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The relationship between the survival of enteric viral pathogens and their indicators (coliform bacteria and
coliphages) is not well understood. We compared the survival rates of feline calicivirus (FCV), Escherichia coli,
and a male-specific RNA coliphage MS2 at 4, 25, and 37°C for up to 28 days in dechlorinated water. The
survival rates of E. coli and FCV, a surrogate of noroviruses (NV), had a high degree of correlation at 4 and
25°C, while MS2 phage survived significantly longer (P < 0.05) at these two temperatures. At 37°C, the survival
rates for all three organisms were highly correlated. Decimal reduction values indicating the number of days
needed for 90% reduction in titer (D values) decreased for all three organisms as storage temperatures
increased. FCV had the shortest D value among all three organisms at all temperatures investigated. These
findings indicate that F-specific RNA phages may be useful indicators of NV in the environment.

Noroviruses (NV), formerly known as Norwalk-like viruses,
are estimated to cause 66% of all food-borne illnesses attrib-
utable to known causes in the United States (2, 23, 24, 25). NV
outbreaks are commonly associated with the consumption of
fresh produce and other ready-to-eat foods contaminated by
infected food workers or shellfish harvested from waters con-
taminated by sewage (13–15, 28, 29). The potential for water to
serve as the vehicle for NV contamination of fresh produce is
an emerging concern for the following reasons: (i) produce is
grown and harvested in many areas of the world that lack
adequate waste disposal and water treatment facilities; (ii)
untreated surface water is often used to irrigate produce; (iii)
current water treatment methods may be incapable of remov-
ing viruses; (iv) enteric viruses can survive on produce for long
periods of time; and (v) no virological criteria exist for water
used in produce production (8, 9, 14, 16, 27, 29, 35).

Routine monitoring of water and produce for NV would
help improve the safety of fresh produce (3, 4, 7, 16). However,
methods for routine detection of NV in the environment are
currently not available. To further complicate the situation,
fecal-indicator bacteria have been shown to be inadequate
indictors of virological risk in the environment (10, 12, 22). In
light of these facts, F-specific RNA coliphages have been pro-
posed as alternate indicators of enteric viruses, including NV
(10, 17, 20, 31, 39, 40). However, the proposed use of F-specific
RNA coliphages as indicators is not without controversy. For
example, while a strong correlation has been observed between
the seasonal accumulation of F-specific RNA coliphages in
oysters and the incidence of NV diseases associated with oys-
ters (6), some investigators have reported that F-specific RNA
coliphages are rarely detected in human feces, suggesting that

the presence of these coliphages in water does not necessarily
indicate human fecal pollution (18, 32).

One of the criteria for an ideal indicator is that it should
survive longer than the pathogen itself. Therefore, this study
was designed to compare the survival rates of F-specific RNA
coliphage (ATCC 15597-B1), feline calicivirus (FCV) strain F9
(ATCC VR-782), and Escherichia coli Famp (ATCC 700891)
in dechlorinated water at different temperatures. Since NV
cannot be grown under in vitro conditions, we used FCV as a
surrogate for NV because FCV is cultivable in feline kidney
cells, is easy to detect and titrate in vitro, and has been suc-
cessfully used as an NV surrogate by other researchers (5, 11,
34).

FCV was propagated in monolayers of Crandell’s feline kid-
ney cells. The cells were grown in Eagle’s minimal essential
medium (Celox, St. Paul, Minn.) supplemented with 8% fetal
bovine serum, penicillin (100 U/ml), streptomycin (100 �g/ml),
amphotericin B (Fungizone; 1 �g/ml), and lactalbumin hydro-
lysate (5 mg/ml). Monolayers at 90% confluence were inocu-
lated with FCV and incubated for 1 h at 37°C to allow virus
adsorption. Infected cells were then incubated in maintenance
medium (Eagle’s minimal essential medium without added
serum) and examined for cytopathic effects after 96 h. The
stock virus was harvested after two freeze-thaw cycles, ali-
quoted, and stored at �70°C. Cells grown in 96-well plates
were used for virus titration, with 3 wells per dilution. Viral
titers were calculated by using the method of Reed and
Muench (30).

