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ABSTRACT

Foodborne viruses, in particular human norovirus and hepatitis A virus, are the most common causes of food-associated
infections and foodborne illness outbreaks around the world. Since it is currently not possible to cultivate human noroviruses
and the wild-type strain of hepatitis A virus in vitro, the use of a variety of viral surrogates is essential to determine
appropriate thermal processing conditions to reduce the risk associated with their contamination of food. Therefore, the
objectives of this review are to (i) present pertinent characteristics of enteric foodborne viruses and their viral surrogates,
(ii) discuss the viral surrogates currently used in thermal inactivation studies and their significance and value, (iii) summarize
available data on thermal inactivation kinetics of enteric viruses, (iv) discuss factors affecting the efficacy of thermal treatment,
(v) discuss suggested mechanisms of thermal inactivation, and (vi) provide insights on foodborne enteric viruses and viral
surrogates for future studies and industrial applications. The overall goal of this review is to contribute to the development of
appropriate thermal processing protocols to ensure safe food for human consumption.

Foodborne enteric viruses are agents of nonbacterial acute
gastroenteritis in humans (14). In the United States, it is esti-
mated that 31 pathogens cause 9.4 million foodborne illnesses,
128,000 hospitalizations, and 3,000 deaths annually (33).
Viruses alone reportedly cause an estimated 58% (5.5 million)
of those foodborne illnesses, 26% of hospitalizations, and 11%
of the deaths (111). Viruses that are associated with foodborne
and waterborne diseases include human noroviruses, hepatitis
A virus (HAV), rotaviruses, hepatitis E virus, adenoviruses,
sapoviruses, astroviruses, Aichi virus, parvoviruses, and other
enteroviruses (35). Even though gastroenteritis caused by
viruses is generally ranked as the primary cause of foodborne
illness in the United States, food and environmental samples
have not been routinely tested for virus contamination (64).

Viruses have properties that are uniquely different than
those of bacterial pathogens and mainly contain either RNA
or DNA enclosed in a protein coat or capsid (54, 92). The
capsid functions as the primary protective barrier for the
viral particle or virion. Most viruses are enclosed by mem-
brane-containing envelopes that are composed of lipid, pro-
tein, and glycoprotein. The membranous structure of the
envelope can be maintained only in aqueous solutions (3)
and is readily disrupted by heat, drying, acidic conditions,
detergents, and solvents such as ether, which inactivate the
virus. As a result, enveloped viruses must remain wet and
are generally transmitted in fluids, respiratory droplets,
blood, and tissue. Most enveloped viruses cannot survive
the harsh conditions of the gastrointestinal tract. Unlike

enveloped viruses, the outer coat of nonenveloped viruses
is primarily composed of protein, and these viruses can
retain their infectivity even when dry. The nonenveloped
viruses are very stable to treatments involving temperature,
acid, detergent, proteases, and drying (3). Foodborne viruses
are typically nonenveloped and often have a low infectious
dose; as few as 10 virus particles can produce illness (86).
The ability of viruses to persist in the environment and foods
coupled with low infectious doses suggests that even a small
amount of contamination may pose a significant health risk
to the public.

Viruses are transmitted by contaminated food or water,
through person-to-person contact, and via cross-contamination
from surfaces (86, 124). Foods at risk for the presence of
enteric viruses include those primarily subject to handling,
such as leafy vegetables, deli items, and other ready-to-eat
foods that do not undergo further processing, and those subject
to environmental contamination, such as seafood and fresh pro-
duce (109). Due to the obligate intracellular parasitic nature of
viruses, they cannot multiply in the environment or in foods.
Therefore, typical methods used to control bacterial growth in
food products and current food hygiene guidelines that rely
on prevention of bacterial growth are relatively ineffective
against viruses (57, 77).

Thermal processing is one of the main methods utilized
in the food industry for preservation of food materials (113).
One of the primary goals of thermal processing is to inacti-
vate spoilage and pathogenic microorganisms and produce
a safe product with enhanced or extended shelf life (89).
The D-value is the time at a given temperature necessary
to reduce a microbial population present in a defined
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medium by 90% and is indicative of the thermal resistance
of a microorganism at a constant temperature. The z-value
is the temperature increase (or decrease) necessary to reduce
(or increase) the D-value by 90% and is indicative of the
temperature dependence of microbial inactivation (74).
Knowledge of the thermal inactivation parameters (D- and
z-values) for a particular microorganism makes it possible
to design effective thermal processes (74, 89). While the
thermal inactivation kinetics of foodborne bacterial patho-
gens has been well studied, there is limited information
about the thermal inactivation kinetics of foodborne enteric
viruses (99). In fact, there is no specific U.S. regulation
addressing the minimum time-temperature combination for
inactivating viruses in contaminated food. Thus, determina-
tion of the thermal inactivation kinetics of foodborne enteric
viruses can contribute to improving strategies for the control
of virus contamination in foods using thermal processing.
The objectives of this review are to (i) present pertinent
characteristics of enteric foodborne viruses and viral surro-
gates, (ii) discuss the viral surrogates currently used in ther-
mal inactivation studies and their significance and value,
(iii) summarize available data on the thermal inactivation
kinetics of enteric viruses, (iv) discuss factors affecting the
efficiency of thermal treatment, (v) discuss suggested
mechanisms of thermal inactivation, and (vi) provide
insights on foodborne enteric viruses and viral surrogates
for future study and industrial applications.

FOODBORNE ENTERIC VIRUSES

Human norovirus. Human noroviruses are the leading
cause of outbreaks and sporadic cases of acute gastroenteri-
tis worldwide (14, 63, 65). Noroviruses belong to the Calici-
viridae family, which is composed of five genera:
Norovirus, Sapovirus, Lagovirus, Vesivirus, and Nebovirus
(39). The first two genera contain primarily human viruses,
while the other genera contain animal viruses.

Human noroviruses are nonenveloped RNA viruses,
approximately 27 to 38 nm in diameter, which to date cannot
be cultivated in animal cell culture systems, posing a pro-
blem for experimental and food-related research (64). Noro-
viruses are icosahedral in shape and contain single-stranded
positive-sense RNA genomes ranging in size from 7.4 to 8.3
kb. Excluding the 3′ end of the genome, which contains a
polyadenine tail, the norovirus genome sequence is 7,642
nucleotides in length (54). This genome contains three
open reading frames (ORFs), which encode structural and
nonstructural genes (50). ORF1 (nucleotides 146 to 5,359)
is the largest ORF, corresponding to ca. 1,700 amino acids,
and encodes six nonstructural proteins: p48 (responsible for
replication), NTPase (nucleoside triphosphatases), p22 (pre-
cursor in the proteolytic processing pathway), VPg (viral
protein that binds to the 5′ end to initiate translation), 3CLpro

(protease), and RdRp (RNA-dependent RNA polymerase)
(37, 50, 54). It is speculated that VPg is covalently linked
to the viral RNA, caps the 5′ end, and may function in trans-
porting to negative strand synthesis sites (50). ORF2
(nucleotides 5,346 to 6,935) encodes the major viral struc-
tural protein (VP1) of approximately 60 kDa that folds into

an S (shell) and a P (protruding) domain. The P domain is
further divided into P1 and P2. P2 is the most hypervariable
region of the genome and is responsible for histoblood
group antigen (HBGA) receptor binding (37, 50, 54).
ORF3 (nucleotides 6,938 to 7,573) encodes a minor struc-
tural protein (VP2) with an unknown function, but in vitro
studies have suggested that this gene regulates the expres-
sion and stability of VP1 (10, 50, 54).

Based on the molecular characterization of complete
capsid gene sequences, noroviruses are classified into five
genogroups: GI (prototype is Norwalk virus), GII (prototype
is Snow Mountain virus), GIII (prototype is bovine enteric
calicivirus), GIV (prototypes are Alphatron and Ft. Lauder-
dale viruses), and GV (prototype is murine norovirus) (54,
136). Strains of three genogroups, GI, GII, and GIV, are
found in humans, and GIII and GV strains are found in cattle
and mice, respectively. Among the genogroups infecting
humans, GII is predominant and is responsible for approxi-
mately 73% of human norovirus illnesses (136). Siebenga
et al. (112) investigated the sequences of epidemic norovirus
strains collected from 1987 to 2008 and estimated the evolu-
tionary and population dynamics of GII.4 noroviruses by
using Bayesian coalescent analysis. The observed pattern
of continually emerging novel variants of GII.4, causing ele-
vated numbers of infections, is therefore a cause for concern
(112). The transmission of human noroviruses occurs by
three general routes: person-to-person, via food, and via
water. Person-to-person transmission might occur directly
through the fecal-oral route, by ingestion of aerosolized
vomitus, or by indirect exposure via fomites or contaminated
environmental surfaces. Foodborne transmission typically
occurs by contamination from infected food handlers during
preparation or service but might also occur further upstream
in the food distribution system through agricultural contam-
ination by human feces (52). Drinking water may serve as a
vehicle of norovirus transmission, and large community out-
breaks can occur (135). These outbreaks often involve water
that becomes contaminated from septic tank leakage or sew-
age or from breakdowns in chlorination of municipal sys-
tems (9, 87).

