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1. INTRODUCTION

Water quality, and therefore human health, may be

signi®cantly affected by the presence of pathogenic enteric

microorganisms derived from sewage discharged to surface

waters. Knowledge of the role of water in the ecology and

transmission of these agents in the environment varies; the

part played by enteric viruses is less well understood than

that of many bacteria and protozoa, mainly due to the

dif®culties associated with detecting the agents in the

aquatic environment.

Outbreaks of enteric virus disease have been linked to

water at various times and to different causes. Pipeline

failures account for most incidents, such as those at

Bramham, UK, in 1980 when 3000 individuals were affected

(Short 1988). Waterborne disease outbreaks with other

origins have been reported from many countries; consump-

tion of contaminated ice, borehole or well pollution (Lawson

et al. 1991; Beller et al. 1997; De Serres et al. 1999), and

contamination of a municipal supply with sewage (Kaplan

et al. 1982) are typical documented causes. Viruses in the

water supply may also cause disease by foodborne trans-

mission through individuals involved with food preparation

becoming contaminated (Brugha et al. 1999). The list of

potentially pathogenic microorganisms transmitted by water

increases every year (AAM Report 1996). Waterborne

disease may be transmitted by consumption of polluted

drinking water, by immersion in recreational water or by

contact through skin or inhalation. The health effects caused

by microorganisms have been reviewed extensively; Galbraith

(1987) and Stanwell-Smith (1994) documented drinking

water outbreaks in the UK and Hunter (1997), Dadswell
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(1993) and PruÈss (1998) reviewed disease associated with

recreational water contact.

Though explosive outbreaks may be well documented

epidemiologically, with the exception of hepatitis A virus

(HAV), disease transmission through ingesting water has

been conclusively demonstrated in very few cases. Virus

presence in water is underestimated because those agents

which cause most enteric disease cannot be grown by normal

culture methods. The driving force for obtaining more

information on viruses in the aquatic environment is thus

one of a need for increased knowledge contributing to better

public health. Greater knowledge of the behaviour of these

agents in water will facilitate the provision of appropriate

advice to the public and responsible authorities on use and

treatment of water. The Bathing Water Directive (1976) and

the Drinking Water Directive (1999) are EU instruments

which aim to ensure that water is ®t for purpose. Compli-

ance with the parameters of the Directives implies that water

is monitored regularly and that no indicator organisms are

found above the set limits. However, technological advances

now permit the direct detection of many enteric pathogens.

Accumulation of information also permits better sampling

strategies to be devised, and more reliable data to be

obtained. This in turn allows more con®dent risk assessment

to be done and the development of models for predicting the

risks associated with use of different kinds of water (Macgill

et al. 2000).

Analysis of water for enteric viruses is usually a two-stage

process. Viruses are too few to be detected directly so the

sample is processed to concentrate them into smaller

volumes, usually less than 10 ml. A range of detection
methods is then available, and if used in a quantitative

fashion any virus present may be enumerated. Where

necessary, virus may be isolated and identi®ed. This review

will focus on the methods for both concentration and

detection of enteric virus from water and similar materials.

It should be noted that, despite repeated efforts to improve

recovery rates for many enteric viruses from water, there is

no method which gives consistently high recovery. Indeed,

improvements in the detection of enteric viruses, driven by

clinical diagnostic needs, have not been matched by

advances in concentration techniques to provide reprodu-

cible high recovery for different virus types.

2. THE MATRIX

The aquatic environment comprises many water types

(matrices), each characterized by its concentration of organic

matter and salts. Good quality drinking water, by de®nition,

contains few impurities and no pathogens. Other matrices

may contain human viruses if they contain human faecal

material; untreated sewage will contain the highest quantity.

Treated sewage ef¯uent contains a variable number of

viruses depending on the season, the viruses circulating in

the population at any one time, and the degree of virus

removal during sewage treatment. When sewage ef¯uent is

discharged into fresh or marine water, human viruses may

therefore be present. Methods to concentrate viruses in

sewage and other waters are well established and discussed

below. However, methods for processing the highly variable

and potentially toxic sewage sludge or biosolids are not yet

optimized or of proven ef®ciency. In view of the increased

land disposal of sludge, much current research is directed at

improving recovery methods for this matrix (Mignotte et al.
1999; UKWIR 2000).

3. ENTERIC VIRUSES IN WATER

Many groups of viruses may inhabit the human intestine and

replicate in the epithelial cells which cover the villi. Only

some cause suf®cient local damage for gastroenteritis or

other illness to result. The term `enteric viruses' encom-

passes all those groups of viruses which may be present in

the gastrointestinal tract; they may cause disease, or

infection may be asymptomatic. Being shed in the faeces

they will be present in sewage, but as they are obligate

intracellular parasites they can not multiply in the environ-

ment. They may be divided into two groups according to

their growth in cell culture. Most enteroviruses, which form

a distinct taxonomic group (including poliovirus, Coxsac-

kievirus and echovirus), grow well in readily available cell

cultures of primate origin and are thus well characterized.

Other groups that may be grown in cell culture such as some

adenovirus serotypes and reoviruses do not cause recogniz-

able gastrointestinal disease.

The remaining enteric viruses form a heterogeneous

group which includes the rotaviruses, astroviruses, adeno-

virus 40/41, human caliciviruses (Norwalk-like viruses and

Sapporo-like viruses) and hepatitis A and E. These cannot

be grown easily, if at all, in culture. Their importance lies in

their causing distinct gastrointestinal disease or hepatitis.

The important viruses in the context of water pollution are

discussed below.

3.1. Enteroviruses

Enteroviruses are Picornaviridae and are naked icosahedral

particles approximately 27 nm in diameter with no obvious

surface structure. It is of relevance to their environmental

survival that the virions are stable within the pH range 3±10,

and sensitive to chlorine and UV radiation (Porter®eld

1989). They are classi®ed by biomolecular and biochemical

characterization, and serological typing which also relates to

the species in which they are found. Enteroviruses are

present in the gastrointestinal tract of clinically healthy

individuals, either as vaccine poliovirus or as nonpolio
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enteroviruses, usually of low pathogenicity. Although most

infections are asymptomatic, enteroviruses may cause a

variety of symptoms, including paralysis, meningitis and

cardiomyopathy, and less severe conditions such as colds

and fever. They are not associated with gastroenteritis in the

absence of wider systemic illness but they are nevertheless a

potential public health hazard. More information is available

on the occurrence of enteroviruses in the environment than

any other virus group because they have been the most

readily detectable in the laboratory for many years. They can

be concentrated from river water or seawater and can be

grown and identi®ed in standard cell culture assays. The

numbers shed in faeces are not as high as bacterial

indicators; the number of enteroviruses in untreated sewage

may reach 105 plaque-forming units (pfu) l±1 whereas the

count of total coliforms is often 108/100 ml. Neither are

viruses shed consistently throughout the year. Isolations of

Coxsackieviruses from river water, for example, showed a

seasonal trend which peaked in mid-summer and which

matched reports to clinical laboratories (Sellwood 2000).

