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Survival of Viruses in the
Marine Environment

Charles P. Gerba

6.1. INTRODUCTION

It has been well established that human pathogenic viruses may be transmitted through the
marine environment due to the release of sewage by polluted rivers, outfalls, or release from ves-
sels. These wastes contain human enteric viruses, which if ingested, or in some cases inhaled,
can cause a wide variety of illnesses. Their ability to be transmitted by this route is because of
their capability to remain infectious long enough in the marine environment to come in contact
with a susceptible host. Transmission routes may be fairly direct, such as ingested of contam-
inated seawater by a swimmer, or more complex by prolonged survival in sediments which
are later resuspended and accumulated in shellfish during feeding. The virus is then transmit-
ted during consumption of the shellfish. To understand the potential for human enteric virus
transmission through the marine environment numerous studies have been conducted on factors
which influence their persistence in this environment (Table 6.1). This review focuses on factors
that could play a role in the survival of human pathogenic viruses in the marine environment.

6.2. FACTORS AFFECTING VIRUS SURVIVAL IN MARINE WATER

6.2.1. Types of Viruses

All of the human enteric viruses transmitted by water and food are composed only of
a nucleic acid genome of either RNA or DNA enclosed in a protective protein coat. There
are currently over 140 different human enteric viruses that are known. Most of these have
a genome of a single strand of RNA (sRNA), e.g. enteroviruses, astroviruses, caliciviruses,
hepatitis A, hepatitis E. Rotaviruses have a double strand of RNA (dsRNA), and adenoviruses a
double strain of DNA (dsDNA). The rotaviruses and adenoviruses are about twice the size (60
to 70 nm) of the sRNA viruses. Coronaviruses, picobirnavirues, and parvoviruses have been
associated with gastroenteritis transmission but transmission by water or food has not been
clearly demonstrated. Coronavirus (sRNA) are the only human enteric viruses with a lipid coat.
The recently discovered picobirnavirues are small double stranded RNA viruses associated with
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Table 6.1. Factors affecting virus survival in natural waters.

Factor Effect Remarks

Temperature Protein or nucleic acid denaturation Temperature is probably the most important
factor in virus survival; viruses survive
longer at lower temperatures

Light Configuration change or breakage of
the nucleic acid

UV in sunlight and natural photodynamic
processes may act upon the virus in natural
waters

pH Release of nucleic acid or
disassembly of capsid

Most enteric viruses are stable at pH values
found in most natural waters

Salts Stabilization of capsid structure Some viruses are protected against heat
inactivation by the presence of certain
cations; the reverse is also true

Proteinaceous material Protection from enzymes and
sunlight?

Viruses survive longer in the presence of
sewage and other soluble organic material

Suspended particulate
matter; sediments

Thermostabilization of protein
capsid; protection from the action
of enzymes

Virus survival is prolonged by adsorption to
clays and other suspended solids, viruses
may also be inactivated by adsorption to
other solid surfaces

Biological factors Enzymes; adsorption; nonenzymatic
interaction affecting capsid
structure

Certain viruses are inactivated more readily in
the presence of aquatic bacteria; can also act
to protect virus by adsorption to surface or
other factors

diarrhea in immunocomprimised persons and travelers to developing countries. Parvoviruses
are small (18 to 25 nm) singled stranded DNA viruses. They are among the most thermally
resistant viruses known.

Most of our understanding on virus survival in the marine environment before 1990 comes
from studies with enteroviruses (sRNA) and bacteriophages of Escherichia coli (coliphages),
although hepatitis A and noroviruses (a calicivirus) have been the viruses usually associated
with transmission through the marine environment. This is because noroviruses have not yet
been grown in the laboratory. During the last decade a great deal of information has been gained
about the ecology and survival of phages of marine microorganisms (Wommack & Colwell,
2000). This has provided new information on potential mechanisms of virus persistence that
may be useful in understanding the survival of human pathogenic viruses. However, it must
be remembered that human enteric viruses are not native to this environment and the relative
importance of factors affecting inactivation may be different between the two groups of viruses.

