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The viruses most commonly associated with food- and waterborne outbreaks of gastroenteritis are the
noroviruses. The lack of a culture method for noroviruses warrants the use of cultivable model viruses to gain
more insight on their transmission routes and inactivation methods. We studied the inactivation of the
reported enteric canine calicivirus no. 48 (CaCV) and the respiratory feline calicivirus F9 (FeCV) and
correlated inactivation to reduction in PCR units of FeCV, CaCV, and a norovirus. Inactivation of suspended
viruses was temperature and time dependent in the range from 0 to 100°C. UV-B radiation from 0 to 150
mJ/cm2 caused dose-dependent inactivation, with a 3 D (D � 1 log10) reduction in infectivity at 34 mJ/cm2 for
both viruses. Inactivation by 70% ethanol was inefficient, with only 3 D reduction after 30 min. Sodium
hypochlorite solutions were only effective at >300 ppm. FeCV showed a higher stability at pH <3 and pH >7
than CaCV. For all treatments, detection of viral RNA underestimated the reduction in viral infectivity.
Norovirus was never more sensitive than the animal caliciviruses and profoundly more resistant to low and
high pH. Overall, both animal viruses showed similar inactivation profiles when exposed to heat or UV-B
radiation or when incubated in ethanol or hypochlorite. The low stability of CaCV at low pH suggests that this
is not a typical enteric (calici-) virus. The incomplete inactivation by ethanol and the high hypochlorite
concentration needed for sufficient virus inactivation point to a concern for decontamination of fomites and
surfaces contaminated with noroviruses and virus-safe water.

The viruses most commonly associated with outbreaks of
gastroenteritis are the noroviruses (formerly know as small
round structured viruses and Norwalk-like viruses). In the
Western world, these highly infectious viruses reportedly cause
68 to 80% of gastroenteritis outbreaks (16, 28), but estimates
as high as 90% for outbreaks have been reported (19). The
relative contribution of the noroviruses to food- and water-
borne outbreaks is estimated to vary between 5 and 15% (16,
28). The resistance of noroviruses to culturing (14) has ham-
pered the development of reliable methods for their detection
and viability testing. Therefore, knowledge of efficient inacti-
vation methods and effective intervention in transmission path-
ways is limited and based on studies with model viruses (13, 22,
39, 40; reviewed in reference 23).

The noroviruses are members of the family Caliciviridae.
Caliciviruses are important veterinary and human pathogens
and cause a wide range of symptoms by infecting a variety of
organs (8, 9). The human caliciviruses, i.e., the noroviruses and
the sapoviruses, are all enterotropic and cause gastrointestinal
illness (27, 37). Most caliciviruses isolated from domestic cats
(feline calicivirus [FeCV]) cause severe respiratory illness and
limping disease, but some strains were etiologically associated
with diarrhea (20, 30). Calicivirus-related disease in dogs is less
common, but some canine calicivirus (CaCV) strains were iso-
lated from dogs with diarrhea and vesicular genital lesions (31,
32). It is plausible to assume that viruses that use the same
transmission route and replication site possess comparable sta-
bilities. The (food-borne) enteric viruses survive the harsh con-

ditions in the gastrointestinal tract, such as low pH and high
bile concentrations (10, 30), and in general, enteric viruses are
considered more resistant to environmental factors and disin-
fection methods than respiratory viruses. Therefore, in these
studies, we determined the inactivation profiles of the widely
studied norovirus surrogate FeCV-F9 (respiratory) vaccine
strain and the antigenically unrelated reported enteric CaCV
no. 48 strain.