F-specific RNA phage MS2 was grown and titrated accord-
ing to Environmental Protection Agency method 1601 (37).
Briefly, a 1-ml aliquot of phage stock was added to 30 ml of an
exponential culture of E. coli Famp grown in tryptic soy broth
(TSB) containing ampicillin and streptomycin (Sigma, St.
Louis, Mo.). After incubation at 37°C overnight, the culture
was centrifuged at 6,000 � g for 15 min to remove bacterial cell
debris. The supernatant fluid was then filtered through a 0.45-
�m-pore-size cellulose acetate filter (Vanguard International,
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Neptune, N.J.), and the filtrate was titrated. In brief, serial
dilutions of the filtrate were made in TSB, and 1 ml of each
dilution was mixed with 200 �l of an exponential culture of E.
coli Famp and 3 to 5 ml of 0.75% tryptic soy agar (TSA). This
mixture was poured on top of the solidified bottom agar layer
(1.5% TSA contained in a petri dish) and allowed to solidify.
The plates were then inverted and incubated at 37°C for 24 h,
after which plaques were counted and the results were re-
corded as PFU per milliliter.

An overnight culture of E. coli Famp was prepared by plac-
ing 1 ml of a stock culture into 25 ml of 3% TSB, followed by
incubation overnight at 37°C on a rotary shaker (Lab-Line Inc,
Melrose Park, Ill.). To obtain an exponential culture, 0.5 ml of
the overnight culture was added to 50 ml of fresh 3% TSB and
incubated for 4 to 6 h at 37°C. Titration was done by the pour
plate method (21). In brief, the culture was serially diluted in
TSB, and 1 ml of each dilution was added to 20 ml of molten
1% TSA (at approximately 45°C). After thorough mixing, the
mixture was poured into petri plates. The media was allowed to
solidify, and the plates were incubated in an inverted position
at 37°C. After 24 h of incubation, bacterial colonies were
counted and recorded as CFU per milliliter.

Tap water was dechlorinated by adding 1 ml of a 3% sodium
thiosulfate solution to 1 liter of water. The water was then
autoclaved, cooled, and aliquoted in 50-ml amounts in 250-ml
screw-cap glass bottles. Each organism was inoculated into
three bottles at initial titers of approximately 106 50% tissue
culture infective doses/ml for FCV, 109 PFU/ml for MS2
phage, and 109 CFU/ml for E. coli. After being thoroughly
mixed for 30 s, a 1-ml sample was withdrawn and assayed to
determine the initial titer of the test organisms. The seeded
water samples were stored at 4, 25, and 37°C for a total of 28
days. Representative samples (1-ml amounts) were removed
on days 1, 2, 3, 7, 14, 21, and 28 and assayed for the appropriate
organism. The results were recorded as 50% tissue culture
infective doses per milliliter for FCV, PFU per milliliter for
MS2 phage, and CFU per milliliter for E. coli.

The mean decimal reduction value indicating the number of
days needed for 90% reduction in titer (D value) for three
experiments was calculated for each of the test organisms at all
three storage temperatures. A one-way nonparametric analysis
of variance procedure was used to calculate statistically signif-
icant differences in D values. Statistical analysis was performed
with Statistical Analysis System software (SAS Institute, Gary,
Ind.).

D values for MS2 phage were significantly greater than D
values for FCV and E. coli at 4 and 25°C (Table 1). At these
temperatures, D values for MS2 exceeded the others by a

factor of three. There was no marked difference in D values
among the three organisms at 37°C. As expected, D values for
all three organisms decreased as the storage temperature in-
creased. However, observed D values for each organism and
the relationships between D values remained relatively con-
stant at 4 and 25°C. The percent decrease in titers of each of
the three organisms is shown in Fig. 1.