6.2.2. Temperature

While many factors are involved in the survival of viruses in natural waters, temperature
probably plays the most decisive role. Temperature is the only well-defined factor with a
consistent effect on virus survival. At freezing or near-freezing temperatures, viruses may
remain infectious for many months (Lo et al., 1976). Compared to many other viral groups
that infect man, enteric viruses are usually heat stable. Hepatitis A virus, adenoviruses and
parvoviruses appear to be the most thermostable enteric viruses (Crance et al., 1998; Brauniger
et al., 2000; Gerba, unpublished observations).
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In addition, viral populations are heterogeneous and include thermo-resistant mutants
(Pohjanpelto, 1961). The effect of temperature on the rate of viral inactivation is also related to
factors such as pH, salts, organics, and the presence of particulate matter (Pohjanpelto, 1961;
Salo & Cliver, 1976; Wallis et al., 1965; Wallis & Melnick, 1962). Certain cations in solution
appear to protect some viruses from thermoinactivation, while having the opposite effect on
other viruses. Thus, rotavirus SA-11 is more rapidly inactivated by heating at 50◦C in 2 M
MgCl2, while reovirus type 1 infectivity is stabilized (Estes et al., 1979). In contrast, SA-11
infectivity is stabilized at 50◦C in the presence of 2 M MgSO4. At high temperatures, poliovirus
type 1 is more stable in seawater than in distilled water (Liew & Gerba, 1980), indicating that
salts in natural waters may have some stabilizing effect on virus survival.

Poliovirus type 1 has been shown to be thermostablized by association with sediments
(Liew & Gerba, 1980). At 50◦C, poliovirus type 1 in artificial seawater is protected from
inactivation in the presence of marine sediment. Almost all of the virus remained adsorbed to
the sediment. The virus was also protected against inactivation at 24 and 37◦C.

Virus inactivation at elevated temperatures may result primarily from protein denatu-
ration. Poliovirus RNA becomes more susceptible to ribionuclease after it is heated at high
temperatures, indicating structural alterations in the viral capsid (Dimmock, 1967). At lower
temperatures, inactivation due to damage of the RNA may also be important.

6.2.3. pH

At the pH of most natural waters (pH 5 to 9), enteric viruses are very stable. Most
enteric viruses are generally more stable at a pH between 3 to 5 than at alkaline pH (9 to 12).
Adenoviruses and rotaviruses are readily inactivated at pH 10, while enteroviruses can survive
at a pH of 11 to 11.5 for short periods of time (Gerba & Goyal, 1982). The pH may also greatly
affect the mode of viral inactivation at different temperatures (Salo & Cliver, 1976).

6.2.4. Light

While wavelengths of ultraviolet light in sunlight are known for their ability to inactivate
viruses by causing cross-linking among the nucleotides, earlier studies did not suggest that
they played a significant role in virus inactivation (Kapuscinski & Mitchell, 1980; Wommack
et al., 1996). However, more recent studies on phage indigenous (virioplankton) to the marine
environment suggests that they could play a significant role even at depths as great as 200 m
(Suttle & Chen, 1992; Wommack & Colwell, 2000). Even in turbid estuarine waters, a modest
effect of sunlight on viral decay can occur at a depth of 2.5 m (Cottrell & Suttle, 1995). Light
wavelengths of <320 (UV-B) have the greatest virucidal effect on virioplankton (Murray &
Jackson, 1993). The effect of bacteriophage viability in seawater is directly proportional to
the amount of sunlight (Garza & Suttle, 1998). A recent study demonstrated that several
enteroviruses were inactivated more rapidly in seawater in the presence of sunlight than in the
dark (Fujioka & Yoneyama, 2002). The rate of inactivation was much less in the winter than
summer. The double stranded DNA viruses are significantly much more resistant to UV light
inactivation than the enteroviruses, because they can use host cell repair enzymes to repair the
UV light damage (Gerba et al., 2002).