In one series of experiments, we applied a variety of physical
and chemical conditions to assess the stability of three different
caliciviruses (FeCV, CaCV, and norovirus) by three different
methods, culture and conventional and quantitative reverse
transcription (RT)-PCR. The viruses in suspension were stored
at 4°C and room temperature to determine environmental
survival. They were exposed to heat and multiple cycles of
freeze-thawing to obtain data that may be used to assess the
survival of caliciviruses (i.e., noroviruses) during food process-
ing and storage. Resistance to high and low pH was studied to
assess the likelihood of stomach passage for the enteric viruses.
Viruses were exposed to UV-B radiation as a factor in envi-
ronmental survival and to 70% ethanol and sodium hypochlo-
rite dilutions (0 to 6,000 ppm) to determine effective inactiva-
tion methods for cleaning practices. The methods found to be
effective for complete inactivation of FeCV and CaCV were
applied to a norovirus (genogroup II.4)-positive stool sample
suspension, and the presence of viral RNA was determined by
conventional RT-PCR and a newly developed quantitative real
time RT-PCR.

MATERIALS AND METHODS

Viruses and cells. Crandell-Reese feline kidney (CRFK) cells and Madin-
Darby canine kidney (MDCK) cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% (vol/vol) heat-inactivated fetal
calf serum, gentamicin (50 �g/ml), and 1% (vol/vol) nonessential amino acids.
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The maintenance medium for virus propagation was identical but with 0 to 2%
(vol/vol) fetal calf serum. FeCV strain F9 (kindly provided by H. Egberink,
Utrecht University, The Netherlands) was propagated in monolayers of CRFK
cells. CaCV strain no. 48 (kindly provided by F. Roerink, Kyoritsu Shoji Cor-
poration, Japan) was propagated in MDCK cells. Cell and virus cultures were
done at 37°C in an atmosphere of 5% CO2 and 90% relative humidity.

Virus stocks used in the inactivation experiments were obtained by inoculation
of young cells (24 to 48 h after seeding) at a multiplicity of infection of 0.1. The
suspensions were harvested after 24 h by one cycle of freezing and thawing and
clarified by centrifugation (10 min, 1,800 � g, 4°C). The clarified stocks contained
2 � 106 to 9 � 106 50% tissue culture infectious doses (TCID50)/ml and 30 to 40
�g of protein/ml and were stored at �70°C. Virus stocks for inactivation exper-
iments were standardized to contain 2 � 105 to 1 � 106 TCID50/ml and 3 to 4 �g
of protein/ml in cell culture medium without fetal calf serum or in sterilized
demineralized water (in the UV irradiation experiment).

The norovirus genogroup II.4 strain (Hu/NV/DenHaag22/2001/NL) suspen-
sion was prepared from a stool sample from a patient with acute gastroenteritis
that tested positive for norovirus by RT-PCR (41). A 10% (vol/vol) stool sus-
pension was prepared in DMEM with gentamicin (100 �g/ml). This suspension
was centrifuged at 2,000 � g for 30 min, subsequently extracted with 10%
(vol/vol) chloroform, centrifuged again at 3,000 � g for 10 min, dispensed, and
stored at 4°C.

Inactivation experiments. After exposure to UV-B radiation, chlorine, or
ethanol, samples were analyzed immediately. Samples collected in the thermal
inactivation and pH stability series were frozen and stored at �20°C prior to
analysis. The titers of infectious virus were determined as TCID50 in cell culture
(in the 96-well format).

Thermal inactivation. Virus stocks were dispensed in 250-�l fractions and kept
at 4, 20, 27, 37, 56, 63, 71.3, and 100°C for time periods varying from weeks (4°C)
to seconds (71.3 and 100°C). Samples were collected and stored at �20°C until
titration. Effects of freeze-thawing cycles (up to five cycles) were studied by
freezing dispensed samples (0.5 ml) by transfer from room temperature to
�70°C and subsequent thawing in a water bath at room temperature.

UV irradiation. Viral suspensions (250 �l) were exposed to UV-B radiation in
24 wells (area, 1 cm2) on melting ice (to prevent heating effects and evaporation)
for 0 to 30 min. The UV source (STX-35 M; UVItec, Cambridge, United
Kingdom) emitted UV-B (280 to 320 nm) at 0.43 mJ cm�2 s�1, measured at the
sample level with the Optronic OL-752-PMT spectroradiometer (Orlando).
Samples were titrated immediately after exposure.

pH stability. To test stability at pH 3, virus suspensions were incubated in citric
acid buffer at pH 3 for 30 min at 37°C. Acidic pH was neutralized through
dilution with phosphate buffer, pH 8.1. Additionally, 5 M HCl and 1 M NaOH
stock solutions were used to make virus suspensions in DMEM covering the pH
range from 1 to 14. The suspensions were incubated at 37°C for 30 min. Low and
high pHs were neutralized by 10-fold dilution in DMEM, and samples were
titrated immediately.

