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The heat resistance of foot-and-mouth disease virus (FMDV) strains isolated from outbreaks in Thailand
was investigated in phosphate-buffered saline (PBS) at 50, 60, 70, 80, 90, and 100°C. The first-order kinetic
model fitted most of the observed linear inactivation curves. The ranges of decimal-reduction time (D value)
of FMDV strains at 50, 60, 70, 80, 90, and 100°C were 732 to 1,275 s, 16.37 to 42.00 s, 6.06 to 10.87 s, 2.84 to
5.99 s, 1.65 to 3.18 s, and 1.90 to 2.94 s, respectively. The heat resistances of FMDV strains at lower temperature
(50°C) were not serotype specific. The effective inactivating temperature is approximately 60°C. Heat resis-
tances of FMDV strains at 90 and 100°C were not statistically different (P > 0.05), while the FMDV serotype
O (OPN) appeared to be the most heat resistant at 60 to 80°C. The other observed inactivation curves were
linear with shoulder or tailing (biphasic curves). The shoulder effect was mostly observed at 90 and 100°C,
while the tailing effect was mostly observed at 50 to 80°C. The adjusted D values in the case of shoulder and
tailing effects did not affect the overall estimated heat resistance of these FMDV strains, so even unadjusted
D values of deviant inactivation curves were legitimate. The z values of FMDV serotypes O, A, and Asia 1 were
21.78 to 23.26, 20.75 to 22.79, and 19.87°C, respectively. The z values of FMDV strains studied were not
statistically significantly different (P > 0.05). The results of this study indicated that the heat resistance in PBS
of FMDV strains from Thailand was much less than had been reported for foreign epidemic FMDV strains.

Foot-and-mouth disease virus (FMDV) is classified within
the genus Aphthovirus, family Picornaviridae. FMDV is a non-
enveloped, icosahedral symmetric, and single-stranded RNA
virus; therefore, it is somewhat resistant to harsh environ-
ments, e.g., UV radiation, low water activities, and heat (3).
FMDV causes foot-and-mouth disease (FMD) and is highly
contagious to cloven-hoofed animals. The common mode of
transmission of FMDV is direct contact; however, oral-route
transmission via indirect contact has frequently caused epi-
demics in pigs (2). FMD is the first disease on the OIE List A
and also was the first disease for which the OIE established an
official list of free countries and zones. FMD has a great po-
tential for causing severe economic loss for many countries (2).
In order to export meat from an FMD-infected country to an
FMD-free country, meat is subjected to heat treatment to
reach an internal core temperature of at least 70°C for a min-
imum of 30 min or to any equivalent treatment which has been
demonstrated to inactivate the FMD virus (38).

The efficiency of thermal inactivation is a function of time
and temperature. Thermal destruction hypothetically follows
first order kinetics. The decimal reduction time (D value,
DRT, or DT) is the time at a specified temperature required to
reduce the number of microorganisms by a factor of 10 (23, 24,
44, 45). The D value is the negative reciprocal of the slope of
the inactivation curve, where the inactivation of microorgan-
isms is a logarithmic function of time. The z value is defined as

the temperature change required to reduce D value by a factor
of 10 (23, 24, 44, 45). Likewise, the z value can be calculated by
the negative reciprocal of the slope of the decimal reduction
curve where D values of different temperatures are plotted on
a semilogarithmic scale against temperatures. The z value is
specific for a given strain of microorganism in a given medium
or product, but the z value does not differ across media as
widely as does the D value. This association of D value and
temperature in a DRT curve is helpful to calculate the D value
of temperatures that were not included in the experiment.
Many studies have demonstrated the heat resistance of FMDV
(10, 12, 14–16, 30–32, 34). However, these studies involved
only a few temperatures, different media, and strains that were
not epidemic in Thailand. Therefore, these data are not ap-
propriate bases for bilateral trade negotiations involving Thai
animal products. The objective of the present study was to
determine the heat resistance of FMDV strains isolated from
outbreaks in Thailand, in terms of D value and z value in
phosphate-buffered saline (PBS) at 50, 60, 70, 80, 90, and
100°C.

MATERIALS AND METHODS

Virus and cell culture. FMDV serotypes O (strains O189 and OPN), A (strains
A118, A-Sakol, and A132), and Asia 1 (strain AS1) were obtained from the
Regional Reference Laboratory for FMD in Southeast Asia, Pakchong, Thai-
land. All strains of these serotypes have been isolated from epidemics in Thai-
land and then been used as the vaccine strains produced and used domestically.