Visible light penetrates much further in natural waters than UV light and it has been
suggested that light in this spectrum may cause photodynamic inactivation of viruses. In
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photodynamic inactivation, the virus is “sensitized” to photoxidation by interaction of the
viral genome with certain substances (Wallis & Melnick, 1965). Numerous synthetic dyes
and natural substances, such as ligins, fulvic acids, humic acids, and vitamins, may act as
photosensitizers. Dyes adsorb radiation and selectively transfer that energy to dissolved oxygen,
which is excited to its highly oxidized state. Environmental factors, such as pH, temperature,
time, and dye concentration, largely control the sensitization of the virus by the photosensitizer.
The length of light exposure and its intensity can also influence the rate of virus inactivation
(Gerba et al., 1977b). The process is not inhibited by dissolved organics and readily takes place
in seawater. Damage to the virus is cumulative. A photodynamic antiviral substance has been
demonstrated in algae cells (Fukada et al., 1968), giving support to the idea that photochemical
reactions may be important to viral inactivation in natural waters.

6.2.5. Heavy Metals

While heavy metals such as copper, silver, nickel, and zinc are known to have antiviral
properties in solution, their concentrations in seawater are probably too low to have a significant
effect on enteric viruses (Thurman & Gerba, 1989).

6.2.6. Salts

The survival of enteric viruses in natural seawater is almost always greater than freshwater,
but this appears to be due more to the presence of antagonistic microorganisms than salts in
solution (Kapuscinski & Mitchell, 1980). The concentration of salts may affect the thermal
resistance of viruses (Wallis & Melnick, 1962).

6.2.7. Microflora

Laboratory studies have indicated that the microflora of natural waters have a significant
influence on virus survival. The application of laboratory results to field conditions is difficult,
since the microorganisms involved or metabolic products may exist in such low concentrations
in nature as to have no significant effect on virus survival. For example, conducting survival
experiments in water samples placed in containers in the laboratory can allow for the build-up
of organic acids, resulting in a drop in pH which in itself will effect virus survival.

Treating natural seawater to eliminate or kill bacteria or fungi by processes such as, auto-
claving, filtration, addition of antibiotics or treatment with ultraviolet light, increases the sur-
vival of viruses (Shuval et al., 1971; Kapuscinski & Mitchell, 1980; Fujioka et al., 1980). The
greater antiviral activity of seawater compared to freshwater appears to be related to the pres-
ence of bacteria indigenous to seawater (Fujioka et al., 1980). A bacterium identified as Vibrio
marinus was isolated which exhibited antiviral activity, but unfortunately this activity was lost
while maintaining the organism under in vitro conditions (Gundersen et al., 1967). Another ma-
rine bacteria classified, belonging to the genus Moraxella, was isolated from Mediterranean Sea
and was able to retain its antivirus activity after passage in the laboratory (Girones et al., 1989).
The virus-inactivating agent could not be separated from the viable marine bacteria, indicating
that the active agent(s) either remained associated with the organism, or had a very short life-
time, or both. The antiviral activity of the organism was highly specific for poliovirus. No antivi-
ral activity was found against the other groups of enteroviruses, rotavirus SA-11, or phages of
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Table 6.2. Possible biotic mechanisms of viral inactivation.

1. Enzymatic degradation
2. Adsorption

Prevention of virus adsorption to host cells or capsid uncoating
Denaturation of protein coat
Release of nucleic acid
Alteration of net electronegativity

3. Sensitization
Photodynamic
Enzymatic

4. Reducing agents
5. Oxidizing agents

enteric bacteria. A Vibrio and Pseudomonas were isolated from the Atlantic Ocean which dis-
played antiviral activity against several enteroviruses (Toranzo et al., 1982). Culture filtrates
of these organisms gave virus inactivation rates comparable with those obtained with whole
cultures suggesting that extracellular products are involved in the antiviral activity. Further
studies suggested that viral inactivation takes place by deformation or denaturation of a critical
site(s) in the capsid followed by enzymatic degradation (Toranzo et al., 1983).

There are probably many mechanisms by which the native biota influences viral survival.
Several possibilities are listed in Table 6.2. It follows that viral inactivation and degradation
proceed by no single event, but by a series or combination of events. This is probably especially
true of most of the enteroviruses, which are unusually resistant to a wide variety of proteolytic
enzymes (Cliver & Herrmann, 1972). The susceptibility of viruses to enzymatic attack may
result after the virus has been altered or inactivated by nonbiological factors such as pH (Salo &
Cliver, 1976). Thus, inactivation of a virus should not be considered synonymous with viral
degradation.