Inactivation by ethanol. Virus suspensions were diluted in 96% (vol/vol) eth-
anol to yield a final concentration of 70% (vol/vol) ethanol. Virus was exposed to
70% (vol/vol) ethanol for up to 1 h at room temperature (18 to 22°C). After the
exposure time, the suspensions were diluted 10-fold to lower the ethanol con-
centration, hence reducing cytotoxicity, and titrated immediately.

Inactivation by chlorine. Sodium hypochlorite solution (6 to 14% active chlo-
rine; Merck, Darmstadt, Germany) was diluted to 1% in demineralized water to
prepare suspensions containing 0 to 300 ppm free chlorine. The free chlorine
concentration in the stock was determined with the N,N,-diethyl-p-phenylenedi-
amine method and a chlorine test kit according to the manufacturer’s instruc-
tions (Hach). The higher hypochlorite concentrations were prepared by adding
the undiluted sodium hypochlorite solution to the virus stock solutions. After
exposures of 10 and 30 min at room temperature, the free chlorine was neutral-
ized by 1% (wt/vol) Na2S2O3. No decrease in virus titer was detected when a
virus suspension was added to a mixture of sodium hypochlorite solution and
Na2S2O3.

RT-PCR. Viral RNA was extracted by the Boom method as described before
(3, 41). Reverse transcription of the extracted RNA was done for 60 min at 42°C
after annealing with an in-house CaCV YGDD primer, FeCV-YGDD primer, or
the JV13I primer for CaCV, FeCV, and norovirus (Table 1), respectively. RT
primers were used at 50 pmol in 15 �l of 10 mM Tris-HCl (pH 8.3)–50 mM
KCl–3 mM MgCl2–1 mM deoxynucleoside triphosphates–40 U of RNAguard per
ml–5 U of avian myeloblastosis virus reverse transcriptase (Promega, Leiden,
The Netherlands); 5 �l of the mix was added to 45 �l of a PCR mix containing
10 mM Tris-HCl (pH 9.2), 75 mM KCl, 1.2 mM MgCl2 (final concentration, 1.5
mM), 0.2 mM deoxynucleoside triphosphates, 2.5 U of AmpliTaq, and 0.3 mM
BR1 for CaCV and FeCV or JV12Y for norovirus. Samples were denatured for
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3 min at 94°C and subjected to 40 cycles at 94°C for 1 min, 37°C for 1.5 min, and
74°C for 1 min. PCR products were analyzed by agarose gel electrophoresis.

Real-time RT-PCR. Viral RNA was extracted by the Boom method as de-
scribed before (3, 41). Reverse transcription was performed at 42°C for 60 min with
1 �l of reverse primer (50 pmol/�l), 2.5 �l of genomic RNA, 0.5 �l of avian
myeloblastosis virus reverse transcriptase (10 U/�l), 1.5 �l of 10� PCR buffer
(Promega), 1.8 �l of MgCl2 (25 mM), 1.5 �l of deoxynucleoside triphosphates (10
mM; Roche), and 6.2 �l of water; 2 �l of the cDNA was used in a Lightcycler
(Roche) PCR with forward primer (6 pmol), 2 �l of SyberGreen I (Roche), and
water up to 20 �l. The PCR program had an initial denaturation step at 95°C for 30 s,
followed by 40 cycles of denaturation for 1 s at 95°C, 10 s of annealing at 42°C (FeCV
and CaCV) or 46°C (for norovirus), and 13 s of elongation at 72°C. Immediately
following PCR, a melting curve was performed by raising the temperature from 65
to 95°C in 0.1°C increments. See Table 1 for primers and PCR product fragment
lengths. The primers used for FeCV were published before (21).