The majority of studies on enteric viruses in water and

associated materials took place between 1975 and 1985 in the

UK and the US, and most involved enteroviruses. The

consensus of ®ndings was and remains that in the case of

polioviruses, serotype 2 predominates, type 3 being the least

numerous across all water types (Payment et al. 1983;

Morris and Sharp 1984). Wild-type strains continue to be

identi®ed (PoÈyry et al. 1988; Divizia et al. 1999) although in

the UK and more recently in other parts of the world only

vaccine strains have been reported (Sellwood et al. 1995).

Coxsackievirus B serotypes 1±6 have all been detected in

water, although B3, B4 and B5 are the most frequently

identi®ed (references as for poliovirus, and Hughes et al.
1992). The predominant serotype has been shown to change

over time and to re¯ect the serotype most frequently found

in clinical material. Echoviruses have been least frequently

identi®ed (Morris and Sharp 1984) unless liquid culture was

used when the combined serotypes of echoviruses were the

most numerous strain (Sellwood et al. 1981).

Geographically the presence of enteroviruses in water has

been shown to follow a similar pattern in temperate countries

across the world. In addition to surveillance and determin-

ation of water quality, data has been used in attempts to

assess health risks associated with use of water for drinking

or recreational purposes (e.g. Gerba et al. 1996).

3.2. Norwalk-like viruses (NLV)

Human caliciviruses are naked single-stranded positive-

sense RNA viruses with a single capsid protein and,

following sequencing of the genome, are classi®ed into two

groups (Jiang et al. 1993; Lambden et al. 1993). Norwalk-

like viruses (NLVs, formerly termed SRSVs in the UK) are

divided into genogroups I and II (Pringle 1998; Anon. 2000).

The Sapporo-like viruses (SLV), formerly termed `classic

caliciviruses', are also currently divided into two genogroups

(Berke et al. 1997; Hale et al. 1999; VinjeÂ et al. 2000).

Norwalk-like viruses are the principal cause of viral

gastroenteritis in adults and were initially de®ned by a

ragged particle outline and poorly de®ned surface morphol-

ogy (Fields et al. 1996). Up to six antigenic types have been

described by immune electron microscopy (Lewis et al.
1995). Multiple genotypes and strains are recognized within

the two genogroups and are identi®ed by the geographical

area where they were initially identi®ed. Norwalk,

Southampton and Desert Shield viruses are classi®ed as

genogroup I. Lordsdale virus, Mexico virus and Snow

Mountain agent are classi®ed within genogroup II (Norcott

et al. 1994).

Being shed in faeces, NLVs will be transported through

sewerage systems and may reach receiving waters. The agent

is robust and will therefore survive in the environment,

where it may present a hazard to public health, as evidence

of shell®sh-associated gastroenteritis testi®es (e.g. Lees et al.
1995). Waterborne outbreaks of NLV infection due to

sewage-contaminated drinking water are well documented

(e.g. Lawson et al. 1991; Kukkula et al. 1997, 1999), but

reports of illness associated with recreational contact are less

common and are based on epidemiological or circumstantial

evidence (Gray et al. 1997).

Sapporo-like viruses (`classic' human caliciviruses) cause

gastroenteritis, mainly in babies under 1 year old, during

which time they are excreted in the faeces (VinjeÂ et al. 2000).

Morphologically they display a well-de®ned surface struc-

ture. Since young children are commonly infected and adults

are immune, their public health signi®cance in relation to

potential for waterborne disease remains uncertain.

3.3. Astroviruses

Astroviruses (AV), the only genus in the Astroviridae, are

28 nm diameter particles which often bear a ®ve- or six-

pointed stellate surface structure and are associated with

sporadic cases and occasionally outbreaks of diarrhoea,

principally in children, though adults may also be affected

(Willcocks et al. 1992). They do not grow in commonly used

cell cultures, though propagation has been reported in cell

lines derived from intestinal tumours (e.g. Willcocks et al.
1990; Wyn-Jones and Herring 1991).

Few reports exist on the incidence of astroviruses in the

aquatic environment. Detection of astrovirus in environ-

mental samples has been described by Marx et al. (1995),

and PintoÂ et al. (1996) demonstrated the occurrence of

infectious astrovirus in water from an area where a

concurrent gastroenteritis outbreak was reported. Abad

et al. (1997) studied the survival of astroviruses in different
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water types. The survival characteristics found in these

studies were comparable to those determined for rotavirus

and enteric adenoviruses, though astrovirus decay was more

pronounced at the higher temperatures.

3.4. Rotavirus

Rotaviruses are the major viral cause of infantile gastroen-

teritis. They are 75 nm diameter icosahedral virus particles

with a triple capsid protein layer (Estes 1996); the virion

consists of a core and a shell of intermediate and outer layers

from which 60 spikes protrude. The genome consists of 11

segments of double-stranded RNA (dsRNA) that are capable

of genetic reassortment. The complete, infectious particle

has a smooth appearance by EM which becomes a rough

outline when the outer shell is lost. Faeces contains many

more rough noninfectious particles, which are environmen-

tally robust, than complete infectious ones. Rotaviruses are

classi®ed on the basis of serogroups, serotypes and, most

recently, genogroups. Six serogroups, termed Groups A±F

(plus a possible seventh, G), are recognized and between

each of these groups no cross-reaction occurs using assays

based on the inner capsid antigen, VP6. Group A is the most

common human rotavirus. Serotypes are based on neutral-

ization assays for outer capsid proteins VP7 and VP4.

Genogroups are based on gene 4 (P-types, VP4) and gene 9

(G-types, VP7). Strains circulating in the community can

thus be monitored (Iturriza et al. 2000). Limited numbers of

human or monkey kidney cell culture types, such as CaCo-2

and MA-104 will support rotavirus replication.

Limited numbers of reports of waterborne transmission

have been published and those that have are as a result of

sewage contaminated drinking water (reviewed by Gerba

et al. 1996).

3.5. Enteric adenoviruses

Enteric adenoviruses (types 40 and 41) are important

aetiological agents of paediatric gastroenteritis, principally

in temperate climates (Uhnoo et al. 1984). Their role in

transmission of disease in water is undetermined. Enriquez

and Gerba (1995) found that they were more stable in water

than poliovirus 1 or hepatitis A virus. Genthe et al. (1995)

®rst reported detection of the genome in a high proportion

of water samples in South Africa, and similar results have

been found in other countries. Other adenovirus serotypes

are found in sewage but they are not associated with

gastrointestinal disease (Sellwood et al. 1981).