There are conflicting reports as to the involvement of biological factors in virus survival,
but it should be kept in mind that the microflora of natural waters are not uniform. Failure to
demonstrate the involvement of bacteria in the inactivation of viruses in a given water sample
may simply mean that an organism affecting virus survival was not collected in that particular
sample. It has been observed that the relative importance of biotic factors varies from one water
sample or body of water to another (LaBelle & Gerba, 1979; Herrmann et al., 1978).

Enteric viruses are usually considered more resistant to the action of proteolytic enzymes
than many other groups of viruses (Chang, 1971), and this has been given as a reason for
their long survival in natural waters. Polioviruses and Coxsackieviruses have been shown to
be resistant to a wide range of proteolytic enzymes (Cliver & Hermann, 1972). However,
this may vary with the serotype of enterovirus. Pseudomonas aeruginosa, which produces a
proteolytic enzyme, significantly inactivated Coxsackievirus A9, and used the viral coat as
a substrate. Studies in fresh waters have suggested that enteroviruses are degraded by the
indigenous microflora (Cliver & Hermann, 1972).

Bacteria and other microorganisms may also produce substances, which inactivate viruses
by processes other than enzymatic. P. aeruginosa has been found to produce substances with
a molecular weight below 500, which appeared to result in the virus being dismantled. Sub-
stances with such a low molecular weight could act enzymatically. Bacteria also produce
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substances that react with a virion to prevent its adsorption to host cells (Fujsaki et al., 1978).
Microorganisms can also produce substances that do not directly inactivate viruses, but sen-
sitize them to inactivation by other processes, i.e., photodynamic inactivation (Fukad et al.,
1968) or enzymes (Salo & Cliver, 1978). Other products of microorganisms may act as ox-
idizing or reducing agents. This list includes such compounds as humic acids (Klocking &
Sprossig, 1972), ascorbic acid (Salo & Cliver, 1978), phenolic compounds (Konowalchuk &
Speirs, 1978), and tannin (Konowalchuk & Speirs, 1978).

6.2.8. Macroflora

Aquatic organisms produce substances that are detrimental to virus survival (Sigel et al.,
1976). Substances may be produced which act to promote virus survival. For example, the
survival of coliphage MS-2 was prolonged in the presence of a growing culture of algae (Cylin-
rothecia closterium) in seawater–sewage mixtures. Many marine animals such as sponges, the
sea squirt algae, and fungi produce substances with antiviral properties (Donia & Hamann,
2003), however, it is not known if they play any role in enteric virus survival in marine
waters.

6.2.9. Solid–Water Interface

Viruses are known to readily associate with particulate matter in water. Virus adsorption
to solids appears to play a major role, not only in their hydrotransportation, but also in their
survival in nature. Enteric viruses can be expected to be present in larger number in the sediment
than the surface water of any sewage contaminated marine environment (Goyal et al., 1978;
Rao et al., 1984). Adsorption may act to not only prolong virus survival, but such associations
may also enhance virus inactivation (Gerba & Schaiberger, 1975; Murray & Laband, 1979).
With regard to potential adsorbents found in natural waters, coliphages and human enteric
viruses have been found to adsorb to sand, pure clays (e.g. montmorillonite, illite, kaolinite,
and bentonite), bacterial cells, naturally occurring suspended solids, and estuarine silts and
sediments. In addition, viruses may be discharged into natural waters already associated with
solids (Gerba et al., 1978).