The maintenance of the baby hamster kidney (BHK-21) cell line was modified
from a previous publication (11). Briefly, BHK-21 was grown in a medium
composed of Eagle minimum essential medium Nissui No.1, supplemented with
5% normal bovine serum, 0.07% sodium bicarbonate, 0.25 mg of amphotericin B
(Fungizone; Bristol-Myers Squibb, Ltd., Thailand)/ml, 0.1 mg of kanamycin/ml,
0.117 mg of penicillin/ml, and 0.1 mg of streptomycin/ml. The maintenance
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medium was like the growth medium but contained only 2% fetal bovine serum
and 0.21% sodium bicarbonate. Cells for virus propagation and assay were grown
in 96-well tissue culture plates (Corning).

Virus isolation. Several serotypes of FMDV were isolated from FMD epidem-
ics in Thailand. The epithelial tissue in the oral cavity of animals infected with
FMD was prepared in 10% (wt/vol) suspension. Monolayer primary cultures of
lamb kidney cells were inoculated with epithelial suspension and kept at 37°C for
60 min (21). The maintenance medium (Eagle minimum essential medium Nissui
no. 1) was added on the monolayer and kept at 37°C. After observation for
cytopathic effect (CPE), the harvested fluids were centrifuged at 2,000 � g for 10
min to separate the cell sediment from the fluid medium (21). The serotyping of
FMDV was done by enzyme-linked immunosorbent assay as previously described
(5). If no CPE was observed in the first passage within 48 h, the cells were frozen
and thawed, used to inoculate fresh culture, and examined for CPE for another
48 h. The second and third blind passages used the same procedure as the first
blind passage, except that the monolayer culture was BHK-21 cells (21). The
other application of virus isolation was to determine any residual virus after
thermal inactivation.

Virus preparation. The viruses were prepared as previously described (35).
Briefly, the FMDV was propagated in BHK-21 cells. After CPE was observed,
harvested fluids were centrifuged to separate the cell sediment from the fluid
medium. The sediments were mixed with the cell monolayer, which had been
treated with sodium dodecyl sulfate. The supernatant and treated cell monolayer
were pooled, filtered (0.2-�m pore size), and kept at �70°C until used.

Virus assay. Tenfold virus dilutions were inoculated in equal volumes (50 �l)
with BHK-21 cell suspension in minimal essential growth medium into 96-well
plates. The control wells were inoculated with 50 �l of viral diluent. The viral
diluent was PBS with 137 mmol of NaCl, 2.7 mmol of KCl, and 10 mmol of
phosphate buffer. Plates were incubated at 37°C for 48 h to observe CPE. Virus
titer was recorded as the 50% tissue culture infective dose according to the
method of Reed and Muench (40).

Thermal inactivation. The FMDV suspensions (5 ml) in borosilicate glass
tubes were diluted with PBS (45 ml). The PBS was preheated before the FMDV
stock was mixed and heated at 50, 60, 70, 80, 90, and 100°C in a digitally
controlled water bath. The final pH of the FMDV suspension was approximately
7.0. The metal probe from digital thermocouple was submerged into another
borosilicate glass tube, with PBS acting as a reference temperature tube, while
this reference temperature tube was identical to all FMDV inactivation tubes.
The inactivation tubes were being stirred in the shaking water bath during the
thermal inactivation. The time and temperature readings were automatically
recorded and printed out from the thermocouple. At 90 and 100°C, thermocou-
ple recordings indicated that temperature increases, particularly near the target
temperatures, were slightly different. FMDV suspension tubes were transferred
at sampling time intervals and immersed in the ice bath to stop the reaction (17,
46). The sampling time was dependent on the temperature, i.e., the higher the
temperature, the shorter the time intervals. The actual inactivating times were
determined by the integration of area under temperature curve plotted against
sampling time (44, 45). The randomized complete block design was used to
differentiate the effect of temperatures across FMDV strains and vice versa.
There were six treatments as the FMDV strains and six blocks as the inactivation

temperatures. It should be emphasized that each FMDV strain was inactivated
at every temperature and each temperature was assigned to inactivate every
FMDV strain (13, 25). The experiments were repeated three times to decrease
the error of the experiment.