It is known that human noroviruses bind to the HBGAs
in human intestinal epithelial cells, but the site of replication
has not yet been established, although it is assumed to be the
small intestine (75). Recently, B cells were identified as a
cellular target of noroviruses and enteric bacteria as a stimu-
latory factor for norovirus infection in the presence of free
HBGA or HBGA-expressing bacteria such as Enterobacter
cloacae and Escherichia coli (79). As of this study, no addi-
tional research has been published to demonstrate replication
of human noroviruses in cell culture systems in a reproduci-
ble manner; thus, the cell tropism of human noroviruses and
the development of an in vitro infection model has remained
elusive.

Norovirus infection in humans is characterized as a self-
limiting gastrointestinal infection with symptoms that
include nausea, vomiting, diarrhea, malaise, abdominal
pain, muscle pain, anorexia, headache, and low-grade fever.
Symptoms generally begin 1 to 2 days following consump-
tion of contaminated foods or water and persist for 1 to 8
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days (64). While no antiviral drugs for the prevention or
treatment of norovirus infections are approved for human
use, human trials for virus-like particle (VLP)–based vac-
cines show promise in both immune response and protection
studies, and vaccines are expected to become available in the
next 5 to 10 years (126). Ongoing work including identifica-
tion of important norovirus capsid antigenic sites, develop-
ment of improved model systems, and continued studies in
humans will allow improvement of future vaccines (47).
Detailed descriptions of antiviral approaches for controlling
human noroviruses have been published in recent reviews
(80, 82).

HAV. HAV is the second most common cause of
enteric viral hepatitis, with a high percentage of hospitaliza-
tions (32%) and deaths (2%) (111). HAV belongs to the
Picornaviridae family, which comprises five genera: Hepa-
tovirus, Enterovirus, Rhinovirus, Cardiovirus, and Aphtho-
virus (110).

HAV is a nonenveloped RNA virus ca. 27 to 32 nm in
diameter. It is icosahedral in shape and contains a single-
stranded positive-sense 7.5-kb RNA genome (53, 54).
Unlike human noroviruses, HAV has a genome with only
one ORF (ORF1), which is divided into three regions desig-
nated P1, P2, and P3. The P1 region encodes for three major
viral capsid proteins VP1, VP2, and VP3. The P2 and P3
regions encode for nonstructural proteins required for RNA
replication and virion formation (78, 98).

Based on the molecular characterization of capsid gene
sequences, HAV may be classified into seven genogroups.
Strains of four genogroups, GI, GII, GIII, and GVII, are
found in humans, and GIV, GV, and GVI strains are found
in simians (108). The most prevalent genotype, GI, and its
subgenotypes include 80% of human strains (85). Only
one serotype of HAV has been identified to date, and a sin-
gle exposure can render life-long immunity in an individ-
ual (4).

As with other enteric viruses, HAV is transmitted
directly from person to person by the fecal-oral route or
indirectly through contaminated food, water, or environmen-
tal surfaces. Since as many as 109 viral particles can be shed
in 1 g of stool, direct or indirect contact with feces, emesis,
or their aerosolized droplets are important routes of trans-
mission (36). As the infectious dose is very low (10 to 100
virus particles), hands or surfaces that appear clean can still
harbor infectious material, contributing to virus spread (96).
Contamination of food can occur anywhere along the “farm
to fork” continuum that involves human contact or indirectly
through fecal contamination of water that comes in contact
with foods. Since the capsids of HAV have properties that
promote survival for long periods under harsh conditions
such as desiccation, freezing, and extremes in pH, these
viruses are well adapted to survival in and on foods (1, 2,
55, 73, 95).

After infection, HAV illness spans four phases. The first
phase is characterized by viral replication in the body with-
out symptoms and lasts an average of 28 to 30 days (54,
64). The second phase, known as prodromal or preicteric,
is characterized by an onset of symptoms including

anorexia, vomiting, fatigue, and jaundice and lasts an aver-
age of 5 to 7 days (24). The third phase is characterized by
the onset of jaundice and an enlarged liver lasting up to 28
days. During the final phase, symptoms resolve and liver
enzymes returns to normal.

Currently, there is no specific treatment available for
HAV infection. However, symptoms can be alleviated by
appropriate patient care. For prevention, immunoglobulin
therapy is effective when administered to individuals within
2 weeks of viral exposure (through passive immunity). Inacti-
vated and heat-killed vaccines against HAV also are commer-
cially available and provide >20-year or lifetime immunity
against HAV infection (127). The Centers for Disease Control
and Prevention (34) recommends routine vaccination against
HAV for children 12 to 23 months of age. When economic-
ally feasible, vaccination of food handlers is recommended
to prevent transmission of HAV and to prevent HAV infec-
tion outbreaks (53, 54).

Other foodborne enteric viruses. Adenovirus, rota-
virus, hepatitis E virus, and Aichi virus have also been
implicated in outbreaks of foodborne illnesses but much
less frequently than human norovirus or HAV (90, 134).
The general characteristics of these enteric viruses are given
in Table 1.

THERMAL INACTIVATION OF FOODBORNE
ENTERIC VIRUSES

Viral surrogates. Traditionally, surrogate microorgan-
isms are used as nonpathogenic substitutes or replacements
for pathogenic microorganisms to validate the efficacy of a
food preservation process, often a thermal process. Surrogates
should have physiological and resistance characteristics simi-
lar to those of the pathogens of interest. Although they should
be nonpathogenic for humans, they may be pathogenic for ani-
mals (26).

In contrast to the traditional use, surrogates for enteric
viruses are used for a very different reason. To date, all
attempts to propagate human norovirus and wild-type strains
of HAV in routine laboratory cell culture or primary tissue cul-
tures have been unsuccessful (56, 107). Straub et al. (119, 120)
used a three-dimensional organoid model of a human small
intestinal epithelium cell line (Int-407) and an epithelial colon
rectal adenocarcinoma cell line (Caco-2) to demonstrate
human norovirus replication. However, multiple independent
attempts to replicate these cell culture systems have failed,
highlighting the complexity and difficulty of developing a
reproducible in vitro cell culture system for human norovirus
(67, 101, 123). Thus, viral surrogates have played an impor-
tant role as indicators for inactivation of foodborne enteric
viruses to aid in design and validation of food processing sys-
tems (13). The ideal surrogate should have a structure and size
similar to those of the target, be cultivable in the laboratory, be
slightly more resistant to treatments, be nonpathogenic, mimic
survival and persistence characteristics, and be transmitted by
the fecal-oral route (26). Surrogates for pathogenic foodborne
enteric viruses include HAV, feline calicivirus, murine noro-
virus, bacteriophage MS2, Tulane virus, porcine sapovirus,
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and poliovirus. Characteristic of these viral surrogates are
shown in Table 2.

The lack of a suitable cell culture based assay for infec-
tious wild-type strains of HAV has led the research commu-
nity to focus on appropriate surrogates. There are a few
strains of HAV (HM-175, HAS-15, and MBB 11/5) that
are cell culture adaptable and maintained using fetal rhesus
monkey kidney (FRhK-4) and/or human fetal lung fibroblast
(MRC-5) cells. Due to their resistance to environmental
stresses such as acid, heat, drying, pressure, disinfectants,
and UV radiation, these strains have been used as surrogates
in a variety of inactivation studies (94, 106).

Feline calicivirus (FCV) is a respiratory virus and was
the first animal virus surrogate used in laboratories to mimic
human noroviruses (51). It is a member of the genus Vesi-
virus in the Caliciviridae family and is a nonenveloped
RNA virus that is approximately 35 to 39 nm in diameter.
FCV is icosahedral in shape and contains a single-stranded
positive-sense RNA genome of around 7.5 kb in size. Simi-
lar to human noroviruses, FCV also has three ORFs. Since it
is a respiratory virus and sensitive to low pH (2.0 to 4.0),
FCV may not adequately mimic the survival of human nor-
oviruses in the environment or food (30).