Adsorption of coliphages T7 and T2 to pure clays has been shown to greatly reduce inac-
tivation rates in natural and artificial seawater (Gerba & Schaiberger, 1975; Bitton & Mitchell,
1974). Bacterial colloids and naturally occurring suspended matter in seawater also have a
protective effect on the survival of coliphages. Estuarine sediments have been demonstrated
to prolong the survival of human enteroviruses (De Flora et al., 1975; Smith et al., 1978). The
more sewage pollution an area is receiving, the more protective effect the sediment appears to
exhibit (Smith et al., 1978). Under field conditions sediment-associated viruses held in dialy-
sis bags, results similar inactivation rates to laboratory studies (LaBelle & Gerba, 1979). The
greater concentrations of enteric viruses found in estuarine sediments also suggest that under
field conditions solid-associated viruses exhibit longer survival times (Gerba et al., 1977a).

Virus adsorption to container walls may also effect virus survival. Akin et al. (1976), in
studying poliovirus type 1 survival in seawater, observed that the virus appeared to survive
longer in those containers, which permitted adsorption to the walls. Poliovirus readily adsorbs
to glass surfaces, but not to polycarbonate or polyethylene surfaces. Thus, the container in
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which a laboratory viral survival experiment is conducted could conceivably influence the rate
of viral decline.

The protective effect of clays on virus survival in seawater may be due to several factors,
including the adsorption of enzymes or other substances that inactivate viruses, increased
stability of the viral capsid, prevention of aggregate formation, and interference with action of
virucidal substances. Clays such as kaolinite are capable of sorbing a great variety of inorganic
and organic ions or other substances that could inactivate viruses (Gerba & Schaiberger, 1975).
As an example, bentonite clays have been shown to protect viruses against inactivation by
ribonuclease by the adsorption of this enzyme to the clay (Singer & Fraenkel-Conrat, 1961).
Another explanation of the protective effect of clay could be the formation of an envelope of
clay particles around the virus, which would prevent contact of the virus with virucidal agents
(Roper & Marshall, 1978). Marine sediments and clays also protect viruses against thermal
inactivation in seawater (Liew & Gerba, 1980).

Some types of particulate matter in natural waters may also be antagonoistic to viral
survival (Gerba & Schaiberger, 1975). Surfaces such as SiO2 have little effect on virus survival,
but metal oxide surfaces such as CuO, substantially decrease viral infectivity during adsorption–
elution (Murray & Laband, 1979).

6.2.10. Air–Water Interface

Bubbles in the sea surf can adsorb and carry viruses to the surface of the water to be
propelled into the air (Baylor et al., 1977). This results in the concentration of viruses at the
sea–air interface. Certain coliphages (MS2 and R17) have been shown to be rapidly inactivated
at dynamic air—water–solid interfaces (Thompson & Yates, 1999). This effect was shown to
increase as the ionic strength of solutions was increased. The more hydrophobic the viral
capsid, the more pronounced is the effect.

Other Factors

Although viral aggregation has not been known to influence viral survival in natural
waters, aggregates are known to exhibit an increased resistance to inactivation by used disin-
fectants (Sharp et al., 1975). Viruses within an aggregate can be protected from factors in the
environment that would act to degrade or inactivate the virus. The degree of viral aggregation
appears to depend not only on the type of virus, but also the specific strain (Floyd & Sharp,
1977; Totsuka et al., 1978).

Viruses may interact with substances that do not inactivate them, but mask their detection
in tissue culture by blocking their adsorption to host cells. Substances present in grape juice
were observed to be reactivated in the host animal or after exposure to digestive tract secre-
tions or human blood serum (Anonymous, 1978). This effect is believed to be due to polyphe-
nols, including tannin (Konowalchuck & Speirs, 1976, 1978), both of which occur in natural
waters.

High hydrostatic pressures can inactive enteric viruses (Kingsley et al., 2002). A 7 log10

occurred when hepatitis A virus was exposed to 450 MPa for 5 min. However, poliovirus
was unaffected by a 5 min exposure to 600 Mpa. Suspension of hepatitis A virus in seawater
increased its resistance, suggesting a protective effect of the salts in seawater. Exposure of the
virus to RNase indicated that inactivation was to do to stile alterations of viral capsid proteins.
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Ammonia has been shown in several studies to cause the inactivation of enteric viruses
and bacteriophages (Burge et al., 1983), with the nucleic acid apparently being the target of
inactivation (Ward & Ashley, 1977).