3.6. Hepatitis A and E viruses

Because of its well-de®ned association with waterborne and,

particularly, shell®sh-associated disease (Mackoviak et al.

1976), there is much information on the role of the

environment in the transmission of HAV, and though it is

relatively uncommon in countries which have a good

standard of hygiene (Maguire et al. 1995), raised numbers

of cases are still reported every 8±10 years. It is a

picornavirus and the only member of the Hepatovirus genus.

One serotype is recognized, with strain differences. Humans

are the only natural host. HAV is relatively resistant to low

pH and to heating, so is environmentally robust. Outbreaks

have occurred in many residential settings, especially schools

where hygiene is poor. Outbreaks in the US have been

associated with drinking water drawn from wells (Bloch

et al. 1990) and after contact with recreational water

(Mahoney et al. 1992). Contamination of borehole water in

Ireland in 1991 (Fogarty et al. 1995) resulted in a major

outbreak of gastroenteritis but a follow-up study identi®ed

no cases of hepatitis. HAV has been detected in well water

(De Serres et al. 1999), sewage (Jothikumar et al. 1998) and

in sewage sludge (Graff et al. 1993).

Hepatitis E virus is a member of the Caliciviridae and is a

30-nm iscosahedral particle without obvious structure by

electron microscopy. Hepatitis E virus is not endemic in

the UK but cases are imported from Asia, China and

Africa. The infection is similar to HAV hepatitis but can

be more severe, especially in pregnant women. Large

scale waterborne outbreaks have been reported (Jothikumar

et al. 1993).

4. CONCENTRATION OF ENTERIC VIRUSES

Virus particles exhibit polarity and can adsorb to a wide

variety of charged matrices which may be immobilized (such

as membranes) or ¯uid (such as glass powder). Considered

as protein, virus particles have a high relative molecular

mass (Mr > 106) and lend themselves to concentration by

ultra®ltration and by ultracentrifugation. Based on these

general properties, numerous methods have been devised for

the concentration of viruses from aquatic matrices.

To be of optimum practical use, any method must ful®l

the following criteria (after Block and Schwartzbrod 1989):

(i) be technically easy to accomplish in a short time;

(ii) have a high virus recovery rate;

(iii) concentrate a large range of viruses;

(iv) provide a small volume of concentrate;

(v) not be costly;

(vi) be capable of processing large volumes of water;

(vii) be repeatable (within a laboratory) and be reproducible

(between laboratories).

There is no single method which ful®ls all these requirements.

There are four principal approaches to virus concentration

based on different properties of virus particles; they have

been in place for many years, and each technique has

numerous variations (Table 1).
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Most procedures can be used to concentrate viruses in

sample volumes of 1±100 l, and some (mainly those based on

cartridges) are suitable for volumes of 1000 l or more. For

immobilized ®lter matrices the maximum volume that can

be ®ltered will be dependent upon the turbidity of the

sample. Groundwater and drinking water will contain very

few viruses and 100 l or more will need to be processed,

while recreational and river waters may contain many more

viruses so processing 10 l samples is suf®cient. Sewage

ef¯uent that has received secondary treatment will have

higher levels of virus so one litre samples are suf®cient.

Viruses in crude sewage may be detectable directly or

100 ml samples may be processed.

Adsorption/elution and some entrapment techniques

comprise the ®rst stage (primary concentration) which

reduces the initial volume to between 100 and 500 ml in a

two-stage concentration process. The second stage concen-

trates the virus further, usually by acid ¯occulation and low-

speed centrifugation to deposit the virus-containing ¯oc,

which is resuspended in 5±10 ml neutral buffer.

4.1. Adsorption/elution

The development of virus adsorption/elution (Viradel)

methods stems from the work of Melnick and colleagues in

Houston, Texas (e.g. Wallis and Melnick 1967a, b, c). In

general, the virus-containing sample is brought into contact

with a matrix to which virus will adsorb under speci®c

conditions of pH and ionic strength. Once virus is

adsorbed, the water in which it was originally suspended

is discarded. Virus is then eluted from the matrix into a

smaller volume, though this is still too large to be analysed

directly. Choice of adsorbing matrix, eluting ¯uid and

processing conditions will be in¯uenced by the nature of

the sample and by experience. Elution of virus from the

matrix is commonly done using one of three solutions, beef

extract at pH 9á5, skimmed milk at pH 9, or glycine/

NaOH at pH 9á5±11á5. In EU laboratories, beef extract or

skimmed milk dissolved in glycine buffer is often used.

Following elution, the virus is further concentrated in the

eluate by acid precipitation (¯occulation) and centrifuging

the ¯oc to which the virus is adsorbed (Katzenelson et al.
1976).

Each concentration method has advantages and disadvan-

tages and it is important to recognize that there is no single

method which ful®ls all the above criteria. The challenge is

to maximize virus recovery whilst minimizing virus loss due

to the concentration procedure. Whilst enteroviruses are

robust enough to retain infectivity following exposure to

pH 3á5 and pH 9á0, this is not the case for other agents, e.g.

rotaviruses, where infectivity is substantially reduced below

pH 5á0. The principal variations of the adsorption/elution

approach are as follows:

4.1.1. Gauze pads. Cotton gauze pads trap suspended

particles as water ¯ows through them. Recovery of virus is

very variable. They cannot be used in waters low in

suspended matter, and they are therefore best applied to

sewage and wastewaters, for which they were originally

developed (e.g. Manor et al. 1999).

4.1.2. Electronegative membranes and cartridges.
Concentration of viruses in water using negatively charged

microporous ®lters has been practised for many years and

there are many variations of the technique, though little

change in the basic process. The popularity of cellulose

nitrate membranes lies in their availability in various pore

sizes, con®gurations and compositions. For waters contain-

ing particulate material, a pre®lter is used upstream of the

membrane. The choice of ®lter will depend partly on the

sample; for seawaters, ®lters of pore diameter 0á45 lm and

1á2 lm are commonly used, and pre®lters are employed. By

judicious choice of pre®lters and adsorbing ®lters, it is

possible to get good recoveries of virus from turbid waters

accompanied by good ¯ow rates and a minimum of ®lter

clogging. In addition, many solids-associated virus can be

recovered. Virus is bound to the ®lter by opposing electro-

static forces and is eluted using beef extract or skimmed milk

solution. This method is currently the preferred way of

recovering viruses from ef¯uent, diluted raw sewage and

activated sludge samples, as well as recreational and surface

waters in most water virology laboratories in the EU, and is

the UK recommended method (SCA 1995). It is also a

tentative Standard Method for the recovery of viruses from

waters and wastewaters, as published by the American Public

Health Association (USEPA/APHA 1984). The ®nal con-

centrate volume is a practical quantity for cell culture assay

but is a large volume for molecular studies. Enteroviruses

(Morris and Waite 1980a) and NLVs (Wyn-Jones et al. 2000)

can be concentrated by this method. Among the few reports

of this approach to detect rotaviruses are Smith and Gerba

(1982) and Merrett et al. (1991).