Murine norovirus (MNV-1) is also a member of the
Caliciviridae family and the first virus from the genus Nor-
ovirus reported to be cultivated in cell culture (133). It has
greater genetically similarity to human norovirus than does
FCV since it is in the same genus (71, 76). MNV-1 has
immunological, biochemical, genetic, and molecular proper-
ties that are very similar to those of human noroviruses.
MNV-1 is an icosahedral, nonenveloped, single-stranded
RNA virus with three ORFs and is 28 to 35 nm in diameter
(133). Although it causes a disease in mice that is different
from the human disease, it is transmitted via the fecal-oral
route (similar to human noroviruses and unlike FCV) and
is less sensitive to pH within the range of 2.0 to 10.0 (30).
In one of the first studies on thermal inactivation, FCV-F9
and MNV-1 were reported to have similar heat resistance
at 63°C (30).

Another potential human enteric virus surrogate is the
bacteriophage MS2. A bacteriophage is a virus that infects
only bacterial cells, and MS2 infects E. coli ATCC
15597B. MS2 is a single-stranded RNA virus with icosahe-
dral symmetry. It belongs to the Leviviridae family in group
1 of the RNA coliphages (29, 46). MS2 is commonly found
in sewage, is 27 to 34 nm in diameter, and is adapted to the
intestinal tract (46). Dawson et al. (46) studied the surviva-
bility of MS2 on fresh produce and concluded that MS2 is
an ideal surrogate for human norovirus and HAV because
it can survive for prolonged periods on environmental sur-
faces. In another study, Black et al. (13) investigated six
coliphages (T4, MS2, Qβ, λ imm 434, λ cI 857, and λ cI
857A) as pressure surrogates for enteric viruses. Even
though MS2 showed some potential as a surrogate for
enteric viruses, it did not display enough similarity to the tar-
get viruses to be considered an ideal surrogate. Conse-
quently, MS2 may not be a good surrogate for enteric
viruses in broader validation studies of high pressure

processing. In the current literature, there is no study about
the suitability of MS2 as a surrogate for thermal inactivation.

A recently discovered calicivirus with potential for use
as a surrogate is Tulane virus (TV). It was isolated from
the stools of rhesus macaques (Macaca mulatta) and repre-
sents a new genus, Recovirus (60). TV has been cultivated
successfully in rhesus monkey kidney cells (LLC-MK2)
(131). Even though TV does not belong to the genus Noro-
virus, sequence analysis has revealed that it is closely related
to the GII noroviruses (59). Similar to human noroviruses,
TV also bind to HBGAs (60). This characteristic could
make TV structurally more similar than MNV-1 to human
noroviruses and potentially a good surrogate for these
viruses. However, in terms of thermal resistance, TV is
apparently more sensitive to heat than is MNV-1 at tempera-
tures of 50 to 65°C (71).

Sapovirus (SaV) is a member of the genus Sapovirus in
the Caliciviridae family and is a nonenveloped RNA virus
of approximately 27 to 35 nm. SaV is also icosahedral in
shape and contains a single-stranded positive-sense RNA
genome around 7.5 kb in size. Similar to human noroviruses,
SaV also is transmitted through the ingestion of fecally con-
taminated material; however, SaV causes gastroenteritis
only in gnotobiotic pigs (61). Wang et al. (130) reported
that SaV has resistance to chlorine treatment and, similar
to human norovirus, is stable at pH 3.0 to 8.0. Thus, cultiva-
ble SaV is a good surrogate for studying human norovirus
contamination and transmission in leafy greens and evaluat-
ing potential disinfectants (130).

Poliovirus has also been used as another potential surro-
gate for enteric viruses because of its similarity in size,
shape, and structure. Poliovirus is a member of the genus
Enterovirus in the Picornaviridae family and is a nonenve-
loped RNA virus that is approximately 30 nm in diameter.
It is icosahedral in shape and contains a single-stranded
positive-sense RNA genome, about 7.5 kb in size (72).
Even though poliovirus showed some potential as a surro-
gate for enteric viruses in persistence (6) and pressure inac-
tivation (83, 88) studies, there is limited information about
the suitability of poliovirus as a surrogate for thermal inacti-
vation studies (121). Strazynski et al. (121) investigated the
thermal tolerance of poliovirus type 1 in milk, where the
D72°C was 0.44 min. Based on inactivation data obtained
for poliovirus, thermal resistance of poliovirus was less
than that of HAV. Thus, cultivable poliovirus should be a
good surrogate primarily for studying pressure inactivation
and persistence.

VLPs have also been used as surrogates to evaluate
virus behavior in inactivation studies. Coexpression of viral
capsid proteins in baculovirus expression systems results in
the assembly of VLPs that maintain the structural and func-
tional characteristics of the native particles, i.e., they resem-
ble a real virus but are noninfectious (91). VLPs have been
used as surrogates for viruses in environmental persistence
and chemical inactivation studies (5, 28, 91). It has been
reported that VLPs are highly stable over a pH range of 3
to 7 and up to 55°C. However, at temperatures above 55°C
they undergo distinct phase transitions arising from second-
ary, tertiary, and quaternary level protein structural
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perturbations (5). Hence, VLPs are not suitable as surrogates
for thermal inactivation studies (70).

EVALUATION OF THERMAL INACTIVATION
DATA FOR FOODBORNE ENTERIC VIRUSES

Thermal inactivation kinetics data for foodborne enteric
viruses and their surrogates in cell culture media, seafood,
fruits, vegetables, herbs, dairy products, and meat products
are shown in Tables 3 through 7 and Figures 1 through 4.
The temperature ranges studied were 37 to 100, 50 to 100,
4 to 95, 62.8 to 85, and 50 to 72°C for viruses in cell culture
medium; seafood; fruits, vegetables, and herbs; dairy pro-
ducts; and meat products; respectively. The viruses used in
these studies belonged to two families (Picornaviridae and
Caliciviridae) and five genera (Hepatovirus, Vesivirus, Nor-
ovirus, Recovirus, Sapovirus, and Enterovirus).

Cell culture media. FCV-F9 was the most commonly
used viral surrogate in thermal inactivation studies involving
cell culture media (Table 3). The effect of thermal treatment
on inactivation of FCV-F9 in cell culture media has been
investigated in the temperature range of 37 to 80°C.

In general, the D-values for FCV-F9 in cell culture
media determined by Bozkurt et al. (17), Cannon et al.
(30), Doultree et al. (51), Buckow et al. (25), and Duizer
et al. (56) were lower than those reported by Gibson and
Schwab (62) (Fig. 1A). The difference between the D-values
of Gibson and Schwab (62) and those of other studies is
most likely associated with the heat transfer rate and heating
system. As stated by Chung et al. (38), the differences in
container size can potentially lead to differences in the heat
transfer rate and thus differences in the apparent D-value.

The reported and/or calculated z-values for FCV-F9 in
cell culture media were 9.29 to 11.54°C, but there were no
significant differences observed between the studies (17,
18, 30, 51, 56). However, there was a significant difference
between the thermal inactivation data of Croci et al. (43) and
those of the other studies. Croci et al. (43) evaluated the ther-
mal inactivation behavior of FCV in spiked mollusk tissue
by comparing cell culture assay (50% tissue culture infective
dose [TCID50]/ml) and molecular detection (real-time
reverse transcription PCR [rRT-PCR]). In terms of the
TCID50 assay, Croci et al. (43) observed the same amount
of inactivation (3.5 log units) at both 60 and 80°C after 3
min of thermal treatment and thus the same D-value (1.16
min) for both temperatures (60 and 80°C) (Table 3). Com-
pared with other studies where viral inactivation was related
to time and temperature, as it is with other microorganisms,
Croci et al. (43) found no such relationship. They also deter-
mined the D-value based on rRT-PCR data, for which they
calculated a D60°C of 0.13 min and a D80°C of 0.12 min.
While the rRT-PCR assay may be useful for viral nucleic
acid destruction, it does not provide information on virus
infectivity and might be the reason for differences observed
between plaque assays in other studies and results obtained
with rRT-PCR.