CONCLUSIONS

Many factors can potentially play a role in the inactivation of human pathogenic viruses
in marine waters, however, temperature, sunlight, and indigenous microflora appear to play the
dominate role. The significance of each individual factor may vary from location to location
and the time of year. For viroplankton it was estimated that solar radiation caused 1/4 to 2/3 of
the viral decay and that high heat liable, high molecular-weight dissolved material (probably
enzymes) appeared responsible for 1/5 of the decay (Noble & Fuhram, 1997). Most of our
knowledge on human enteric viruses rests on studies conducted with enteroviruses and little
is still known about the survival of other groups of enteric viruses in marine waters.

REFERENCES

Akin, E.W., Hill, W.F., Cline, G.B., & Benton, W.H. (1976). The loss of poliovirus infectivity in marine waters. Water
Res 10, 59–63.

Anonymous (1978). Grapes inactivate viruses, but not in body. Science 202, 415.
Baylor, E.R., Baylor, M.B., Blanchard, D.C., Syzdek, L.D., & Appel, C. (1977). Virus transfer from surf to wind.

Science 11, 575–580.
Bitton, G., & Mitchell, R. (1974). Effect of colloids on the survival of bacteriophages in seawater. Water Res 8,

227–229.
Brauniger, S., Peters, J., Borchers, U., & Kao, M. (2000). Further studies on thermal resistance of bovine parvovirus

against moist and dry heat. Int J Hyg Environ Health 203, 71–75.
Burge, W.D., Cramer, W.N., & Kawata, K. (1983). Effect of heat on virus inactivation by ammonia. Appl Environ

Microbiol 46, 446–451.
Chang, S.L. (1971). Interactions between animal viruses and higher forms of microbes. J Sanitary Eng Div, Am Soc

Civil Eng 96, 151–161.
Cliver, D.O., & Herrmann, J.E. (1972). Proteolytic and microbial inactivation of enteroviruses. Water Res 6, 797–

805.
Cottrell, M.T., & Suttle, C.A. (1995). Dynamics of a lytic virus infecting the photosynthetic marine picoflagellate

Micromonas pusilla. Limnol Oceanogr 40, 730–739.
Crance, J.M., C. Gantzer, Schwartzbrod, L., & Deloince, R. (1998). Environmental Toxicology and Water Quality, 13,

89–92.
De Flora, S., De Renzi, G.P., & Badolati, G. (1975). Detection of animal viruses in coastal seawater and sediments.

Appl Microbiol 30, 472–475.
Dimmock, N.J. (1967). Differences between the thermal inactivation of picrornaviruses at “high” and “low” temper-

atures. Virology 31, 338–353.
Donia, M., & Hamann, M.T. (2003). Marine natural products and their potential applications as antiinfective agents.

Lancet Infect Dis 3, 338–348.
Estes, M.K., Graham, D.Y., Smith, E.M., & Gerba, C.P. (1979). Rotavirus stability of human enteroviruses in estuarine

and marine waters. J Gen Virol 43, 403–409.
Floyd, R., & Sharp, D.G. (1977). Aggregation of poliovirus and reovirus by dilution in water. Appl Environ Microb

33, 159–167.
Fujioka, R.S, Loh, P.C., & Lau, L.S. (1980). Survival of human enteroviruses in the Hawaiian ocean environment:

evidence for virus-inactivating microorganisms. Appl Environ Microbiol 39, 1105–1110.



Survival of Viruses in the Marine Environment 141

Fujioka, R.S., & Yoneyama, B.S. (2002). Sunlight inactivation of human enteric viruses and fecal bacteria. Water Sci
Technol 46, 291–295.

Fujsaki, M., Uchida, S., Kojima, M., Hotta, S., Kuroda, H., Watsuji, K., & Hamada, K. (1978). Studies on virus-
inhibiting substances of bacterial origin. III. Antiviral substances extractable from Streptococcus faecalis: its in
vitro activities and some biological characteristics. Kobe J Med Sci 24, 99–114.

Fukada, T., Hoshino, M., Endo, H., Mutai, M., & Shirota, M. (1968). Photodynamic antiviral substance extracted from
Chlorella cells. Appl Microbiol 16, 1809–1810.