RESULTS

Thermal inactivation. The inactivation of both viruses at 4°C
was �1 D (D � 1 log10, calculated by dividing the TCID50 of
the treated sample by the TCID50 of the untreated sample) in
2 weeks (data not shown). Data for the times required to
achieve 3 D inactivation at higher temperatures are presented
in Fig. 1. Virus inactivation was found to be temperature de-
pendent and comparable for both viruses. At 20°C a 3 D
reduction in infectivity occurred in 1 week. A steep decrease
was found between 37 and 56°C, where the time to 3 D inac-
tivation decreased from approximately 24 h to 8 min. Heating
to 71.3°C (pasteurization temperature) resulted in 3 D inacti-
vation in 1 min for both viruses. The reduction of infectivity by
five cycles of freezing and thawing was 0.44 � 0.12 D and
0.34 � 0.18 D for CaCV and FeCV, respectively (n � 4).

UV inactivation. The inactivation of FeCV and CaCV by
UV-B radiation was dose dependent and comparable for both

viruses (Fig. 2). In the setup we used, 2 D inactivation was
found at 21 and 22 mJ/cm2 for CaCV and FeCV, respectively,
and 3 D inactivation was found after exposure to 34 mJ/cm2 for
both animal caliciviruses.

pH stability. For CaCV, more than 5 D inactivation was
found for pH values of 5 and lower and 10 and higher (Fig. 3).
At alkaline pHs, the FeCV appeared less resistant than the
CaCV, with an almost 4 D reduction at pH 9 for FeCV against
a 3 D reduction for CaCV. At acidic pHs, the FeCV is more
stable, and at pH 6 the infectivity of FeCV is reduced 2 D,
while the CaCV infectivity is down by 4 D. More than 5 D
inactivation was found for FeCV only at a pH of 2 and lower
or 10 and higher.

Inactivation by ethanol. Viral inactivation by 70% ethanol
was comparable for both viruses (Fig. 4). After 8 min, less than
a 2 D reduction in TCID50 was found, and a 3 D reduction was
seen after 30 min for both viruses.

Inactivation by sodium hypochlorite. Viral inactivation by
sodium hypochlorite in the virus-DMEM suspensions was in-
effective (�1 D inactivation) up to concentrations of 30 ppm
free chlorine (Fig. 5). Inactivation by 300 ppm was effective
(	3 D inactivation) for CaCV but clearly less effective for
FeCV (�2 D inactivation). An increase in exposure time from
10 to 30 min did not result in a significant increase in the
effectiveness of sodium hypochlorite for FeCV inactivation,
but CaCV inactivation was increased 1 D at 300 ppm chlorine
(data not shown). Complete inactivation (	5 D) of FeCV and
CaCV was found for chlorine levels of 3,000 ppm (or higher) in
10 and 30 min at room temperature.

Detection of viral RNA of inactivated viruses. The viral
RNA contents of virus stock dilutions and completely inacti-
vated virus suspensions were determined with conventional
and real-time RT-PCR methods (Table 2). The virus suspen-

FIG. 1. Times required at different temperatures to achieve a 3
log10 reduction in viable virus titer (TCID50) in DMEM (3 to 4 �g of
protein/ml).

FIG. 2. Inactivation of caliciviruses in suspension by UV-B irradi-
ation at 0°C. The dose is presented as cumulative irradiation at 0.43 mJ
cm�2 s�1 for different exposure times. Error bars indicate 1 standard
deviation (n � 4).

FIG. 3. Inactivation of caliciviruses in suspension incubated for 30
min at 37°C at different pHs. Error bars indicate 1 standard deviation
(n � 4).

FIG. 4. Inactivation of caliciviruses in suspension at room temper-
ature by 70% ethanol. Error bars indicate 1 standard deviation (n � 4).
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sions contained approximately 6 � 109, 6 � 108, and 1.2 � 106

PCR units/ml for FeCV, CaCV, and norovirus, respectively, as
determined by endpoint dilution in conventional RT-PCR.
The dilution series of all three virus suspensions showed an
increase in cycle threshold (Ct value) in the real-time RT-PCR
with increasing dilution and an average difference in Ct value
(dCt) of 4.1 cycles per 10-fold dilution for FeCV and CaCV
and 3.8 for norovirus (Fig. 6).