The second most commonly studied viral surrogate dur-
ing thermal treatment in cell culture media was MNV-1
(Table 3). The reported D-values for MNV-1 for 50 to 80°C

were 0.15 to 36.28 min. The first thermal inactivation data
generated for MNV-1 were reported by Cannon et al. (30),
who studied survival at 56, 63, and 72°C using the capillary
tube method (50 μl) and found D-values of 3.47, 0.44, and
0.17 min, respectively. The D-values reported by other
researchers (17, 18) were consistent with those of Cannon
et al. (30) (Fig. 1B). Bozkurt et al. (18) also evaluated the con-
tribution of sample volume (2 ml) to the thermal inactivation
behavior of MNV-1. Their reported D-values were higher
than those obtained in the capillary tube study at 60, 65, and
72°C (P < 0.05), but there were no significant differences at
50 and 56°C (P > 0.05). The difference in these results may
be explained by different heat transfer rates (17, 18). In the
capillary tube method, the temperature reaches the desired
level almost instantly, while in the 2-ml vial there is a short
come-up time to achieve the desired temperature. Even
though Hirneisen and Kniel (71) also investigated the thermal
inactivation behavior of MNV-1 at the same temperatures
(50, 55, 60, and 65°C) for 2 min, their reported D-values
were lower than those of Cannon et al. (30) and Bozkurt et al.
(17, 18) (Table 3). Differences between the result of these stu-
dies again might be related to their methods. In their studies,
Cannon et al.(30) and Bozkurt et al. (17, 18) used selected
time intervals to determine thermal inactivation data for
MNV-1. However, Hirneisen and Kniel (71) performed heat
treatments at selected temperatures for only 2 min and did
not consider any other time intervals. The reported and/or cal-
culated z-values for MNV-1 for the studies with consistentD-
values (17, 18, 30) were 9.31 to 12.23°C, and there were no
significant differences between the results obtained in these
studies (Fig. 1B).

Another commonly reported surrogate in thermal inacti-
vation studies was HAV, which was used in 21% of the stu-
dies. The reported and/or calculated D-values for 50 to 72°C
ranged from 0.88 to 385 min for HAV (Table 3). Similar to
FCV-F9 and MNV-1, the highest values were reported by
Gibson and Schwab (62) (Fig. 1C). As discussed above,
the use of larger heating vessels (15 ml) is a likely reason
for the observed differences. Most of studies on the thermal
resistance of HAV in cell culture media have included only
one or two temperatures (31, 40, 69), making calculation of
z-values unreliable. In one of those studies, however, Cap-
pellozza et al. (31) reported D-values at 60 and 70°C of
2.19 and 1.09 min, respectively, which were consistent
with the 2.67 and 1.27 min at the same temperatures
reported by Bozkurt et al. (18) (Fig 1C). Since Bozkurt et al.
(18) covered a wide temperature range (50 to 72°C), precise
thermal resistance kinetics could be established for HAV.
The calculated z-values for HAV were 9.99°C by Gibson
and Schwab (62) based on three temperatures and 12.51°C
by Bozkurt et al. (18) based on five temperatures. Other sur-
rogates used in inactivation studies included TV and SaV
(Table 3). For TV, the calculated D-values (50 to 72°C) ran-
ged from 0.65 to 1.8 min (71, 125). Based on their data, the
calculated z-value for TV ranged from 55.4 to 40°C. The
only reported D-value for SaV at 56°C was 12.60 min (130).

In direct comparisons between foodborne enteric
viruses and viral surrogates in cell culture media, FCV,
MNV, TV, and SaV show similar thermal inactivation

J. Food Prot., Vol. 78, No. 8 INACTIVATION OF FOODBORNE VIRUSES AND THEIR SURROGATES 1603



TABLE 3. Thermal inactivation of foodborne enteric viruses and their viral surrogates in cell culture media

Virus Enumeration unit Vol Temp (°C) D-value (min) R2 z-value (°C) R2 Reference

Feline calicivirus (FCV-F9) TCID50 100 μl 56 8 51
70 0.49 0.90
100 0.13

TCID50 250 μl 37 480 9.87 0.98 56
56 2.7
71.3 0.17

PFU/ml 50 μl 56 6.40 9.46 0.92 30
63 0.41
72 0.12

PFU/ml 100 μl 70 1.5 25
TCID50 15 ml 37 599 14.01 0.98 62

50 50.6
60 14.1

RT-PCR 400 μl 60 0.13 43
80 0.12

TCID50 2 ml 60 1.16 43
80 1.16

TCID50 100 μl 56 6.09 130
PFU/ml 50 μl 50 20.23 0.98 9.29 0.93 17

56 6.36 0.93
60 0.56 0.93
65 0.32 0.98
72 0.11 0.98

PFU/ml 2 ml 50 19.95 0.98 10.97 0.94 18
56 6.37 0.93
60 0.94 0.95
65 0.72 0.97
72 0.21 0.98

Murine norovirus (MNV-1) PFU/ml 50 μl 56 3.47 12.23 0.93 30
63 0.44
72 0.17

PFU/ml 400 μl 80 0.38 8
PFU/ml 100 μl 63 0.9 69

72 <0.3
TCID50 100 μl 56 12.39 130
PFU/ml 50 μl 50 34.49 0.91 9.31 0.90 17

56 3.65 0.96
60 0.57 0.90
65 0.3 0.99
72 0.15 0.99

PFU/ml 2 ml 50 36.28 0.91 10.37 0.92 18
56 3.74 0.92
60 1.09 0.94
65 0.77 0.96
72 0.25 0.97

PFU/ml 200 μl 50 2.47 22.83 0.93 71
55 1.18
60 0.64
65 0.56

TCID50 2 ml 60 7.79 27.85 0.99 103
85 1.11
100 0.28

Hepatitis A virus (HAV) TCID50 4 ml 60 6.5 40
PFU/ml 100 μl 63 0.6 69

72 <0.3
PFU/ml 15 ml 50 385 9.99 0.97 62

60 74.6
70 3.84

TCID50 50 μl 60 2.19 31
70 1.09
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characteristics (50 to 100°C). However, HAV was signifi-
cantly more resistant to thermal treatments at all tempera-
tures (50 to 100°C). Human noroviruses show a higher
apparent degree of thermal stability than all cultivable surro-
gates, including HAV (Table 3). In a novel study in which
inactivation conditions for human norovirus were measured
by an in situ capture quantitative RT-PCR (ISC-qRT-PCR)
assay using HBGAs as viral receptors or coreceptors, human
noroviruses (GII.4) had a D-value of 0.57 min at 100°C
(129). Based on the data presented by Wang and Tian
(129), the activation energy for human noroviruses was
113 kJ/mole of virion, which is consistent with the required
activation energy for disrupting the RNA (96 to 121 kJ/
mole) (15). This activation energy value for human noro-
viruses was relatively lower than that of the cultivable surro-
gates (171 to 278 kJ/mole of virion) (18), bacterial spores
(250 to 335 kJ/mole), and vegetative cells (210 to 625 kJ/
mole) (66). Since activation energy is a measure of the tem-
perature sensitivity of the microorganism under various
conditions, a large activation energy means that small
increases in temperature have significantly greater effects
on thermal death. Thus, it would prudent to base thermal
process design for foods on human noroviruses when there
is a potential for contamination by the virus. Even though
the ISC-qRT-PCR assay using HBGAs as viral receptors
or coreceptors (129) is an improved method for human nor-
ovirus detection, the site of replication remains elusive, and
the method currently is not reliable for investigating host-
receptor interaction or virus infectivity. This method awaits
confirmation in subsequent studies, and there is still a defi-
nite need for comparative research using surrogates along-
side human noroviruses and correlating data from qPCR

assays of human norovirus with infectivity of norovirus
surrogates.

Seafood. Seafood, primarily shellfish, has been the
heating medium for 25% of the thermal inactivation studies
on enteric viruses (Table 4). This might be expected since
many of the reported foodborne illness outbreaks caused
by viruses are associated with seafood. Since human noro-
virus cannot be cultivated in vitro, thermal inactivation stu-
dies with these viruses are rare, but they was used in two
studies where survival was determined by RT-PCR assays
(43, 68).

There is limited information about the thermal inactiva-
tion behavior of FCV-F9 in seafood (22, 43, 115) (Fig. 2A).
The only seafood items used in inactivation studies with
FCV were cockles (115) and mussels (22, 115). Slomka and
Appleton (115) investigated the inactivation of FCV-F9 in
cockles at 100°C and calculated a D100°C of 0.26 min (Fig.
2A). Croci et al. (43) also determined the D60°C‐ and D80°C‐
values of FCV-F9 in mussels as 6.82 and 1.36 min, respec-
tively. Bozkurt et al. (22) determined the thermal inactivation
kinetics of FCV-F9 in blue mussel homogenate. The calcu-
lated D-values (50 to 72°C) ranged from 0.07 to 5.20 min,
and the reported z-value was 11.39°C (22) (Fig. 2A). This
value was consistent with their previous findings in which
the reported z-values were 9.29°C in cell culture media (17),
9.89°C in spinach (20), and 10.91°C in turkey deli meat (21).