The water sample is preconditioned to facilitate electro-

static binding of virus to ®lter matrix by adjustment to

pH 3á5 and sometimes addition of AlCl3, though opinion is

divided as to whether additional metal ions are needed when

using cellulose nitrate membranes.

Negatively charged ®lters have also been used in epoxy

resin-bound glass-®bre tube form. They were originally used

for concentration of viruses from tapwater (Jakubowski et al.
1974) and have since been employed for concentration of

viruses from river water (e.g. Morris and Waite 1980a) and

other waters (USEPA 1984). These ®lters also need the

sample to be conditioned for virus particles to adsorb; their

recoveries appear at least as good as membrane ®lters, they

are less expensive and can be obtained complete in disposable

cartridge form. They are, however, prone to clogging and
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cannot be used with even moderately turbid water according

to Gerba (1987), though the 8 lm porosity variants as used

by Morris (personal communication) and Edwards and Wyn-

Jones (1981) gave no problems in this respect. Because of

problems of clogging of membrane or tube ®lters, the

processing of seawater samples in this way is limited to a

maximum of 20 l before ®lters have to be changed (Block and

Schwartzbrod 1989); nevertheless they remain useful for

processing of 10 l EU Bathing Water samples.

Pleated ®breglass membrane cartridge ®lters were evalu-

ated by Farrah et al. (1976). The increased surface area

allowed for higher ¯ow rates, and recoveries were better

than given by disk membranes. However they are expensive,

though they may be regenerated up to ®ve times by soaking

in NaOH.

Many modi®cations to the ®ltration process have been

made but have had little effect on practicability, recovery, or

other aspects. Generally, recovery rates are as variable with

negatively charged ®lter media as with any other kind. Block

and Schwartzbrod (1989; citing Beytout et al. 1977) con-

sidered cellulose nitrate membranes relatively ef®cient

insofar as they gave 60% recovery of enterovirus; the same

authors recorded glass-®bre ®lters giving a poor average

yield on wastewater but 70% recovery with river water.

Payment and Trudel (1979), using glass-®bre ®lters, repor-

ted 38±58% recovery of 102±106 pfu enterovirus seeded in

100 ml to 1000 l volumes. Few controlled studies have been

done on recovery ef®ciencies from marine waters, though

they have been done to evaluate the ef®ciency of the method

using drinking water. Melnick et al. (1984) reported

considerable variation in the quantity of virus recovered

following processing of 100 l tap water samples containing

poliovirus. Though the average recovery was 66% (of 350±

860 pfu virus), values ranged from 8 to 20% in two

laboratories, 49±63% in three laboratories and 198% in one

laboratory. Recovery levels were higher and less variable

where a higher input level of virus was used, but it must be

noted that even the `low' level of 350±680 pfu is more than

is routinely found in northern European bathing water

(European Union 2001).

4.1.3. Electropositive cartridges and membranes.
Positively charged ®lters adsorb virus from water and other

materials without the need for prior conditioning of the

sample with acid or metal cations. They adsorb virus in the

pH range 3±6, though at pH values above 7 the adsorption

falls off rapidly, so the pH still needs to be monitored. These

properties make the use of positively charged ®lters

attractive, not only for the convenience of not having to

condition the sample but also because it makes possible the

concentration of viruses such as rotavirus and coliphages,

which are sensitive to the low pH conditions needed for

adsorption to negatively charged media. Further, Keswick

et al. (1983) reported that type 1 poliovirus and rotavirus

SA11 survived at least ®ve weeks on electropositive ®lters at

4°C, so this may make them useful for extended surveys or

transmission through postal systems. Other than not

needing to condition the water sample, electropositive ®lters

are used in the same way as electronegative materials. Virus

is eluted from the ®lter and secondary concentration is

carried out as for the electronegative types.

Recoveries from positively charged ®lters are similar to

those from negatively charged ®lters. Sobsey and Jones

(1979) reported 22á5% recovery using a two-stage procedure

in the concentration of poliovirus from drinking water, and

Pina et al. (1998) recovered adenovirus, enteroviruses and

HAV from seawater, river water and slaughterhouse sewage

using Zeta-plus ®lters; PintoÂ et al. (1996) recovered infec-

tious astrovirus using the same system. Chapron et al.
(2000), using 1MDS Zetapor cartridges, detected infectious

astrovirus, enterovirus and adenovirus type 40 when surface

water samples were processed and concentrates analysed by

integrated cell culture PCR (ICC-PCR).

The original positively charged material, Zeta-plus Series S,

is made of a cellulose/diatomaceous earth/ion-exchange

resin mixture. Sobsey and Glass (1980) compared these

®lters with Filterite (®breglass) pleated cartridge ®lters and

for recovery of poliovirus from 1000 l tapwater and

obtained recoveries of about 30% with both types. Though

expensive, especially in cartridge form, these ®lters have an

advantage in the large volumes they can handle without the

need for conditioning the sample. Elution from the ®lter

still needs to be carried out at pH 9 or above, which limits

their use to viruses stable below that pH. Bosch et al.
(1988) and Raphael et al. (1985) successfully concentrated

rotaviruses using positively charged cartridges. Organic

materials in the sample, especially fulvic acid, have been

reported to interfere more with virus recovery from

Virozorb cartridges than from glass-®bre materials (Sobsey

and Hickey 1985). A different electropositive material, MK,

was developed, which was cheaper but recoveries were

reported to be not as good as Virozorb-1MDS in compar-

ative tests (Ma et al. 1994). Positively charged ®lter

materials are popular in the US but are not so widely used

in Europe.

Advances in membrane technology have resulted in

charge-modi®ed nylon membranes being available for con-

centration of viruses from water. Gilgen et al. (1995, 1997)

used positively charged nylon membranes coupled with

ultra®ltration for the concentration of a variety of enteric

viruses prior to detection by RT-PCR. Nylon membranes

are made in varying pore sizes and carry a positive surface

charge over the pH range 3±10, which promotes strong

binding of negatively charged virus particles. Nylon ®lter

material is also manufactured in re-sterilisable cartridge

form, which would increase the convenience of use. Few
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studies have been done on this material in respect of

recovering viruses from bathing waters, and its low cost and

ease of use suggest that further evaluative research should be

done. Triple-layered PVDF membranes and cartridges have

been used in industry for the removal of polio and in¯uenza

viruses from pharmaceutical products (AranhaCreado et al.
1997), though whether the virus can be recovered from the

®lter is not known.