A less than 1 D reduction in PCR units by exposure to 37°C
for up to 168 h was determined for all three caliciviruses, while
for the FeCV and CaCV the infectivity was reduced more than
5 D (Table 2). Boiling for 1 min resulted in a less than 1 D
reduction in RNA content for FeCV and norovirus, while the
reduction of CaCV RNA was slightly higher. After 3 min at
100°C, the RNA reduction was considerable for all three vi-
ruses, and again the effect on CaCV RNA content was higher
than the effect on FeCV RNA. Complete destruction of the
infectivity of CaCV and FeCV by UV irradiation was concom-
itant with minor reductions in PCR-detectable RNA units for
the two animal viruses and the norovirus. For hypochlorite

treatment, the elimination of infectivity was concomitant with
substantial reductions in detectable RNA, with higher reduc-
tions at the higher hypochlorite concentration. Again, the re-
ductions of CaCV RNA contents were found to be higher than
the reductions found for FeCV RNA. Exposure to pH 2 re-
sulted in largely decreased RNA contents of both animal cali-
civiruses, as determined with both PCR protocols. In contrast,
no reduction of RNA content for norovirus could be detected.

DISCUSSION

In order to increase insight into transmission routes and
methods available to inactivate human enteric noroviruses, we
studied the inactivation of the two animal caliciviruses FeCV
and CaCV. The respiratory FeCV has been used as a model for
norovirus in inactivation studies before (13, 30, 33, 34, 39, 40),
but little is known about the stability of CaCV. We found that
both animal caliciviruses showed long-term survival at temper-
atures of up to 20°C when incubated in suspension. The 3 D

FIG. 5. Inactivation of caliciviruses by 10 min in suspension at
room temperature with sodium hypochlorite. Error bars indicate 1
standard deviation (n � 4).

FIG. 6. Ct values for calicivirus and norovirus (NoV) RNA in real-
time PCR. RNA was extracted from the stock and diluted before the
reverse transcription step. Each data point represents the average Ct �
1 standard deviation (two experiments, n � 2).

TABLE 2. RT-PCR detection of calicivirus RNA after infectivity-abolishing treatmentsa

Treatment leading to
complete inactivation

FeCV CaCV Norovirus

RT-PCR test
resultb

Q-RT-PCR
dCt

c
RT-PCR test

result
Q-RT-PCR

dCt

RT-PCR test
result

Q-RT-PCR
dCt

Heat
37°C, 120 h �� 0.4 �� 3.8 �� 2.8
37°C, 168 h �� 0.8 �� 3.3 �� 4.5
100°C, 1 min �� 0.9 �� 5.2 �� 1.9
100°C, 3 min �� 7.8 �� 12.1 �� 	7.5

UV
103 mJ/cm2, 0°C ��� 0.2 �� 2.5 �� 0.4
206 mJ/cm2, 0°C ��� �0.1 �� 3.6 �� 3.0

pH
2, 30 min, 37°C ��� 6.4 ��� 11.0 �� 0.2
3, 30 min, 37°C ���e 5.6 ��� 5.9 �� �0.3
10, 30 min, 37°C ���e 3.5 ��� 7.7 �� 1.6
12, 30 min, 37°C ��� 11.3 ��� 17.3 �� 7.4