Garza, D.R., & Suttle, C.A. (1998). The effect of cyanophages on the morality of Synechococcus spp. and selection
of UV resistant viral communities. Microb Ecol 36, 281–297.

Gerba, C.P., & Goyal, S.M. (1982). Methods in Environmental Virology. Mracel Dekker, New York.
Gerba, C.P., Goyal, S.M., Smith, E.M., & Melnick, J.L. (1977a). Distribution of viral and bacterial pathogens in a

coastal canal community. Marine Pollut Bull 8, 279–282.
Gerba, C.P., Wallis, C., & Melnick, J.L. (1977b). Disinfection of wastewater by photodynamic oxidation. J Water

Pollut Control Fed 49, 575–583.
Gerba, C.P., Gramos, D.M., & Nwachuku, N. (2002). Comparative inactivation of enteroviruses and adenovirus 2 by

UV light. Appl Environ Microbiol 68, 5167–5169.
Gerba, C.P., & Schaiberger, G.E. (1975). Effect of particulates on virus survival in seawater. J Water Pollut Control

Fed 47, 93–103.
Gerba, C.P., Stagg, C.H., & Abadie, M.G. (1978). Characterization of sewage solid-associated viruses around behavior

in natural waters. Water Res 1, 805–812.
Girones, R., Jofre, J.T., & Bosch, A. (1989). Isolation of marine bacteria with antiviral properties. Can J Microbiol

35, 1015–1021.
Gundersen, K. Brandberg, A., Magnusson, S., & Lycke, E. (1967). Characterization of a marine bacterium associated

with virus inactivating capacity. Acta Pathol Microbiol Scand 71, 281–286.
Goyal, S.M., Gerba, C.P., & Melnick, J.L. (1978). Prevalence of human enteric viruses in coastal canal communities.

J Water Pollut Control Fed 50, 2247–2256.
Herrmann, J.E., Kostenbader, K.D., & Cliver, D.O. (1978). Persistence of enteroviruses in lake water. Appl Microbiol

32, 895–896.
Kapuscinski, R.B., & Mitchell, R. (1980). Processes controlling virus inactivation in coastal waters. Water Res 14,

363–371.
Kingsley, D.H., Hoover, D.G., Papafragjou, W., & Richards, G.P. (2002). Inactivation of hepatitis A virus and a

calicivirus. J Food Prot 65, 1605–1609.
Klocking, R., & Sprossig, M. (1972). Antiviral properties of humic acids. Experienta 28, 607–608.
Konowalchuk, J., & Speirs, J.I. (1976). Antiviral activity of fruit extracts. J Food Sci 41, 1013–1017.
Konowalchuk, J., & Speirs, J.L. (1978). Antiviral effect of commercial juices and beverages. Appl Environ Microbiol

35, 1219–1220.
LaBelle, R., & Gerba, C.P. (1979). Influence of estuarine sediment on virus survival under field conditions. Appl

Environ Microbiol 38, 93–101.
Liew, P.F., & Gerba, C.P. (1980). Thermostabilization of enteroviruses by estuarine sediment. Appl and Environ

Microbiol 40, 305–308.
Lo, S., Gilbert, J., & Hetrick, F. (1976). Stability of human enteroviruses in estuarine and marine waters. Appl Environ

Microbiol 32, 245–249.
Murray, A.G., & Jackson, G.A. (1993). Viral dynamics II: a model of the interaction of ultraviolet light and mixing

processes on virus survival in seawater. Mar Ecol Prog Ser 102, 105–114.
Murray, J.P., & Laband, J.J. (1979). Degradation of poliovirus adsorption on inorganic surfaces. Appl Environ Microbiol

37, 480–486.
Noble, R.T., & Fuhrman, R.T. (1997). Virus decay and its causes in coastal waters. Appl Environ Microbiol 63, 77–

83.
Pohjanpelto, P. (1961). Response of enteroviruses to cystine. Virology 15, 225–230.
Rao, V.C., Seidel, K.M., Goyal, S.M., Metcalf, T.G., & Melnick, J.L. (1984). Isolation of enteroviruses from water,

suspended solids, and sediments from Galveston Bay: survival of poliovirus and rotavirus adsorbed to sediments.
Appl Environ Microbiol 48, 404–409.