4.1.4. Concentration using glass powder. Borosilicate

glass beads of 100±200 lm diameter form a good adsorbent

for viruses under conditions similar to those used for

glass®bre ®lters. They form a ¯uidized bed and so have the

advantage that the ®lter matrix cannot become clogged as

with glass-®bre systems. Sarrette et al. (1977) ®rst devel-

oped this technique, which was extended by Schwartzbrod

and Lucena-Gutierrez (1978). For low sample volumes

(< 100 l) the method produces a low eluate volume which

does not need secondary concentration prior to inoculation

into cell culture. However, in common with the performance

for glass®bre tube ®lters, the recovery varies widely with the

type of sample, from 60% with potable water to 20% with

urban wastewater (Joret et al. 1980). Bosch et al. (1988),

using glass powder to concentrate rotavirus from natural and

seeded tap water and sewage, obtained approximately 50%

recovery from the tap water but only 5% from sewage in

seeded samples, though, however, 100% of unseeded sewage

samples were positive for rotavirus.

4.1.5. Concentration using glass wool. Glass wool

evenly packed in a column at a density of 0á5 g cm±3 is an

ef®cient virus adsorbent. Its principal advantages are its low

cost and that it will adsorb virus at near neutral pH without

the addition of cations. The technique was ®rst applied to

the concentration of a range of viruses from surface,

drinking and waste waters (VilagineÁs et al. 1993). Sample

sizes ranged from 100 to 1000 l for drinking waters, 30 l for

surface waters and 10 l for wastewaters, and the only

pretreatment necessary was dechlorination of drinking

waters. Virus was eluted from the ®lter with beef extract

solution, and secondary concentration was done by organic

¯occulation. Recovery ef®ciency of approximately 102 pfu

poliovirus seeded into 400 l drinking water averaged 74%.

For surface waters the recovery rate was 63% and 57%,

respectively. Clogging of the ®lters was reduced by lowering

the ¯ow rate to 50 l h±1.

Since virus concentration on glass wool does not need the

sample to be conditioned, the technique lends itself to large

sample monitoring (for surface waters) and to continuous

monitoring (for drinking waters). Other viruses were also

concentrated during ®eld evaluation of the method; adeno-

viruses and reoviruses were also recovered, though entero-

viruses predominated. VilagineÁs et al. (1993) also reported a

survey of two rivers over a 44-month period, and concluded

that the technique was robust enough in physical and

experimental terms to be used for routine monitoring of

surface waters. Glass wool is also very cheap and thus the

method is economic.

In a later study VilagineÁs et al. (1997) conducted a

round-robin trial to investigate the use of the method for

recovering virus from water sample seeded with poliovirus.

Drinking water and seawater samples were used, and high

levels of input virus were employed in order to evaluate

the recovery ef®ciencies and the repeatability and repro-

ducibility of the method. About half the laboratories

involved in the exercise had had no experience of

virological analysis of water. The mean recovery from

seawater samples in 39 separate assays was 75%. Results

con®rmed the simplicity of the virus concentration method

by adsorption-elution through glass wool, and demonstra-

ted the ability of nonexpert laboratories to carry out such

analysis, though this was limited to the concentration/

elution stages, the concentrates being sent back to a central

expert laboratory for assay. Glass wool has been used in

other laboratories; Hugues et al. (1991), when analysing

biologically treated wastewaters, found it more sensitive

than the glass powder method, both in terms of number of

positive samples and in the level of virus detected;

Wolfaardt et al. (1995) used glass wool to concentrate

NLVs from seeded sewage and polluted water samples

prior to detection by RT-PCR and Marx et al. (1995) used

the method to recover astroviruses from a variety of

environmental samples.

4.1.6. Secondary concentration. Following binding, any

virus is eluted from the ®lter matrix into a smaller volume of

¯uid, which is then further concentrated to a ®nal volume of

about 10 ml. Virus is most commonly eluted with a protein

solution (beef extract or skimmed milk (casein)) at pH 9á5.

The pH is then lowered to below the isoelectric point of the

protein (usually pH 3á5±4á5), when it ¯occulates (Katzenel-

son et al. 1976). Virus is adsorbed to the ¯oc which is

centrifuged, dissolved in a small volume of neutral phos-

phate buffer and can be inoculated into cell cultures for

assay or analysed by other detection methods. It can also be

stored below ±20°C if assay is not to be performed

immediately. Beef extract batches may vary in their ability

to ¯occulate and the process may be modi®ed by the

addition of small quantities of ferric chloride (Payment et al.
1984), or replace beef extract with skimmed milk.

4.2. Entrapment techniques

In entrapment, virus in a sample is held in a ®lter matrix

principally by virtue of its molecular size rather than by any

charges on the particle.

952 A.P. WYN-JONES AND J. SELLWOOD

ã 2001 The Society for Applied Microbiology, Journal of Applied Microbiology, 91, 945±962



4.2.1. Ultra®ltration. Early ultra®ltration methods involved

passing the water sample under pressure through alumin-

ium/lanthanum alginate ®lters (Poynter et al. 1975), which

had the unique advantage that they were soluble in isotonic

sodium citrate. However, the ¯ux obtained was too low for

all but the cleanest waters unless they had been pre®ltered,

which precluded analysis of surface waters in volumes over

1 litre.

More recent techniques involve passing the sample

through capillaries (e.g. Rotem et al. 1979), membranes

(e.g. Divizia et al. 1989a, b), or hollow ®bres (Belfort et al.
1982) with pore sizes that permit passage of water and low

molecular mass solutes but exclude viruses and macromol-

ecules. Earlier workers used membranes with nominal cut-

off levels of 10 kDa, but the majority of systems use cut-off

levels of 30±100 kDa. Where the ¯uid passes directly

through the ®lter, non®lterable components quickly block

the matrix or precipitate at the membrane surface, so this

type of ®lter is only useful for small (1000 ml or less)

volumes.

Most ultra®lters employ tangential ¯ow (also called cross-

¯ow), where the sample is repeatedly swept past the

membrane surface. Small molecular mass species, including

salts and water, pass through into the ®ltrate, and larger

species, including viruses, are withheld in the retentate. The

¯uid is circulated through the multiple membrane layers or

hollow ®bre cartridge until the retentate is reduced in

volume suf®ciently to allow further processing. The mini-

mum `dead' volume (e.g. 10±15 ml, Divizia et al. 1989a)

depends on the apparatus. If this is small enough then it may

be analysed by detection procedures, or it may have to be

further processed by secondary concentration. Soule et al.
(2000) reported concentration of poliovirus, rotavirus and

HAV from tap and seeded distilled water; all three viruses

were recovered in seeding experiments, and enteroviruses

and rotaviruses were found in ®ve of 90 tapwater samples

examined.