For MNV-1, the only foods used in inactivation studies
were clams, blue mussel homogenate, and dried mussels
(22, 103, 117) (Fig. 2B). According to Sow et al. (117),
the calculated D90°C of MNV-1 in clam was 0.55 min. In
contrast, Bozkurt et al. (20) reported D-values for MNV-1

TABLE 3. Continued

Virus Enumeration unit Vol Temp (°C) D-value (min) R2 z-value (°C) R2 Reference

TCID50 2 ml 60 6.33 29.67 0.99 102
85 0.98
100 0.28

PFU/ml 2 ml 50 56.22 0.90 12.51 0.91 18
56 8.40 0.93
60 2.67 0.95
65 1.73 0.95
72 0.88 0.96

Tulane virus (TV) PFU/ml 200 μl 50 1.12 55.4 0.86 71
55 1.09
60 0.69
65 0.65

TCID50 150 μl 56 11.8 40 0.35 125
63 2.6
72 4.3

Sapovirus (SaV) TCID50 100 μl 56 12.6 130
Human norovirus GII

(HuNoV GII)
RT-PCR 25 μl 60 25 43

80 5.17
ISC-qRT-PCRa 300 μl 56 100 20.61 0.90 129

63 25
72 3.33
100 0.57

a ISC-qRT-PCR, in situ capture quantitative reverse transcription PCR.
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at 50 to 72°C of 0.18 to 20.19 min, with a z-value of 11.62°C.
The latter finding was in agreement with the earlier work of
Bozkurt et al. (17, 18, 20) with similar z-values (9.31,
10.37, and 10.98°C).

Thermal inactivation studies for HAV have involved
mussels (dried and fresh), clams, and cockles. The most
common shellfish used were mussels (19, 40, 41, 68, 102).
Croci et al. (40) reported that immersion of blue mussels
(Mytilus galloprovincialis) at 100°C for 2 min was sufficient
to achieve complete inactivation (5.6 log units) of HAV. In a
subsequent study, Croci et al. (41) investigated the resis-
tance of HAV in blue mussels subjected to different domes-
tic cooking methods (mussels hors d’oeuvre, mussels au
gratin, and mussels in tomato sauce). They reported a 4-
log reduction only in the mussels in tomato sauce, which
were boiled for a total of 23 min (100°C) (41). Hewitt and
Greening (68) stated that treatments at 90°C for 3 min
(both steaming and immersion) were sufficient to cause a
3.5-log reduction of HAV in New Zealand greenshell mus-
sels (Perna canaliculus). Similarly, Sow et al. (117) con-
cluded that application of 90°C for 3 min was sufficient to

obtain a 5.5-log reduction of HAV in soft shell clams
(Mya arenaria). While valuable empirical data were gener-
ated in these studies, no thermal inactivation kinetics were
established. In a recent study, Bozkurt et al. (19) investi-
gated the thermal inactivation kinetics of HAV in blue mus-
sel homogenate (50 to 72°C) and reported D-values of
54.17, 9.32, 3.25, 2.16, and 1.07 min at 50, 56, 60, 65,
and 72°C, respectively (Fig. 2C).

The reported and calculated z-values for HAV was
12.97°C in mussels (19) and 68°C in clams (31). According
to the study of Cappellozza et al. (31), the z-values of HAV
in cell culture media heated in a thermocycler and in clams
heated in an industrial gas oven were completely different
at 33 and 68°C, respectively. As the z-value is not a function
of the heating environment but rather is a characteristic of
the microorganism, it should not be greatly different in dif-
ferent heating environments. Thus, the reason for the large
differences in z-values in this study are unknown but may
relate to inactivation under wet and dry conditions. The
z-value for HAV in mussels as determined by Bozkurt et al.
(19) was 12.97°C and was consistent with previous findings
of 12.51°C in cell culture media (18). The calculated activa-
tion energy for HAV in blue mussels was 165 kJ/mole of
virion (19). From this study, it was determined that the pro-
cess time necessary to achieve a 6-log reduction of HAV in
mussels in boiling water (100°C) was 2.7 min.

FIGURE 1. Thermal inactivation of foodborne enteric viruses and
their viral surrogates in cell culture medium. (A) Feline calicivirus
(FCV-F9): ○, Doultree et al. (51); ●, Duizer et al. (57); ▵ ,
Cannon et al. (30);▴, Buckow et al. (25);�, Gibson and Schwab
(62); □, Croci et al. (43); ■, Wang et al. (130); ◊, Bozkurt et al.
(17); ♦, Bozkurt et al. (18). (B) Murine norovirus (MNV-1): ○,
Cannon et al. (30); ●, Baert et al. (8); ▵, Hewitt et al. (69); ▴,
Wang et al. (130); □, Hirneisen and Kniel (71); ■, Bozkurt et al.
(17); ◊, Bozkurt et al. (18); ♦, Park et al. (103). (C) Hepatitis A
virus (HAV): ○, Croci et al. (40); ●, Hewitt et al. (69);▵, Gibson
and Schwab (62); ▴, Cappellozza et al. (31); □, Bozkurt et al.
(18); ■ , Park and Ha (102).

FIGURE 2. Thermal inactivation of foodborne enteric viruses and
their viral surrogates in seafood. (A) Feline calicivirus (FCV-F9):○,
Slomka and Appleton (115); ●, Croci et al. (43); ▵, Bozkurt et al.
(22). (B) Murine norovirus (MNV-1): ○, Bozkurt et al. (22); ●, Sow
et al. (117); ▵, Park et al. (103). (C) Hepatitis A virus (HAV):
○, Millard et al. (97); ●, Croci et al. (40); ▵, Croci et al. (41);
▴, Hewitt and Greening (68); □ , Sow et al. (117); ■, Cappellozza
et al. (31); ◊, Bozkurt et al. (19); ♦, Park and Ha (102).
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As stated above, there are very limited thermal inactiva-
tion data on actual human noroviruses. Mussels are the only
food sample currently reported in the literature to be used in
thermal inactivation studies of human noroviruses (43, 68).
The reported D-values for human norovirus (GII.3) at 60
and 80°C were 25 and 4.84 min, respectively, and the two-
point z-value based on these data was 28°C (68). The calcu-
lated D-value for human norovirus (GII.4) at 100°C was
0.93 min (43), which was consistent with the 1.3 min calcu-
lated from the study of Hewitt and Greening (68).

In general, the thermal inactivation of viruses in seafood
samples was considerably lower than that in cell culture
media at 100°C (Tables 3 and 4). The efficacy of heat
against enteric viruses and viral surrogates in different foods
would be expected to vary since food components are
known to influence the thermal inactivation of viruses. For
seafood, the high protein content may exert a protective

effect on enteric viruses against heat (48). Among viral sur-
rogates, both FCV-F9 and MNV-1 had similar thermal inac-
tivation behavior in mussels with D72°C of less than 30 s
using a PFU assay (Table 4). TCID50 assays indicated
slightly higher D-values. However, HAV was signifi-
cantly more resistant to thermal treatment in mussels
and clams than were human norovirus surrogates, where
D-values were ≥10 times higher. The application of a
thermal treatment at 100°C for 2 min would result in an
approximately 6-log inactivation of HAV as determined
by the PFU assay, which is equivalent to a 2-log reduction
of human norovirus based on the RT-PCR assay (Table 4).
Since inactivation of these viruses in shellfish is depen-
dent upon both their inactivation kinetics and the rate of
heat penetration into the shellfish, the determination of
adequate industrial thermal processes would require heat
penetration experiments.