Rate of viral inactivation (heat resistance). Since the main objective was to
determine that the number of virus units were activated at various inactivation
times, so it was understood that some virus suspensions still had infectious virus
left to be assayed. The thermal inactivation of a microorganism is dependent on
time and temperature. At a constant temperature, the decrease in the number of
microorganisms often follows first-order kinetics and can be expressed as:

log�Nt/N0� � �t/D (1)

where Nt and N0 are the concentrations of FMDV at times t and zero, respec-
tively. The DRT is the time at specified temperature required to reduce the
number of microorganisms by a factor of 10 or 90%. Therefore, the D value
represents the heat resistance or rate of microbial inactivation and can be
calculated by the negative reciprocal of the slope of the inactivation curve where
log [Nt/N0] against inactivation time t is linear on a semilogarithmic plot. The z
value is defined as the temperature change required to change the D value by a
factor of 10 or 90% and can be written in the form of D values as:

log�D2/D1� � ��T1 � T2�/z (2)

where D2 and D1 are the D values of FMDV at temperatures T2 and T1,
respectively. Likewise, the z value can also be calculated by the negative recip-
rocal of the slope of the DRT curve, where D values for different temperatures
are plotted on a semilogarithmic scale against temperatures. Consequently, the
z value represents the temperature dependence of the inactivation rate. The z
value is specific for a given strain of microorganism in a given medium or
product, but the z value does not differ across media as widely as does D.

Mathematical models for inactivation curve. The thermal inactivation follows
first-order kinetics, which yields a linear logarithmic plot of the number of
microorganisms and inactivation time as shown in equation 1 (Fig. 1). However,
a number of inactivation curves do not comply with this rule. If the microorgan-
isms clump or there are multiple target sites for thermal inactivation (e.g., cell
attachment site especially RGD sequence) (18), then the inactivation curve will
start with a lag phase, the so-called “shoulder effect” (1, 48) (Fig. 2). Note that
if microbial clumping is to cause a shoulder, virtually all of the microorganisms
must be in clumps. If a substantial portion of the microbes are monodispersed,
then the clumped fraction will produce a tail rather than a shoulder. Essentially
for the linear inactivation curve with a shoulder during the lag phase, the
microorganisms are virtually not inactivated and the actual inactivation of mi-
croorganisms follows first-order kinetics in the linear phase, which is modified
from previous models (45, 48) as:

log�Nt/N0� � L � �t � tL�/D (3)

where Nt and N0 are the concentrations of FMDV at time t and time zero,
respectively, and tL is the lag time, defined as the mean time required for initial
inactivation of microorganisms. L is the partial log cycle of inactivation during
lag time and in most cases does not exceed one log cycle.

If a subpopulation of microorganisms are more resistant than others or
shielded by some organic matter, e.g., soil and cell debris, or clumped, then the
inactivation curve will show a “tailing effect” (Fig. 3). Thus, the plot of linear
inactivation with a tail has two slopes and is called a “biphasic curve.” The first

FIG. 1. Thermal inactivation of FMDV serotypes O, A, and Asia 1
in PBS at 70°C. The log-linear inactivation equations of FMDV sero-
types are shown in the legend, where FMDV serotypes represent the
number of FMDV and X is the inactivation time. D values are the
reciprocal of the slope of the inactivation curve.

FIG. 2. Thermal inactivation of FMDV strain A118 in PBS at 90°C.
The inactivation curve shows the shoulder effect.

7178 KAMOLSIRIPICHAIPORN ET AL. APPL. ENVIRON. MICROBIOL.



phase of the curve represents the destruction of the less resistant subpopulation
and the second phase portrays the destruction of the more resistant one (8). The
mathematical model that fits to this biphasic curve is modified from previous
models (45, 48) as:

log�Nt/N0� � f1�� t/D1� � f2�� t/D2� (4)

Nt � N1�t� � N2�t�

N0 � N01 � N02 (5)

f1 � N01 � N0 (6)

f2 � N02 � N0 (7)

where Nt and N0 are the concentrations of FMDV at time t and time zero,
respectively. N01 and N02 are the concentrations of FMDV inactivated during the
first phase and second phases, respectively, and f1 and f2 are the proportions of
the FMDV subpopulation and the entire FMDV population in the first phase
and second phases, respectively. D1 and D2 are the D values for N1(t) and N2(t),
respectively.