Some workers have experienced binding of virus to the

membrane rather than just prevention of its passage through

it. In these cases the virus was eluted by backwashing with

glycine buffer or beef extract and the elute reconcentrated

by organic ¯occulation. Some authors have even reported

differences in binding between related viruses. Divizia et al.
(1989b) noted that HAV was recovered with 100%

ef®ciency; poliovirus on the other hand was recovered very

poorly under standard conditions but this improved if the

membranes were pretreated with different buffers. Further,

recovery was best if the virus was eluted with beef extract at

neutral (not high) pH. Ultra®ltration has also been used to

reconcentrate viruses recovered from treated wastewater by

adsorption/elution.

A variation in ultra®ltration is vortex ¯ow ®ltration

(VFF), where Taylor vortices are established in a VFF

device by rotation of one pressurized cylinder inside

another and keep the ®lter surface from clogging. The

technique has been used by several authors, e.g. Paul et al.
(1991), for concentration of T2 bacteriophage from

seawater, but there are few signi®cant reports in the

literature of its use in the ®eld for concentrating human

viruses. One is that of Tsai et al. (1994), who used it for

inshore waters in Southern California. Fifteen litres of each

sample were concentrated to 100 ml using a 100-kDa cut-

off membrane.

The advantages of ultra®ltration are principally that the

sample requires no preconditioning and that a wide range of

viruses can therefore be recovered, including bacteriophages

(e.g. Urase et al. 1993). Ef®ciency of recovery is usually

good, though as with all methods it is variable. The main

constraints upon its use are the high initial cost of the

equipment and that, despite the advantages of tangential

¯ow, turbid samples still tend to clog the membrane. Surface

water may take a long time to process if they are turbid;

Nupen et al. (1981) were able to ®lter 50 l volumes but this

took from 40 h to 72 h depending on the sample. In other

studies workers have used different parameters (though

generally all use 30±100 kDa membranes or hollow ®bre

cartridges) with differing results. The technique is generally

seen as an advance on adsorption/elution (e.g. Grabow et al.
1984; Muscillo et al. 1997), and recovery ef®ciencies, though

variable, appear to be higher than those obtained using

adsorption/elution techniques.

4.2.2. Hydroextraction. Hydroextraction with polyethy-

lene glycol (PEG, Mr 6000±20 000) or sucrose has been

employed for concentration of wastewater and sewage

(Wellings et al. 1976), but its use is limited by volume,

the maximum being about 1 l, and some by cytotoxic

compounds being co-concentrated with the virus.

4.3. Ultracentrifugation

Ultracentrifugation is a catch-all method since it is capable

of concentrating all viruses in a sample, provided suf®cient

g-force and time are used, and differential ultracentrifuga-

tion allows separation of different virus types. A number of

studies have been reported, including one where viral

numbers in natural waters were as high as 2á5 ´ 108 ml±1,

103±107 times as high as had been found by plaque assay

(Bergh et al. 1989). However, the limited volumes that can

be processed, even using continuous ¯ow systems, together

with the high capital costs and lack of portability of the

equipment limit its usefulness in concentrating viruses

directly from natural waters. It does ®nd a use as a secondary

concentration method, however; Murphy et al. (1983), in an

investigation of a gastroenteritis outbreak associated with

polluted drinking water, concentrated 5 l samples of bore-
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hole water using an ultra®ltration hollow ®bre device to

50 ml and followed this by ultracentrifugation to pellet the

virus for electron microscopical examination. They were

thus able rapidly to detect rotaviruses, adenoviruses and

NLVs, as well as enteroviruses, which were con®rmed by

cell culture.

4.4. Other methods

4.4.1. Two-phase separation. Viruses can be partitioned

between the two immiscible phases produced when two

different organic polymers are dissolved in water. Lund and

Hedstrom (1966) used sodium dextran sulphate and poly-

ethylene glycol 6000 mixture for enterovirus recovery from

sewage. By controlling the phases, viruses can be partitioned

into one of them and if the virus-containing phase is made

small relative to the original volume of sample then

concentration is achieved. The method is limited by the

occasional toxicity of the polymer for cell culture; it is also

limited to a maximum volume of about seven litres. Lodder

et al. (1999) used a dextran T40/polyethylene glycol mixture

as the second stage in concentrating NLVs from sewage.

4.4.2. Immunoaf®nity columns and magnetic beads.
These are relatively new techniques which have been used in

a biochemical or molecular biological context (e.g. Jothiku-

mar et al. 1998). They are useful for small volumes but their

application to virus concentration from larger volumes has

yet to be demonstrated. Loisy et al. (2000) used oligonucleo-

tide-treated beads to improve the sensitivity of detection

procedures for NLV.

There are several less-used methods and method modi®-

cations which it is appropriate to mention in a review for

completeness. None appears to offer signi®cant improvement

over those already described, which taken together are used

by the majority of laboratories engaged in water virology.

These methods include iron oxide ¯occulation (Rao et al.
1986), talc-celite adsorption (Ramia and Sattar 1979) and

adsorption to bituminous coal (Dahling et al. 1985).

5. DETECTION, ENUMERATION
AND IDENTIFICATION

The selection of a detection method for enteric viruses in

water or other environmental materials largely depends on

whether the agent grows in cell culture. For those types that

do, such as the enteroviruses, detection by virus replication

in cell culture demonstrates infectivity as well as presence,

and this is clearly an advantage when assessing whether the

water is microbiologically hazardous. Cell culture also allows

quantitative assays to be done, though any subsequent virus

serotype identi®cation requires immunological or molecular

tests.

In the absence of infectivity assays, NLV, rotavirus and

the other viruses that are major causes of gastroenteritis

must be detected using serological or molecular biological

approaches and, while these do not give a direct indication of

infectivity nor are they satisfactory in enumerating viruses,

they do permit the typing of viruses or genome analysis. The

use of PCR as a routine tool has not only permitted virus

detection, but has facilitated the re®ned characterization of

many viruses found in water. Used in combination with cell

cultureasan integratedcell culture-RT-PCR(ICC-RT-PCR),

the technique has allowed the detection of viruses which

show no evidence of infectivity in any other way. These

three main approaches to virus detection are considered

below.

5.1. Detection by cell culture

Virus-speci®c killing of cells (cytopathic effect, c.p.e.) is

visible by ordinary light microscopy and allows the presence

or absence of virus to be determined. There are many cell

lines suitable for growing enteroviruses, including HEp-2,

HeLa and VERO, although the Buffalo Green Monkey cell

line (BGM, Barron et al. 1970; Dahling et al. 1974) has been

favoured for enumeration of those types which are water-

borne. This was reported to give higher plaque assay titres

of polio, Coxsackie B, some echo- and reoviruses than

obtained in rhesus or grivet monkey kidney cells, though

this is not the case with isolation of enteroviruses from

clinical specimens. BGM cells are used almost exclusively

for the detection and enumeration of waterborne enterovi-

ruses. Morris (1985) examined 10 cell lines for their ability

to grow enteroviruses isolated from wastewater ef¯uent.

