactions between
MS2 was used as a model (Grabow et al., 1998). The resulti® negatively-charged virus surface and the positively charged
revealed that 72% (range 64 to 83%) of seeded phagsémiples aluminium hydroxide surfaces and coordination of the virus surface
of dechlorinated tap water failed to adsorb. The eventual averagghydroxo-aluminium complexes. Flocks are generally recovered
efficiency of recovery was 1.1% (range 0.3 to 1.8%) which implielsy centrifugation or filtration. The flocks are then disintegrated by
that elution of the 28% of phages which did adsorb to the glasigorous shaking and the viruses recovered by centrifugation
wool, was poor. Phages were enumerated by plague assays, wigBtandard Methods1998). The procedure is suitable for the
implies that inactivation of phages by the elution process may &covery of viruses from only several litres of water, and the
least partly account for the low efficiency of recovery of viablefficiency of recovery is relatively low. Although little information
phages. These findings suggest that the glass wool procedure uiseavailable on the suitability of the method for the recovery of
for the recovery of enteric viruses is not suitable for the recovephages, it may theoretical be expected to be as suitable for phages

of phages. as for enteric viruses. This has been confirmed in tests using
ammonium sulphate supplemented with beef extract for flocculation
Ultrafiltration which yielded average efficiencies of recovery of 85% for phages

MS2, X174 and T3 (Shields and Farrah,1986). Modifications of

Ultrafiltration is based on the filtration of water through membranebe procedure include magnetic organic flocculation, in which
of polysulphonate or related material with a nominal molecularasein flocks are formed in the presence of magnetite for subsequent
weight cut-off limit of about 10 000. Particles with a diameter o€ollection of the flocks by means of a magnet. The recovery of
0.02mm or more fail to pass through these membranes. Watenliphages from waste- and lake water by means of this procedure
molecules pass through the pores of these membranes but virdses been described (Bitton et al., 1981; Kennedy et al., 1985).
and phages are too large to do so. ltis, therefore, a process in which
viruses are physically retained and adsorption or elution play mdydro-extraction
fundamental role (Strohmaier, 1967; Sweet et al., 1974). Filter
systems include sheet membranes against which the water is KEpis procedure is based on placing a water sample into a cellulose
in motion by means of a recirculating pump or stirring apparatus ttalysis bag which is exposed to hygroscopic material such as
enhance the filtration rate and to avoid clogging (Berman et apolyethylene glycol (PEG). The PEG extracts water and micro-
1980; Logan et al., 1980; Nupen et al., 1980; Jansons and Bucceswdutes through the semipermeable membrane while viruses and
1986; Grabow et al., 1993). Other systems which are commerciatither macrosolutes remain inside. The procedure is recommended
available consist of units in whichfiltration is enhanced by tangentiak an option for the recovery of viruses from small volumes of
flow through hollow fibres with a large total filtration surface areawater, not more than a few hundred millilitr&gndard Methods

As may theoretically be expected, ultrafiltration has a highh998). No meaningful information is available on the suitability of
efficiency of recovery. This has been confirmed in many studiethe method for the recovery of phages, but theoretically it may be
Efficiencies of recovery approaching 100% have been reported fas suitable for phages as for viruses. This seems to have been
various commercial filter devices with different diameters of flatonfirmed by Padan et al. (1967) who used the method to recover
sheet ultrafiltration membranes (Berman et al., 1980; Nupen et alyanophages from ponds.
1980; Divizia et al., 1989; Grabow et al., 1993,1998). Turbidity of
water under investigation tends to affect the efficiency of recovei§econdary concentration methods
because viruses adsorb to particulate matter and after filtration
there are invariably losses when viruses are separated from the gt concentrate of some recovery techniques, notably adsorption-
of the retentate. The efficiency of a hollow fibre unit was found telution procedures, may still have a volume of 100-208rmore.
be less than that of flat sheet membranes (Grabow et al., 1993)n these cases secondary concentration procedures are generally

Advantages of ultrafiltration include high efficiencies ofapplied to reduce the volume to 1@ onlesgStandard Methods
recovery and viruses/phages are not exposed to pH extremed.@88). Secondary concentration procedures used for viruses
other unfavourable conditions which may affect their viabilityinclude adsorption-elution using smaller filters (Farrah and Bitton,
Adsorption of viruses and phages to the membranes is minimal, at@i79; Shields et al., 1985), hydro-extraction (Farrah et al., 1977),
this can be reduced by pretreatment of the membranes with ba#fafiltration (Selna and Miele, 1977; Divizia et al., 1989), and
extract which seems to block potential adsorption sites for virusggrganic (Wallis et al., 1972; Farrah et al., 1976) or organic
and phages (Diviziaetal., 1989). The mostimportant disadvantagtzenelson etal., 1976) flocculation. The latter authors developed
is that the membranes clog rapidly which implies that the volumesprocedure which is widely used for the secondary recovery of
of water that can be processed are restricted. However, viruses aindses. Itis based on the elution of viruses from adsorption-elution
phages can efficiently be recovered from low turbidity tap water ifiiters using buffers which contain beef extract. After elution the
volumes up to 10using large diameter flat membranes (Nupen gbH of the buffer is reduced to 3,5 which triggers flocculation of the
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Figure 3
Plaques produced by F-RNA phages in direct plaque assays on a 1 m{water sample in a small petri dish (diameter 90 mm) (left)
and on a 100 m¢ sample using large petri dishes (diameter 140 mm) (right)