TABLE 4. Thermal inactivation of foodborne enteric viruses and their viral surrogates in seafood samples

Virus Enumeration unit Sample Temp (°C) D-value (min) R2 z-value (°C) R2 Reference

Feline calicivirus (FCV-F9) RT-PCR Cockles 100 0.26 115
TCID50 Mussels 60 6.82 43

80 1.36
PFU/ml Mussels 50 5.20 0.90 11.39 0.97 22

56 3.33 0.92
60 0.77 0.95
65 0.33 0.97
72 0.07 0.99

Murine norovirus (MNV-1) PFU/ml Clams 90 0.55 117
PFU/ml Mussels 50 20.19 0.95 11.62 0.97 22

56 6.12 0.91
60 2.64 0.97
65 0.41 0.93
72 0.18 0.99

TCID50 Mussels 60 9.01 29.65 0.90 102
85 3.06
100 0.39

Hepatitis A virus (HAV) TCID50 Cockles 85 0.25 97
90 0.25

TCID50 Mussels 60 6.5 40
80 3.2

TCID50 Mussels 76.1 2 41
RT-PCR Mussels 100 1.58 68
TCID50 100 0.86
PFU/ml Clams 90 0.55 117
TCID50 Clams 60 3.56 68 0.90 31

70 1.93
80 1.58
90 1.23

PFU/ml Mussels 50 54.17 0.89 12.97 0.92 19
56 9.32 0.91
60 3.25 0.90
65 2.16 0.86
72 1.07 0.91

TCID50 Dried mussels 60 7.93 31.94 0.88 102
85 3.05
100 0.38

Human norovirus GII (HuNoV GII) RT-PCR Mussels 100 1.3 68
RT-PCR Mussels 60 25 43

80 4.84
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TABLE 5. Thermal inactivation of foodborne enteric viruses and their viral surrogates in fruits, vegetables, and herbs

Virus Enumeration unit Sample Temp (°C)
D-value
(min) R2 z-value (°C) R2 Reference

Feline calicivirus (FCV-F9) PFU/ml Spinach 50 17.39 0.92 9.89 0.93 20
56 5.83 0.93
60 0.78 0.89
65 0.27 0.91
72 0.15 0.98

TCID50 Basil 75 0.63 27
95 <0.63

Chives 75 <0.63
95 0.85

Mint 75 <0.63
95 0.78

Parsley 75 0.68
95 <0.63

RT-PCR Basil 75 1.53
95 1.42

Chives 75 1.24
95 0.69

Mint 75 1.98
95 0.47

Parsley 75 0.80
95 1.78

Murine norovirus (MNV-1) PFU/ml Spinach 80 0.74 7
PFU/ml Raspberry puree

(9.2° Brix)
65 0.44 8
75 0.17

PFU/ml Spinach 50 14.57 0.88 10.98 0.97 20
56 3.29 0.81
60 0.98 0.91
65 0.4 0.97
72 0.16 0.98

Hepatitis A virus (HAV) PFU/ml Strawberry mashes
(28° Brix)

85 0.96 48

Strawberry mashes
(52° Brix)

80 4.98
85 8.94

TCID50 Basil 75 1.34 27
95 <0.83

Chives 75 <0.83
95 <0.83

Mint 75 1.46
95 <0.83

Parsley 75 1.21
95 1.03

RT-PCR Basil 75 1.62
95 0.78

Chives 75 1.98
95 <0.62

Mint 75 1.34
95 <0.62

Parsley 75 1.19
95 0.75

PFU/ml Spinach 50 34.4 0.97 13.92 0.98 23
56 8.43 0.97
60 4.55 0.98
65 2.30 0.94
72 0.91 0.96

Human norovirus GI (HuNoV GI) RT-PCR Basil 75 5.20 27
95 4.90

Chives 75 <0.83
95 <0.83

Mint 75 2.57
95 <0.83

1608 BOZKURT ET AL. J. Food Prot., Vol. 78, No. 8



Fruits, vegetables, and herbs. Fruits and vegetables
used to determine the thermal inactivation of enteric viruses
have included spinach, fruits (raspberry puree and strawber-
ries), and herbs (basil, chives, mint, and parsley) (Table 5).
All of these products either have been associated with viral
gastroenteritis outbreaks or have the potential to be contami-
nated by enteric viruses through handling or water. As with
seafood, the use of actual human norovirus in studies invol-
ving thermal inactivation on produce remains very limited.

Thermal inactivation of FCV-F9 in basil, chives, mint,
and parsley was investigated at 75 and 95°C by viral cultural
infectivity assays (TCID50) and qRT-PCR, and the D-values
based on the reported thermal data ranged from <0.63 to
0.85 min (27) (Fig. 3A). At each temperature, the infectious
FCV level determined by virus culture (TCID50) was lower
than the number of detected infectious RNA copies by RT-
PCR assay. Since the RNA extraction procedure did not
involve a preliminary step to distinguish infectious and non-
infectious RNA particles, the presence of false-negative or
false-positive results could explain differences in reported
results of the two methods. In addition, only for parsley
was the D-value determined by RT-PCR assay at 95°C
(1.78 min) higher than that at 75°C (0.80 min). The devia-
tion in thermal data could be explained by possible contam-
ination or extraction inefficiency.

For FCV-F9, the other food sample used in thermal
inactivation studies was spinach (20) (Fig. 3A). At 50, 56,
60, 65, and 72°C, the reported D-values ranged from 0.15
to 17.39 min (20). The reported z-value was 9.89°C (19),
and this value was consistent with previous findings in
which the reported z-values were 9.29°C in cell culture
media (17) and 11.39°C in blue mussel homogenate (19).

For MNV-1, the only foods that were used in inactiva-
tion studies were spinach and raspberry puree (9.2° Brix)
(7, 8, 20) (Fig. 3B). Baert et al. (8) investigated the effect
of blanching at a constant temperature (80°C) on the survi-
val of MNV-1. They reported that blanching spinach
(80°C for 1 min) resulted in at least a 2.44-log reduction of
infectious MNV-1 (Table 5). Even though valuable empiri-
cal data were generated in this study, no thermal inactivation
kinetics could be established. The only study that reported
detailed thermal inactivation kinetics of MNV-1 in spinach
was that of Bozkurt et al. (20). The D-values for MNV-1
were generally higher than those for FCV in spinach at
the same temperatures. The z-value of 10.98°C was in

agreement with those of Bozkurt et al. (17–19), who
reported similar z-values (9.31 to 11.62°C).

The thermal inactivation kinetics of HAV has been
determined in strawberry, basil, chives, mint, parsley, and
spinach (Table 5 and Fig. 3C). The reported D-values for
HAV in strawberry mashes of 28 and 52° Brix at 85°C
were 0.96 and 8.94 min, respectively (48). Results indicated
that increasing the Brix had a protective effect on thermal
inactivation of HAV. Based on the data for strawberry
mash of 52° Brix, a two-point z-value of 19.67°C could be
calculated. Butot et al. (27) investigated thermal inactivation
of HAV in basil, chives, mint, and parsley at 75 and 95°C
and found that HAV was generally more heat resistant
than FCV under the same conditions. Unlike FCV, the level
of infectious HAV determined by virus culture (TCID50)
was higher than the number of infectious RNA copies
detected by RT-PCR assay for chives, mint, and parsley at
each temperature. Since there was no internal control for
the RT-PCR assay (or differentiation between infectious
and noninfectious viral particles), it is difficult to interpret
the difference between the results of the TCID50 and RT-
PCR assays.

Thermal inactivation of HAV (50 to 72°C) in spinach
was investigated by Bozkurt et al. (23). Their reported D-
values ranged from 34.4 to 0.91 min at 50 to 72°C, and
the z-value was 13.92°C. These findings were consistent
with those of their other studies (18, 19), with similar
reported z-values (12.51 to 12.97°C). The effect of an indus-
trial spinach blanching process on survival of HAV was esti-
mated using the thermal data in the study. According to
Singh (114), industrial blanching conditions for spinach
include the use of steam as a heating medium for 120 to
180 s. Using this information as a basis, blanching of spi-
nach in water at 100°C for 120 to 180 s under atmospheric
conditions will result in a >6-log reduction of HAV. It is
important to note that steam and hot water (100°C) have dif-
ferent heating characteristics, and the recommendation for
use of steam must be validated before actual application of
the process, as reported previously (23).

In general, thermal resistance of foodborne enteric
viruses and viral surrogates in fruits, vegetables, and herbs
was lower than in either cell culture media or seafood. As
stated above, the composition of the heating medium influ-
ences the sensitivity to thermal inactivation. The presence
of more protein in cell culture media and seafood may

TABLE 5. Continued

Virus Enumeration unit Sample Temp (°C)
D-value
(min) R2 z-value (°C) R2 Reference

Parsley 75 1.56
95 1.58

Human norovirus GII (HuNoV GII) RT-PCR Basil 75 1.71 27
95 1.55

Chives 75 1.85
95 1.08

Mint 75 1.58
95 <0.83

Parsley 75 1.64
95 0.89
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protect enteric viruses from the action of heat, whereas the
higher water activity in vegetables and herbs may increase
their sensitivity to thermal treatment (11). With fruits, a
lower pH or lower water activity may influence inactivation.
In strawberry mash with a high sugar content, the heat resis-
tance of HAV was higher than that in spinach, which may
indicate protection by lower water activity.