Hypochlorite
3,000 ppm, 10 min, RTd �� 8.2 �� 12.1 �� 2.8
6,000 ppm, 2 min, RT ��� 13.0 ��� 	20.7 ��� 7.3
6,000 ppm, 10 min, RT ��� 14.0 ��� 	20.7 ��� 	9.0

a Infectivity-abolishing treatments gave a reduction of 	5 log10 in TCID50 for FeCV and CaCV.
b One symbol per test. �, viral RNA detected; �, viral RNA not detected.
c dCt, average delay in cycle threshold (Ct) (two experiments, n � 2). Q, quantitative.
d RT, room temperature.
e Inactivation of FeCV not complete.
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inactivation in a week that we found for FeCV F9 was less than
the approximately 5 D inactivation reported by Doultree et al.
(13) at this temperature, while Allwood et al. (1) reported only
a 1 D reduction in a week at 25°C. Another report showed
survival (less than a 1 D reduction in infectivity) of other FeCV
strains in marine water in 1 month at low temperatures (4°C),
and even at 20°C a 1 D reduction took 25 days (22). Even
though notable differences in time to 1 D inactivation at room
temperature have been reported, overall, both viruses showed
long-term survival in suspension at environmental tempera-
tures, indicating that transmission by a route involving, for
example, drinking or surface water, moisture fomites, or work-
place surfaces is possible. Indeed, norovirus-related outbreaks
have been shown to be caused by contaminated drinking water
in countries such as Finland, Sweden, and the United States (5,
24, 35) and environmental contamination in settings such as
hotels (4, 7), a rehabilitation center (25), and a concert hall (15).

Heat inactivation was highly comparable for both viruses at
temperatures ranging from 37 to 100°C. The slope of the tem-
perature inactivation curve becomes less steep at temperatures
exceeding 56°C, meaning that small increases in temperature
do not lead to significant decreases in time to 3 D reduction of
infectivity. This indicates that better inactivation of viruses may
be expected from regular batch pasteurization (63°C for 30
min) or classical pasteurization (70°C for 2 min) than from
high-temperature, short-time pasteurization (72°C for 15 s).
Moreover, our results suggest that high-temperature, short-
time pasteurization would accomplish �1 D inactivation of
caliciviruses, indicating that this will not be the preferred
method to make foods or drinks virus safe.

The data that we show on thermal inactivation of FeCV in
aqueous solution are comparable to the data from Lee and
Gillespie (26) and Doultree et al. (13). Remarkably, Slomka
and Appleton (39) reported a comparable 3 D inactivation in
0.5 to 1 min of FeCV in contaminated cockles at 80°C, indicat-
ing that FeCV, unlike hepatitis A virus (2, 29), is not signifi-
cantly stabilized by factors such as fat and high protein content.

To the best of our knowledge, this is the first study reporting
calicivirus inactivation by UV-B (280 to 320 nm) radiation.
Inactivation rates of FeCV by 253.7-nm radiation was reported
to be highly variable, ranging from 21 to 26 (40) and 12 mJ/cm2

(11) for 3 D reduction in infectivity to 48 mJ/cm2 for only 1 D
inactivation (34). The UV-B dose we found to be effective in
reducing FeCV infectivity (34 mJ/cm2 for a 3 D reduction) is
intermediate to the doses reported to be required to achieve
similar reduction by 253.7-nm radiation. However, additional
studies applying both radiations (253.7 nm and 280 to 320 nm)
in similar doses to identical virus stocks are warranted.

Since the sensitivity of both animal caliciviruses to UV-B
radiation was so much alike, we consider the effectiveness of
UV radiation for the inactivation of caliciviruses to be inter-
mediate, i.e., comparable to that for the enteroviruses (18), less
effective than for vegetative bacteria, but more effective than
for phage MS2 (11) and for adenovirus 2 (18), adenovirus 40
(40) and Bacillus subtilis spores (6).

The stability of FeCV in a wide pH range, i.e., less than
complete inactivation for 3 � pH � 9, was clearly higher than
the pH-dependent stability of CaCV. The low stability of
CaCV at low pH was remarkable and suggests that this is not a
typical enteric calicivirus, since it seems unlikely that CaCV will

survive gastric passage. This might at least partly explain the lack
of apparent clinical symptoms after experimental oral inoculation
of dogs with CaCV no. 48 (38). With respect to the pH stability of
the enteric noroviruses, it was shown that 3 h at pH 2.7 (at room
temperature) was not enough to completely inactivate Norwalk
virus (12), suggesting that for the modeling of noroviruses in
gastrointestinal conditions (i.e., low pH and high bile concentra-
tions), other enteric viruses (e.g., poliovirus, hepatitis A virus, or
rotavirus) might be better than the animal caliciviruses.