Roper, M.M., & Marshall, K.C. (1978). Effect of clay particle-size on Clay-Escherichia-coli-bacteriophage interac-
tions. J Gen Microbiol 106, 187–189.



142 C. P. Gerba

Salo, R.J., & Cliver, D.O. (1976). Effect of acid, salts, and temperature on the infectivity and physical integrity of
enteroviruses. ArchVirol 52, 269–282.

Salo, R.J., & Cliver, D.O. (1978). Inactivation of enteroviruses by ascorbic acid and sodium bisulfite. Appl Environ
Microbiol 36, 68–75.

Sharp, D.G., Floyd, R., & Johnson, J.D. (1975). Nature of surviving plaque-forming unit of reovirus in water containing
bromine, Appl. Microbiol 29, 94–101.

Shuval, H.I., Thompson, A., Fattal, B. Cymbalista, S., & Wiener, Y. (1971). Natural virus inactivation processes in
seawater. J Sanitary Eng Div Am Soc Civil Eng 97, 587–600.

Sigel, M.M., Ripe, D.F., Beasley, A.R., & Dorsey, M. (1976). Systems for detecting viruses and viral activity. In G.
Berg, H.L. Bodily, E.H. Lennette, & T.G. Metcalf (eds), Viruses in Water. American Public Health Association,
Washington, D.C., pp. 139–142.

Singer, B, & Fraenkel-Conrat, H. (1961). Effects of bentonite and stability of TMV-RNA. Virology 14, 59–65.
Smith, E.M., Gerba, C.P., & Melnick, J.L. (1978). Role of sediment in the persistence of enteroviruses in the estuarine

environment. Appl Environ Microbiol 35, 685–689.
Suttle, C.A., & Cheng, F. (1992). Mechanisms and rates of decay of marine viruses in seawater. Appl Environ Microbiol

58, 3721–3729.
Thompson, S.S., & Yates, M.V. (1999). Bacteriophages inactivation at the air–water–solid interface in dynamic batch

systems. Appl Environ Microbiol 65, 1186–1190.
Thurman, R.B., & Gerba, C.P. (1989). The molecular mechanisms of copper and silver ion disinfection of bacteria

and viruses. CRC Crit Rev Environ Control 18, 295–315.
Toranzo, A.E., Barja, J.L., & Hetrick, F.M. (1982). Antiviral activity of antibiotic-producing marine bacteria. Can J

Microbiol 28 231–238.
Toranzo, A.E., Barja, J.L., & Hetrick, F.M. (1983). Mechanism of poliovirus inactivation by cell-free filtrates of marine

bacteria. Can J Microbiol 29, 1481–1486.
Totsuka, A., Ohtaki, K., & Tagaya, I. (1978). Aggregation of enterovirus small plaque variants and polioviruses under

low ionic strength conditions. J Gen Virol 38, 519–533.
Wallis, C., & Melnick, J.L. (1962). Effect of organic and inorganic acids on poliovirus at 50◦C. Proc Soc Exp Biol

Med 8, 305–308.
Wallis, C., & Melnick, J.L. (1965). Photodynamic inactivation of animal viruses: a review. Photochem Photobiol 4,

159–170.
Wallis, C., Melnick, J.L., & Rapp, F. (1965). Different effects of MgCl2 and MgSO4 on the thermostability of viruses.

Virology 26, 694–695.
Ward, R.L., & Ashley, S.J. (1977). Identification of the vircidal agent in wastewater. Appl Environ Microbiol 33,

860–864.
Wommack, K.E., & Colwell, R.R. (2000) Virioplankton: viruses in aquatic ecosystems. Microbiol Mol Biol Rev 64,

69–114.
Wommack, K.E., Hill, R.T., Muller, T.A., & Colwell, R.R. (1996). Effects of sunlight on bacteriophage viability and

structure. Appl Environ Microbiol 62, 1336–1341.