Thermal resistance of human noroviruses GI and GII.4
in basil, chives, mint, and parsley was also investigated at
75 and 95°C by qRT-PCR assay (27). The resistance of
human norovirus GI (D75°C = 5.20 min, D95°C = 4.90 min)

to thermal inactivation was significantly higher than that of
human norovirus GII (D75°C = 1.71 min, D95°C = 1.55 min)
on basil at each temperature (Table 5). The same behavior
was also observed for mint at 75°C, where the D-values of
GI and GII.4 were 2.57 and 1.58 min, respectively. Reduc-
tion of the human norovirus GI and GII titers after blanching
(at 95°C for 2.5 min) was dependent on the type of herb. The
greatest reduction in human norovirus GI titers (D95°C < 0.83
min) and GII (D95°C < 0.83 min) was observed for mint, for
which the virus titer was reduced by more than 3 log units
(Table 5). The same level of reduction (3 log units) of noro-
virus GI on chives was also observed at 75 and 95°C (<0.83
min) (Table 5) (27). Based on the available thermal data for
human noroviruses (GI and GII.4) in the studied food sam-
ples (basil, chives, mint, and parsley), it could be concluded
that the thermal resistance of human norovirus GI and GII.4
is higher than that of the viral surrogates MNV, FCV, and
HAV. While thermal resistance of cultivable surrogates was
lower than that of human norovirus, they still have potential
value in laboratory validation studies with foods as long as
the relative differences are known.

Dairy products. The only dairy product in which food-
borne enteric viruses have been tested for their thermal resis-
tance was milk (Table 6). Surrogates used in these studies
included HAV, MNV, and poliovirus (Fig. 4A and 4B).
For milk at 63°C, the normal temperature for vat pasteuriza-
tion, the D-values ranged from 1 to 10 min (69, 93, 104). At
72°C, the minimum temperature for high temperature–short
time pasteurization, the D-values for HAV in milk were 7.8
s and <18 s (69, 104). Due to the survival curves at different
temperatures, it was not possible to calculate a z-value. Bida-
wid et al. (12) investigated the effect of fat concentration (1,
3.5, and 18%) of milk on the thermal resistance of HAV at
71°C (Table 6). These authors concluded that higher fat con-
centrations provided a protective effect against thermal inac-
tivation of HAV. There was only one study that dealt with
thermal inactivation of MNV-1 in milk, and D-values of
0.7 and 0.5 min at 63 and 72°C, respectively, were deter-
mined (Fig. 4A) (69). Additionally, one study was done on
the thermal inactivation of poliovirus in milk, where the
D72°C was 0.44 min (121). With the exception of the study
by Hewitt et al. (69), the current standard of pasteurizing
milk at 63°C for 30 min or 72°C for 15 s are not adequate

FIGURE 3. Thermal inactivation of foodborne enteric viruses and
their viral surrogates in fruits, vegetables, and herbs. (A) Feline
calicivirus (FCV-F9): ○, Butot et al. (27); ●, Bozkurt et al. (20).
(B) Murine norovirus (MNV-1): ○, Baert et al. (8); ●, Bozkurt
et al. (20); ▵, Baert et al. (7). (C) Hepatitis A virus (HAV): ○,
Butot et al. (27); ●, Bozkurt et al. (23).

TABLE 6. Thermal inactivation of foodborne enteric viruses and their viral surrogates in dairy products

Virus Enumeration unit Sample Temp (°C) D-value (min) Reference

Murine norovirus (MNV-1) RT-PCR Milk 63 0.7 69
72 0.5

Hepatitis A virus (HAV) TCID50 Milk 62.8 10 104
71.6 0.13

PFU/ml Milk 85 0.01 12
1% fat milk 71 1.64
3.5% fat milk 71 2.08
18% fat milk/cream 71 3.16

PFU/ml Milk 63 10 93
TCID50 Milk 63 1.1 69

72 <0.3
Poliovirus (PV) PFU/ml Milk 72 0.44 121
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to inactivate greater than 1 to 3 log units of HAV or polio-
virus. It is also important to note that these are extrapolated
values and that use of different foods and/or heating condi-
tions may result in altered heating characteristics.

There are apparently no studies on thermal inactivation
of human noroviruses in dairy products. Thus, no compari-
sons were made between human noroviruses and cultivable
surrogates. For future studies, the evaluation of thermal inac-
tivation behavior of human norovirus in dairy products
should be encouraged in order to learn more about the ther-
mal resistance of these viruses.

Meat products. Very limited information about the
thermal inactivation behavior of human norovirus surrogates
and HAV in meat products is available, with only one study
on turkey deli meat (Table 7). The calculated D-values (50
to 72°C) ranged from 0.14 to 9.94 min for FCV-F9, 0.22

to 21.01 min for MNV-1, and 1.01 to 42.08 min for HAV
(21) (Table 7). The z-values for FCV-F9, MNV-1, and
HAV were 11.90, 10.91, and 12.83°C, respectively (21).
In general, HAV was more resistant to thermal treatment
than was FCV-F9 or MNV-1 at all temperatures studied,
suggesting that it would require a more severe treatment
than that used for human norovirus surrogates for inactiva-
tion of HAV in turkey deli meat. An industrial pasteurization
process time for turkey deli meat could be estimated; treat-
ment times of 107, 46, 20, 9, and 4 s would be required to
achieve 6-log reductions of HAV in turkey deli meat at 80,
85, 90, 95, and 100°C, respectively. These processes would
of course require heat penetration experiments.

Factors affecting the efficiency of thermal treatment.
The apparent thermal resistance of viruses is specific for the
heating conditions utilized and the conditions of detection.
Factors influencing heat resistance can be divided into inher-
ent, environmental (including heating system), and intrinsic
(associated with the food). Inherent factors are associated
with the viruses, i.e., the type of virus, the presence or
absence of an envelope, the type of genome (e.g., DNA,
RNA, single stranded, or double stranded), and the method
of replication.

The apparent thermal resistance may vary depending
upon intrinsic characteristics of the food in which the virus
is found. During thermal treatment, the composition of the
surrounding medium or food (e.g., presence of proteins, car-
bohydrates, fats, or salt) used in the heating process may
influence the apparent thermal resistance. Thermal inactiva-
tion data available in the literature revealed that the apparent
thermal resistance of foodborne enteric viruses was highly
dependent on the food matrix, as there were significant dif-
ferences among food types and between food and cell cul-
ture media. Differences in inactivation between different
food matrices may be due to compositional differences of
food samples (e.g., seafood; dairy products; fruits, vegeta-
bles, and herbs; and meat products) because the environment
in which viruses are found influences their sensitivity to
thermal inactivation. It has been reported that the presence
of certain food components, such as protein and fat, may

FIGURE 4. Thermal inactivation of foodborne enteric viruses and
their viral surrogates in dairy products. (A) Murine norovirus
(MNV-1): ○, Hewitt et al. (69). (B) Hepatitis A virus (HAV): ○,
Parry and Mortimer (104); ●, Bidawid et al. (12); ▵ , Mariam
and Cliver (93); ▴, Hewitt et al. (69).

TABLE 7. Thermal inactivation of foodborne enteric viruses and their viral surrogates in meat products

Virus Enumeration unit Sample Temp (°C) D-value (min) R2 z-value (°C) R2 Reference

Feline calicivirus (FCV-F9) PFU/ml Turkey deli meat 50 9.94 0.94 10.91 0.98 21
56 3.03 0.94
60 0.82 0.96
65 0.43 0.89
72 0.14 0.90

Murine norovirus (MNV-1) PFU/ml Turkey deli meat 50 21.01 0.97 12.83 0.99 21
56 7.3 0.99
60 2.74 0.98
65 0.94 0.94
72 0.22 0.96

Hepatitis A virus (HAV) PFU/ml Turkey deli meat 50 42.08 0.97 11.90 0.97 21
56 20.62 0.96
60 5.91 0.94
65 2.27 0.95
72 1.01 0.93
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play a protective role against heat inactivation of foodborne
enteric viruses (12, 42, 43, 97, 104). Bidawid et al. (12)
investigated the effect of fat concentration (1, 3.5, and
18.5%) on the heat resistance of HAV in milk and concluded
that higher fat concentrations played a protective role and
increased the stability of viruses. This finding was in agree-
ment with that of Parry and Mortimer (104), who found
similar protective effects for poliovirus inactivation in
milk. It has been suggested that the presence of fat and pro-
tein in the heating medium influences the heat inactivation
rate by protecting the cell receptors by formation of viral
aggregates (43).