Eighty-two percent of samples were positive in BGM cells,

73% in RD cells and 64% in chimpanzee liver cells. BGM

was also the most sensitive in the number of plaques

counted. Human rhabdomyosarcoma (RD) cells support

plaque production by echoviruses and are therefore some-

times used in conjunction with BGM cells, in which plaque

production by echoviruses is variable.

Dahling and Wright (1986) optimized the BGM line in

respect of a number of assays for waterborne viruses, work

which has become the accepted basis for many standard

methods.

Other cell lines, derived from intestinal tissue, have been

investigated for their ability to support the growth of enteric

viruses. Most of these studies have been directed at growing

the more fastidious agents like rotaviruses and astroviruses,

but Patel et al. (1985) carried out a large survey on the

susceptibility of a range of lines to different enteroviruses,

including all 31 serotypes of echovirus; they found that two

lines, HT-29 and SKCO-1 derived from human colonic

carcinoma, had a markedly wider sensitivity for entero-

viruses than primary monkey kidney or RD cell cultures.
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They require a high seed density and do not grow quickly,

however, and perhaps this is why they have not found

greater favour in the detection of waterborne enteric viruses.

Generally CaCo-2 cells (Fogh 1977) have been used for

detection of a number of waterborne viruses, e.g. astro-

viruses (PintoÂ et al. 1996). Grabow et al. (1993) used the

PLC/PRF/5 hepatoma cell line for the detection of

adenovirus 41 from water.

Cell culture assays may be carried out either in liquid

culture or under agar, as plaque assays.

5.1.1. Liquid culture assay. Liquid culture involves the

growth of a monolayer of cells attached to a plastic or glass

solid phase. Polioviruses, Coxsackieviruses and echoviruses

grow well in human amnion, Hep-2, ®broblast cells, in

PMK as well as VERO and BGM. Human amnion cells are

the most sensitive but the dif®culty of availability precludes

their more general use. Liquid cell culture systems will

detect the widest range of enterovirus serotypes but

enumeration can only be done by titration and the

calculation of `most probable number' (MPN) or `tissue

culture dose 50' (TCD50).

5.1.2. Plaque assays. Plaque assays may be used either

as a monolayer of cells overlayed with agar or as cells

suspended in agar (Cooper 1967, and further adapted for

detection of enteroviruses by Morris and Waite 1980b).

Dahling and Wright (1988) compared the sensitivity of

these two formats and found the suspended cell assay

detected ®ve to eight times as many plaques compared with

the monolayer method. However, it may not detect slower-

growing viruses since suspended cell cultures do not last as

long as monolayers. Morris (1985) compared 10 cell lines

for their ability to isolate enterovirus from ef¯uent and

found BGM cells not only isolated enterovirus from the

highest number of samples but also generated the most

plaques. The number of actual virions contained in an

infectious unit has been estimated at 10±100 or approxi-

mately 700 (Schiff et al. 1984). The suspended cell plaque

assay is the standard technique for enumerating entero-

viruses when monitoring 10 l samples of bathing water for

the EU Bathing Water Directive in the UK although in

other EU countries the monolayer plaque assay is more

commonly employed.

5.2. Immunological detection

The serum neutralization test (SNT) is the most common

method for enterovirus identi®cation but is technically

demanding and time-consuming, and results are not avail-

able for three to ®ve days. Immuno¯uorescence for the

identi®cation of many serotypes of enterovirus involves

infected cells from culture being transferred to a microscope

slide, dried, ®xed and stained with one of a range of virus

serotype-speci®c monoclonal antisera followed by antimouse

IgG/FITC conjugate. Infected cells emit a bright green

granular ¯uorescence with the speci®c serotype. This

method is very quick (less than two hours) and interpret-

ation easier than SNT. Antisera for polioviruses, Coxsac-

kievirus B and some echoviruses are available (Rigonan et al.
1998).

Immuno¯uorescence was also used to identify rotavirus in

MA-104 cells by (amongst others) Smith and Gerba (1982),

and Bosch et al. (1988), and in CaCo-2 cells by Abad et al.
(1998). Relatively few studies have been done on the

occurrence of rotavirus because of this subjective and

laborious method, although Bosch et al. (1988) detected

rotavirus in most Barcelona sewage samples throughout the

year.

Flow cytometry has been used to accelerate IF proce-

dures; Baradi et al. (1998) reported the use of ¯ow

cytometry for the detection of rotavirus in MA-104 cells,

and Abad et al. (1998) reported its use in detecting

infectious rotavirus in environmental as well as clinical

samples.

Environmental samples have not often been tested directly

by ELISA for rotavirus as insuf®cient VP6 antigen is

present even after concentration (Guttmann-Bass et al.
1987) and VP6-directed ELISA only detects noninfectious

particles. Steinmann (1981) published the ®rst report of the

identi®cation by ELISA of rotaviruses in 6/24 samples of

sewage and Dahling et al. (1993) reported rotavirus in three

out of 30 sewage samples from Puerto Rico that had been

concentrated by positive membrane ®ltration and were

found to be positive by direct ELISA. Genthe et al. (1991)

found approximately 30% of sewage, fresh and marine water

samples were rotavirus-positive after concentration by

ultra®ltration.

Immunomagnetic separation has been used as a prelim-

inary stage to RT-PCR in the detection of rotavirus in water

(Grinde et al. 1995) and for HAV in sewage (Graff et al.
1993).

5.3. Detection by molecular biology

The explosion in molecular biology technology has been

exploited in water virology as in other ®elds of biology.

Detection based ®rst on probes then using PCR has

provided a wealth of information about waterborne viruses

which would not otherwise have been available. It has

facilitated the detection of pathogenic viruses which do not

grow well, if at all, in cell culture, particularly rotaviruses

and NLVs, as well as enhancing the information already

available on enteroviruses.

Gene probes have been widely used (e.g. Dubrou et al.
1991; Enriquez et al. 1993). They are easy to prepare and if
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used in conjunction with Southern blotting they produce

satisfactory results. However, they lack sensitivity and even

though they now incorporate digoxigenin instead of radio-

isotopes they have largely been superseded.

The PCR reaction (Saiki et al. 1988) addresses these

shortcomings. RT-PCR detection of enteroviruses generally

has been extensively described (e.g. Rotbart 1990a, b).