FIG. 1. Titers of FCV (Œ), F-specific phage MS2 (F), and E. coli
(■ ) in dechlorinated water stored at 4, 25, or 37°C. Samples were taken
at 0, 1, 2, 3, 7, 14, 21, and 28 days. The data points represent the means
of the percent change in titers observed over three experimental runs.

TABLE 1. D values of three test organisms at different
temperaturesa

Organism
Mean (SD) of D value at:

4°C 25°C 37°C

Escherichia coli 7.7 (3.8) 5.7 (4.0) 3.0 (1.0)
FCV 7.3 (4.7) 5.2 (2.3) 2.0 (1.0)
F-specific coliphage (MS2) 25.7 (4.0) 18.7 (8.1) 2.7 (1.2)

a D values, decimal reduction values (number of days needed for a 90%
reduction in titer).
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At 4°C, MS2 had an average D value of 25.7 days, compared
to 7.3 and 7.7 days for FCV and E. coli, respectively. This
difference in D values was statistically significant (P � 0.05;
Kruskal-Wallis test). At 25°C, the MS2 titer had an average D
value of 18.7 days, compared to 5.2 and 5.7 days for FCV and
E. coli, respectively. This difference in D values was also sta-
tistically significant (P � 0.05; Kruskal-Wallis test). At 37°C, all
three organisms had D values ranging from 2 to 3 days, and the
differences were not statistically significant (P � 0.05; Kruskal-
Wallis test).

Previous research has shown that NV can survive for long
periods of time in the environment (1, 26, 38). Thus, a useful
indicator of this pathogen must have, among other features,
the ability to survive for a long time in the environment. The
findings of this study suggest that both E. coli and F-specific
phage would survive for as long as, or longer than, NV in clean
water free of disinfectants. Since bacterial indicators are gen-
erally less resistant to disinfection than enteric viruses, it is
possible that in the presence of disinfectants such as chlorine,
E. coli survival would differ from that of the two viral organ-
isms (10, 33). Further studies in this regard are warranted.

The finding of a significant difference between the D values
of FCV and MS2 at 4 and 25°C needs further evaluation. It has
been documented that the relative decay rates of F-specific
phages, enteric viruses, and coliform bacteria vary with salinity,
pH, temperature, turbidity, and dissolved oxygen concentra-
tion (33, 36, 38). However, despite this variability, F-specific
phage levels in seafood harvested from sewage-contaminated
waters have consistently been higher than those of fecal-indi-
cator bacteria (10, 19). In addition, F-specific coliphages have
been reported to survive for up to 30 days in groundwater (40).
Our results affirm that F-specific coliphages survive longer than
FCV and E. coli, making it a conservative indicator of NV in
clean water.

FCV appears to be a reasonably good experimental model
for assessing the environmental stability of NV because its
physicochemical properties are similar to those of NV and it
can be grown and titrated easily in tissue cultures. Thus, FCV
allows us to directly measure the rate of virus survival and the
ability of the surviving virus to infect cells, which is not possible
with NV because the molecular methods available for their
detection cannot differentiate between infectious and nonin-
fectious particles.

The levels of F-specific phages in oysters are reported to be
the highest when there is a high incidence of viral gastroenter-
itis among residents of coastal areas (10). This correlation
suggests that, under proper environmental conditions, F-spe-
cific phages could prove to be a useful indicator of virological
risk in food and water. This study appears to be the first that
directly compares the survival rate of an F-specific RNA co-
liphage with the survival rate of an NV surrogate. Additional
studies are needed to compare the survival rates of these two
organisms under a wider range of environmental conditions to
further evaluate F-specific phages as alternate indicators of
virological risk in food, water, and the environment.

We thank Douglas Wait of the University of North Carolina for
providing E. coli and MS2.
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