Another potential factor associated with the heating
condition is heat transfer rate, which is a function of the
food product and the container size and shape. For example,
container size causes differences in the heat transfer rate and
thus affects the time to reach the desired temperature, which
in turn affects apparent resistance (38). Therefore, the inclu-
sion of come-up time during process time calculations is
important. The contribution of sample size to apparent ther-
mal resistance of human norovirus surrogates (FCV-F9 and
MNV-1) was investigated by Bozkurt et al. (17), who
reported that, especially at high temperatures, an increase
in container size contributed to differences in the D-value
due to increased come-up times. Hence, the reduction in
the number of survivors during the come-up time is impor-
tant to determine precise thermal process conditions.

The type of heating system could also influence the
heating of the product and thus the heat transfer rate. Various
methods for heat treatment have been used in the studies
included in this review. A preponderance of the reported
experiments have been done in a controlled temperature
water bath. The exceptions were a boiling water bath (68,
97, 115), a gas-powered steam oven (31), a conventional
oven (27), and a glycerol bath (48). Different heating sys-
tems might result in different heating characteristics. In the
oven method with clams, heat transfer occurs by convection
between the heating medium and the food sample, and then
heat transfer takes place by conduction throughout the sam-
ple. Therefore, a temperature gradient was observed through-
out the clams during the heat treatment. However, in water
bath studies, both heat transfer by both conduction and con-
vection takes place, and the temperature throughout the sam-
ple is more uniform. Since, the primary objective of
inactivation studies is to investigate the interaction of the
virus and heat, homogenized samples are useful for obtain-
ing a uniform food matrix and a more even temperature dis-
tribution. To obtain good thermal inactivation data, it is
important to use a method of heat treatment that avoids local
temperature variations (122).

Following heat treatment, the methods for recovery and
detection are important in determining the actual number of
surviving virions. Methods for recovery of viruses from
foods have two basic steps: (i) sample treatment and virus
extraction and (ii) detection assay. The sample treatment
can itself be performed in four steps: (i) elution of viruses
from the food to leave them in suspension, (ii) removal of
food substances from the virus suspension, (iii) concentra-
tion of suspended viruses, and (iv) extraction of nucleic

acids from the concentrated viruses (in the case of molecular
detection). Current methods described for treatment of sam-
ples for virus detection require multiple steps, which often
result in limited extraction efficiency. Thus, in the detection
of viruses from foods, a major stumbling block is the high
variation, both quantitative and qualitative, in the recovery
of viruses from food products. Since the average infectious
dose of human noroviruses or HAV is about 10 to 100 par-
ticles, effective testing methods need to successfully extract
and detect very small levels of virus (118).

After sample treatment, the detection assay of viruses is
based on one of two main principles: (i) the detection of
infectious viruses by propagation in cell culture or (ii) the
detection of viral genomes by molecular amplification tech-
niques such as RT-PCR or rRT-PCR. The detection by cell
culture is mainly based on cytopathic effects, followed by
quantification of the viruses using a plaque assay, the most
probable number, or the TCID50.

The theoretical relationship between the TCID50 and
number of PFUs is approximately 0.69 PFU = 1 TCID50

based on the Poisson distribution (100). However, it must
be emphasized that in practice, this relationship may not
hold even for the same virus and cell combination because
the two types of assays are set up differently and virus infec-
tivity is very sensitive to various factors such as cell age and
overlay medium (32). In comparison to the TCID50, the pla-
que assays also offer the specific advantage of a countable
event, i.e., plaque formation (45). In contrast, molecular
detection methods are prone to inhibition and can produce
false-negative results. Most false-negative results are a con-
sequence of inefficient viral extraction or inhibition of the
PCR. Most false-positive results are a consequence of
cross-contamination. Therefore, the most recent methods
include an internal amplification control, an external control
for monitoring extraction efficiency, or both (44). Also, spe-
cific primers are needed to prevent cross-reactivity from the
food matrix (16). To differentiate between infectious and
noninfectious viruses by molecular methods, various pre-
treatment procedures and/or modifications of molecular
methods (using viability dyes or binding to receptors) are
being studied. Other recent studies and/or reviews have pro-
vided detailed information about current developments in
molecular assays for human norovirus detection and deter-
mination of infectivity (58, 84, 129).

MECHANISMS OF INACTIVATION OF VIRUSES
DURING THERMAL TREATMENT

Foodborne enteric viruses are nonenveloped, positive-
sense RNA viruses that are surrounded by a capsid formed
by capsomers (49). Since the virus capsid encloses the viral
genome, which encodes components necessary for virus
structure or function and is responsible for binding to the
host, it is likely that the mechanism of thermal inactivation
of viruses would be associated with changes in the virus cap-
sid. Pollard (105) discussed the theory of virus inactivation
during thermal treatment and concluded that structural
alterations in viral proteins occur due to the differential
expansion of the various parts of the virus under the action
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of heat. Heat disrupts the hydrogen bonding and destroys the
spatial relationships necessary to maintain the structural
integrity of viral proteins. Pollard (105) also stated that it
is quite possible that the various components of the virus,
such as the capsid and nucleic acids, have widely different
values of entropy and enthalpy and therefore the degradation
rates of these components would be different. Similarly,
Song et al. (116) concluded that the mechanisms of thermal
inactivation included denaturation of viral proteins as well as
destruction of virus particles into noninfectious viral subu-
nits and single proteins and that the mode of action during
thermal treatment depends on the temperature. At mild tem-
peratures (<56°C), the destruction of the viral receptor and
structural changes in the capsid might cause inactivation
by disrupting the specific structures needed to recognize
and bind the host cells (132). This hypothesis is supported
by findings that the quaternary structure of the capsid was
unaffected up to 60°C (5); however, above 60°C, an altera-
tion of the tertiary protein structure occurs, which facilitates
access of thermal energy to nucleic material. Therefore, the
capsid ceases to play a protective role, and inactivation of
nucleic material results (81). Thus, the increased inactivation
rate at higher temperatures (>65°C) could be due to changes
in the tertiary structures of the virus (5, 128).

CONCLUSIONS

The goal of this review was to examine the current lit-
erature on thermal inactivation of foodborne enteric viruses
and viral surrogates. One thing that is very evident is that
there are still many gaps in the knowledge base on viral
inactivation by heat. In comparison to the historical research
on the heat resistance of bacteria, the research on heat resis-
tance of enteric viruses is in its infancy and is being done
essentially in reverse. For bacteria, target pathogens were
the first to have their thermal inactivation kinetics studied,
followed by a search for nonpathogenic surrogates. For
enteric viruses, because there is no simple method for study-
ing the inactivation kinetics of the target pathogen, surro-
gates must be used. How close the thermal inactivation
kinetics of the surrogates are to those of the pathogens
remains somewhat speculative. Research with the surrogates
is not without value; however, it must be presumed that the
ability to determine the viability of the target, i.e., human
norovirus, will be improved. Once that is done, the reliabil-
ity of the inactivation kinetics can be improved, and the rela-
tive resistance between the target and the surrogates will be
known. This information will make thermal resistance data
for surrogates in foods very valuable.

Another thing that is apparent even with the gaps is that
enteric viruses are more resistant to heat than are the most
heat-resistant vegetative bacterial pathogens. Thus, current
processing recommendations based on data for vegetative
bacterial pathogens may not eliminate similar levels of food-
borne enteric viruses. There is a definite need for rethinking
of target pathogens when determining guidelines for thermal
processes. Even though it may take time to establish the
guidelines, we have to reconsider the basis for choosing

thermal process conditions in order to reduce the risk of viral
foodborne illness outbreaks.

Future research needs in this area are first to close some
of the knowledge gaps, including continued research on the
thermal inactivation kinetics of surrogates and human noro-
virus in food products that may be susceptible to contamina-
tion. After looking at the data presented here, it is obvious
that there is a great deal of variability in the inactivation
kinetics among studies, which is likely due to the variation
in methods used. Thus, there also should be studies to deter-
mine the effect of different heating and recovery methods on
kinetics so that better comparisons can be made, along with
suggestions for universal protocols for virus recovery and
detection in each food category. Finally, there is a definite
need for research to validate some of the new detection
assays that are designed to differentiate infectious viruses
from inactivated viruses in order to correlate data on human
noroviruses with infectivity of cultivable surrogates.
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