beef extract. The flocks with adsorbed viruses are then recoverried out in conventional water quality laboratories. The large
and processed further as described earlier. However, accordingétri dishes are more expensive than the conventional small (90
several reports the technique is not well-suited for phages (Hurshetn diameter) petri dishes, and a substantial quantity of agar
al., 1989; Payment et al., 1989). This may largely be due toedium is required. However, the procedure is less expensive,
inactivation of phages by exposure to the low pH level (Dahling andore user-friendly and more accurate than comparable options
Wright, 1986; Jothikumar et al., 1990). The flocculation procedurguch as recovery of phages by adsorption-elution procedures or
using ammonium sulphate yielded superior results (Shields aotrafiltration (Grabow et al., 1998).
Farrah, 1986).
Qualitative presence-absence enrichment tests
Direct plaque assays on large volumes
This approach has probably first been described by Guelin (1948).

Direct plaque assays on 10Q molumes of water have been It is based on adding nutrients and a host culture of choice to the
described (Grabow and Coubrough, 1986). These assays wsaeple of water under investigation. The mixture is then incubated
based on mixing test water samples of 1@@uith concentrated and any phage present will infect the host bacteria and replicate.
agar media just above the agar solidification temperature. Hdstter overnight incubation phages present in the sample (which
culture was then added, the mixture poured into 140 mm diameteay be a single phage) have replicated to large numbers which are
petri dishes, and after solidification the plates were incubated fogadily detectable by plaque assays or spot tests (Kott, 1966a;
counting plaques the following day. This procedure has beéfilton and Stotsky, 1973; Grabow et al., 1993, 1998) and even
modified by pouring the mixture in equal volumes on top of &lectron microscopy (Ackermann and Nguyen, 1983). Selectivity
bottom agar layer in ten large petri dishes (Grabow et al., 1999y particular phages may be enhanced by creating conditions
Uys, 1999; Hayward, 1999) (Fig. 3). This double agar layexhich favourthe replication of their hosts. Forinstance, antibiotics
procedure resembles double agar-layer plaque assays commangy be added to the reaction mixture and hosts resistant to the
used on smaller volumes of water. The double agar layer procedargibiotics may be used. The selective replicatioB.dfagilis
yielded substantially higher counts for somatic coliphages, F-RNphages is promoted by the incubation of reaction mixtures under
coliphages anB. fragilis phages in seeding experiments as well astrict anaerobic conditions. Inherently the system promotes
comparative tests on a variety of raw and treated water supplensitivity by allowing recovery of injured phage particles and the
(Grabow et al., 1998, Uys, 1999). The principle of double agadaptation of phages to host bacteria, which is not possible under
layer plaque assays on large volumes of water using large péfré comparably hostile conditions in direct plague assays, and even
dishes for F-RNA phages is also recommended in ISO (1995).less so in many recovery techniques. The principle can be applied