Overall, the two animal viruses showed similar high stabili-
ties when incubated in 70% ethanol or hypochlorite solutions.
The resistance of FeCV to chemical inactivation by ethanol
and hypochlorite was shown by Doultree et al. (13) for short
contact times. They extrapolated the 1-min contact time to
recommend using hypochlorite solutions at 1,000 ppm and a 10
min contact time. We found that at concentrations of up to 300
ppm, the effect of longer exposure times was insignificant for
FeCV and only modest for CaCV, indicating that extrapolation
in time may be open to discussion. The incomplete inactivation
by ethanol and the high chlorine concentrations needed for
inactivation of both animal caliciviruses point to a concern for
decontamination of fomites and surfaces contaminated with
human noroviruses. The high chlorine resistance of the animal
caliciviruses might indicate that the chlorine levels used in
potable water treatment practices (�20 ppm) do not cause a
significant reduction of human norovirus infectivity.

A recognized problem with PCR detection of viral RNA is
that the presence of RNA does not necessarily point to the
presence of infectious virus (17, 36). We show that for most
methods applied at levels where infectivity could no longer be
detected, viral RNA remained detectable. Higher concentra-
tions (chlorine), lower or higher pH, or longer exposure times
(heat and UV radiation) were needed to decrease the amount
of detectable viral RNA than to abolish infectivity.

For most treatments, we found a good correlation between
the decline of animal calicivirus RNA and the decline of no-
rovirus RNA. This could indicate that the degree of protection
of the RNAs by the viral capsids is comparable for all three
viruses in the case of heat treatment, UV irradiation, or expo-
sure to free chlorine. However, a remarkable difference in
capsid stability was found after exposure to low pH. The RNA
of norovirus was still fully protected after exposure to pH 2 for
30 min at 37°C, while the amount of RNA of FeCV and CaCV
was greatly reduced. This indicates that the truly enteric no-
rovirus differs greatly from both animal caliciviruses with re-
spect to acid stability, indicating again that CaCV is most likely
not a true enteric pathogen.

Using the PCR protocols described, we found some discrep-
ancies between the detectability of RNA by conventional PCR
and by real-time PCR. For example, FeCV exposure to pH 2
resulted in a less than 2 D reduction of real-time PCR-detect-
able RNA, while RNA detectable by the conventional PCR
was reduced over 7 D. Similar but less dramatic effects were
seen after boiling FeCV for 3 min and after pH 2 and 3
treatment of CaCV. We suspect that this may at least in part be
explained by the much smaller size of the PCR products in the
real-time PCR compared to the products of conventional PCR.

Although we showed that abolishment of infectivity was not
always correlated to diminished detectability of the genome by
PCR, we do believe that quantitative RT-PCR might be a
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valuable tool in detecting reduction in infectivity, because a
delay in Ct was always correlated to (some degree of) viral
inactivation. Another PCR-based method to reduce positive
RT-PCR results was based on treatment with proteinase K and
RNase of UV-, hypochlorite-, or heat-exposed viruses prior to
the reverse transcription step (33). A combination of both
methods (i.e., proteinase K and RNase treatment and quanti-
tative RT-PCR) may yield a more sensitive PCR-based method
to detect viral inactivation.

On the basis of the data presented here on comparable
inactivation rates for two animal caliciviruses (FeCV and
CaCV) by a variety of methods, we postulate that the human
enteric caliciviruses may display similar inactivation rates. In
conclusion, we prefer the use of FeCV as model for the human
enteric noroviruses over the use of CaCV due to the greater
convenience of FeCV in the laboratory (i.e., higher titers after
standard culture and easier recognition of cytopathic effect in
titrations) and greater stability at low pH. But even though the
value of FeCV as a model for the noroviruses might be signif-
icant and preferable to the use of other virus families, extrap-
olation to a typical enteric virus might lead to over- or under-
estimation of the risk of infection, stressing again the need for
an in vitro method for the detection of norovirus viability.
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