Numerous investigations have used RT-PCR to detect

enteroviruses in different environmental samples, including

river and marine recreational waters (e.g. Kopecka et al.
1993; Wyn-Jones et al. 1995), ground waters (Abbaszadegan

et al. 1993), sludge-amended ®eld soils (Straub et al. 1995),

and shell®sh (e.g. Le Guyader et al. 1994). The technique

has been extended to cover other virus groups present in

water, including adenoviruses (Puig et al. 1994), HAV

(Graff et al. 1993), astrovirus (Marx et al. 1995) and

rotavirus (Gajardo et al. 1995). Pallin et al. (1997) devised

a method for recovering all the virus in a concentrate into a

single PCR tube, which allowed direct comparisons of

sensitivity with cell culture methods where the whole of the

concentrate is assayed.

RT-PCR is not without practical problems. Chief among

these is the presence of fulvic and humic acids in the

concentrates which inhibit the RT and/or polymerase

reactions. Different remedies have been found to remove

these but most rely on guanidinium isothiocyanate (GIT)

extraction of the RNA and adsorption to silica (e.g. Shieh

et al. 1995). Ijzerman et al. (1997) removed inhibitors with

no loss of virus by Ficoll/PEG dialysis, solvent extraction,

ultra®ltration and silica adsorption. Lewis et al. (2000)

analysed the in¯uence of common sample components on

poliovirus 2 detection ef®ciency by RT-PCR and compared

this with their in¯uence on detection by cell culture. They

found that RT-PCR was 10±100 times more sensitive than

cell culture in the absence of contaminants. However, in the

presence of contaminants at the higher concentrations tested,

plaque assay was more ef®cient. Both techniques were

inhibited by the presence of bentonite clay, presumably due

to virus adsorption; this could be reversed by eluting the

virus. As reported by many authors, Lewis et al. (2000)

found that humic acid at a concentration of 25 mg l)1

signi®cantly affected the RT-PCR, and suggested this level

might well be found in concentrates of environmental

samples. It was reduced by ®ltration of the concentrate

through Sephadex. Cell culture detection was not affected by

humic acid. Overall these authors found that clays, humic

acids and shell®sh tissue residues have a greater effect on

RT-PCR detection of virus than on cell culture detection.

Re®nement of the RT-PCR and restriction enzyme

analysis of amplicons has permitted the differentiation of

virus types within the enterovirus group. Hughes et al.
(1993) compared the nucleotide sequences of six Coxsac-

kievirus B4 isolates from the aquatic environment with those

of four CB4 isolates from clinical specimens and found that

the isolates fell into two distinct groups not related to their

origin. Wyn-Jones, Pallin and Lee (unpublished results)

devised a method for identifying enterovirus concentrated

from bathing waters based on restriction enzyme analysis

which assigned any isolate to at least group level and many

to serotype, using just four enzymes, the groupings corre-

lating with those determined by immune electron micro-

scopy, and Sellwood et al. (1995) reported a system using

restriction fragment length polymorphism (RFLP) analysis

to discriminate between wild-type and vaccine-like strains of

poliovirus. Egger et al. (1995) devised a multiplex PCR for

the differentiation of polioviruses from nonpolioviruses,

which made an important step in the accumulation of public

health information.

Integration of cell culture with RT-PCR has permitted

the indirect detection of infectivity. Reynolds et al. (1996)

described a system for detecting infectious enterovirus

where sample concentrates were inoculated into BGM cell

cultures. RT-PCR of the culture lysates showed positive

signals for virus, even where the original inoculum had been

negative by cell culture. This approach has been adopted in

detecting astroviruses and enteric adenoviruses (e.g. Chapron

et al. 2000), though there are no reports of infectious NLVs

being detected this way.

Further use of the RT-PCR has led to detection of a wider

range of viruses. Cho et al. (1999) described a multiplex

RT-PCR for the detection of adenoviruses and enteroviruses

from tapwater and river water, and Bo®ll-Mas et al. (2000)

reported the detection of polyomaviruses in sewage using

RT-PCR.

The most important virus of epidemic adult gastroenter-

itis is NLV. Several groups have developed RT-PCR based

procedures for the detection of this agent in shell®sh (e.g.

Lees et al. 1995), but there are fewer reports of its presence

being demonstrated in water. Lodder et al. (1999) reported

detection of NLVs in sewage, and seeding studies using

seeded untreated potable water have been reported by

Myrmel et al. (1999). Kukkula et al. (1997, 1999) identi®ed

NLVs of genogroup II in untreated, treated water and tap

water samples during an outbreak of gastroenteritis in a

Finnish village, and in the UK Wyn-Jones et al. (2000)

reported the occurrence of NLVs in a variety of water-

related materials including seawater, river water, sewage and

sewage ef¯uent. Grif®n et al. (1999) detected NLVs in water

off the Florida Keys.

6. SUMMARY

Enteroviruses in the aquatic environment have been well

studied over many years and have demonstrated the

distribution and persistence of human enteric viruses.

However, the development of molecular biological tech-
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niques has enabled the detection of those viral pathogens

that cannot be readily cultivated but are major causes of

gastrointestinal disease. The detection of NLV in the

aquatic environment has been demonstrated. The concen-

tration of these viruses and others is necessary from many

types of water samples but the effectiveness of available

methods is variable and many are costly.

7. ISSUES THAT MUST BE ADDRESSED

Several issues arise as a consequence of improved ability to

concentrate and detect a wider range of enteric viruses in the

aquatic environment. The distribution and survival of

viruses in biosolids (sludge) is poorly understood, as is their

persistence once sludge has been spread on agricultural land,

a practice that is likely to increase in the EU following

prohibition on the dumping of sewage sludge at sea.

Toxicity and variability in composition mean that novel

methods have to be devised in order to recover viruses in a

reproducible fashion.

Concentration methods require continued development.

Viruses are concentrated with different degrees of success;

for example, rotaviruses are more susceptible to pH changes

in sample processing, and their recovery (especially of

infectious virus) is not as good as that of other types.

Molecular biological detection methods need to be

reconciled with infectivity if quantitative hazard assessments

are to be done on those agents which do not grow in culture,

particularly NLV. ICC-RT-PCR is of some use in this

respect but does not allow virus quanti®cation.

Re®nement of detection methods is now possible by use of

genotyping/genogrouping of viruses isolated from water.

This should lead to increased understanding of the spread of

individual strains and whether some strains are more

resistant to environmental breakdown. This in turn should

clarify wider public health issues, including assessment of

risk associated with recreational water polluted by enteric

viruses. Enteroviruses are well characterized in this respect

but information on other agents is lacking. It will also be

important to determine the role of animal enteric viruses in

(i) any transmission to humans by the water route and

(ii) whether they produce false positive data in respect of

human faecal pollution of water.
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