Evidence has been presented that somatic coliphages, F-RfoA the highly accurate detection of phages in small volumes of
coliphages an®. fragilis phages can be detected in waters whickvater such as 1 &@Kott, 1966a; ISO, 1998), or in large volumes of
yield negative results by conventional plaque assays using sma#ter such as 1004500 nd or even 1 000 A(Grabow et al., 1993,
petri dishes and small volumes of water such as 1 té{Gmabow 1998). Kott (1966a) applied the principle in a most probable
etal., 1998; Uys, 1999). The procedure has the advantage of direaetmber procedure for phages.
plague assays, which eliminates losses of phagesinvariable incurredThe procedure proved ideally suited for the highly sensitive
by recovery techniques (Sobsey et al., 1990). Multiples of the tembnitoring of the presence of phages in treated drinking water
can be carried out to analyse larger volumes of water. The metragplies (Grabow et al., 1998; Hayward, 1999). In a series of
proved to be ideally suited for the accurate counting of phagesdomparative tests on different volumes of water, positive results
100 m volumes of treated drinking water supplies, and relativelyere rarely obtained for larger volumes of water which yielded
unpolluted raw water sources. The procedure is simple and camagative results for 500samples, indicating that 500¢ s a
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convenient and practical volume for routine monitoring of drinkingnd related environments have been outlined. The wide variety of
water supplies. techniques applied in the past, notably with regard to host bacteria
The procedure does, of course, yield qualitative results onlgmployed for the detection of various phages, have unfortunately
and gives no indication of the number of phages present in theoduced results which tend to be confusing and often contradictory.
original sample. However, quality guidelines for drinking wateHowever, research and evaluation of many options have generated
are largely based on the qualitative absence of indicators ainébrmation for the development of practical and reliable techniques.
pathogens from recommended volumes of water (WHO, 199Bhis information is now being used by international bodies such as
1996, 1997). the International Organisation for Standardisation and the World
The technique is restricted to particular phages of choice andHgalth Organisation to formulate techniques which can be applied
not suitable for the detection of a wide spectrum of phages. Famiversally to obtain reliable and comparable results.
certain purposes this is a disadvantage (Seeley and Primrose, 1982 Despite sound progress, there is much room for further
Goyal et al., 1987). However, for purposes of water qualitgdevelopment. Even though techniques for the detection of phages
monitoring this is a distinctive advantage, because water qualéye basically simple and inexpensive, technology for application in
guidelines specify particular phages and not the total phageactice tends to lag behind that of human and animal viruses which
population. In addition, the specificity for particular phagesequires more complicated and expensive detection techniques in
increases sensitivity and reliability because interference amdrious ways. This is reflected by reports on the detection of
overgrowth by other phages and their hosts is restricted. The saviteises in treated water supplies which yield negative results by
benefits apply to the application of selected phages as modalshventional tests for phages. For instance, molecular techniques
surrogates for enteric viruses in comparative studies on survivamparable to those used for the detection of enteric viruses are
and behaviour. only beginning to surface in procedures for the detection of phages.
The tests are simple and can be carried out in conventiondkewise, techniques for the recovery of phages from large volumes
microbiology laboratories. Their extreme sensitivity has the disadf water are also behind those of viruses.
vantage of being vulnerable to contamination with phages. In the Interms of data analysed inthis update the following techniques
performance of the test, the utmost caution is essential to avaidsed on internationally accepted principles and procedures are
contamination of the water sample or the reaction mixture witttecommended for routine monitoring and quality assessment
phages. A substantial amount of nutrients is required. Howev@yrposes:
compared to the cost of phage recovery procedures described The phages most commonly used as models or surrogates for
earlier, the procedure is very inexpensive. If other benefits suchexgteric viruses are somatic coliphages detecté&sblyerichia coli
sensitivity and simplicity, and time and labour, are taken intetrain C, F-RNA coliphages detected®gimonella typhimurium
consideration, it stands out as a most valuable tool for water qualiiyain WG49, andBacteroides fragilisphages detected 3.
assessment. fragilis strain RYC2056. The methods of choice for general
purposes are:
Rapid detection methods
« Direct plaque assays with double agar layers in small petri
Techniques have been described for shortening the time required todishes (90 mm diameter) and 1 #of test water per plate
obtain results (Armon and Kott, 1993; ljzerman et al., 1994). An (Grabow et al., 1998; ISO 1998a, 1998b).
analysis of these procedures revealed that they have merit for Ten plates can be prepared to obtain counts per10his
certain purposes. However, for general purposes of water quality proved that the method of choice for waters which contain high
assessment and the application of phages as models/surrogates fonumbers of phages such as sewage, abattoir effluents, storm-
human viruses, they proved complicated, labour-intensive and water run-off, treated waste waters and heavily-polluted environ-
expensive, while the extent to which optimum results were available mental waters.
sooner than conventional plaque assays or presence-absence tests
was not meaningful (Grabow et al., 1998). « Direct plague assays with double agar layers in large petri
The addition of dyes such as 2,3,5-triphenyl tetrazolium dishes (140 mm diameter) and 10 fof test water per plate
hydrochloride $tandard Methods1998) and tetrazolium violet (ISO, 1995; Grabow et al., 1998).
(Sobsey etal., 1990) to plaque assay media may under circumstanceslen plates can be prepared to obtain counts per 200 nis
enhance the visibility of plaques (Grabow et al., 1998). However, proved the method of choice for testing relatively unpolluted
for general purposes this proved hardly worth the while (Grabow water sources, waters used for recreational purposes, and
et al., 1998). Claims that tetrazolium salts may inhibit plaque treated drinking water supplies. Alternatives would include
formation by phages belonging to the families Podoviridae and recovery of phages by ultrafiltation or adsorption-elution
Siphoviridae (Hurst et al., 1994) could not be confirmed (Grabow techniques.
et al., 1998).
e Qualitative presence-absence tests on 500/ mamples
Conclusions (Grabow et al., 1998; 1ISO, 1998a).
The method of choice for monitoring treated drinking water
The properties and features which render phages attractive modelssupplies. Alternatives would include recovery of phages by
or surrogates for assessment of the incidence and behaviour of ultrafiltation or adsorption-elution techniques.
viruses in polluted water environments have been reviewed.
Reference has been made to studies worldwide which support theknowledgements
value of phages as practical and economic tools for monitoring the
safety of water supplies and the efficiency of water treatment affthanks are due to the Water Research Commission for financial
disinfection processes with regard to human and animal virusesupport and to many colleagues worldwide for advice and assistance.
Shortcomings in methods for the detection of phages in water
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