Statistical analyses. For an inactivation curve (Fig. 1), regression analysis was
used to determine whether the regression coefficient (in the form of the negative
reciprocal of slope or D value) is significantly different from zero, i.e., heat is
capable of inactivating FMDV. Likewise, for the DRT curve (Fig. 4), regression
analysis was used to determine whether the regression coefficient (in the form of
the negative reciprocal of slope or z value) was significantly different from zero,
i.e., the D value is temperature dependent. The correlation coefficient (r2) is
calculated to determine the correlation of inactivation (time) and virus concen-
tration. Root mean square error (RMSE) was used to determine goodness of fit
of the regression equations to the observed data. The analysis of variance
(ANOVA) was used to determine the statistical significance of differences in
heat resistance of FMDV strains across temperatures and vice versa. In addition,
ANOVA was used to determine the statistical significance of differences among
z values of FMDV strains in PBS. When ANOVA indicated a statistically sig-
nificant difference, a multiple comparison was used to determine specific differ-
ences between pairs of FMDV strains or temperatures (25).

RESULTS

D values (rate of FMDV inactivation). D values of FMDV at
50°C (D50) ranged from 732 to 1,275 s (Table 1). Two groups
of FMDV strains were classified according to the heat resis-
tance; FMDV strains O189, OPN, A118, and A132 were not
statistically less resistant than FMDV strains A-Sakol and AS1
(P � 0.05). FMDV strain AS1 was the most heat resistant at
50°C, but its heat resistance was not statistically different from
that of other FMDV strains (P � 0.05).

Although ranges of D60 and D70 of FMDV strains were 16.37
to 42.00 s and 6.06-10.87 s (Table 1), respectively, D60 and D70

were not statistically significantly different across FMDV
strains (P � 0.05). D60 and D70 were increased exponentially
compared to D50. For FMDV strains A-Sakol and A118, 60
and 70°C render FMDV much less heat resistant than 50°C.

The r2 of the fitted inactivation curves at 60 and 70°C was
greatly enhanced from 0.10 to 0.13 up to 0.86, and r2 was
significantly different from zero (P � 0.0002), whereas the
RMSEs of both fitted inactivation curves were essentially con-
stant. FMDV strain A132 showed a tailing effect for inactiva-
tion only at 50°C. On the other hand, FMDV strain OPN
showed biphasic inactivation at 50, 60, and 70°C, whereas the
RMSEs of linear inactivation curves are higher than those of
linear curves with tailing effect. In the case of tailing effect, r2

and RMSEs of inactivation curves were calculated correspond-
ing to the proportions of more and less heat-resistant subpopu-
lations. Therefore, there no P values for FMDV strains OPN
and A132 are shown. The inactivation curve of FMDV strain
O189 at 60°C and 70°C showed a lag time (tL) during initial
inactivation. However, the inactivations at 60 and 70°C did not
have a shoulder effect, since tL of inactivations at 60 and 70°C
were not significantly different from D60 and D70, respectively
(45).

Like 50°C inactivation, the D80 of FMDV strains can be
categorized into two heat resistance groups. FMDV strains
O189 and A132 are statistically significantly less heat resistant
than FMDV strains OPN, A-Sakol, and AS1 (P � 0.05), while
A118 had moderate heat resistance (Table 1). There was no
shoulder effect or tailing effect for thermal inactivations of
FMDV strains at 80°C. Ranges of D90 and D100 were 1.65 to
3.18 s and 1.90 to 2.94 s (Table 1), respectively; but these
ranges of D90 and D100 were somewhat narrow and did not vary
as much as those of D values at 50 to 80°C. For all FMDV
strains except OPN inactivated at 90°C, the inactivation curves
deviated slightly from linear and revealed an initial lag phase;
however, only FMDV strains A118 and A-Sakol displayed a
shoulder effect. Whereas D90 and D100 were not statistically
significantly different across FMDV strains (P � 0.05); only
FMDV strain AS1 had a shoulder effect at 100°C inactivation.
The statistical significant differences in heat resistance of
FMDV strains across temperatures and the statistical signifi-
cant differences of DT values across FMDV strains are re-
ported in Table 2.

The D50 of FMDV strain O189 was much higher than the
D60 and D70, and the D50, D60 and D70 were statistically sig-
nificantly different (P � 0.05). In addition, the D50 and D60 of

FIG. 4. DRT curve (z value) for FMDV strains in PBS. The log-
linear DRT equation for FMDV serotype is shown in the legend where
FMDV serotypes symbolize the log D value and X is the temperature.
z values are the negative reciprocal of the slope of the DRT curve.

FIG. 3. Thermal inactivation of FMDV strain OPN in PBS at 50°C.
The inactivation curve shows the tailing effect (biphasic curve).
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all FMDV strains were statistically significantly different (P �
0.05). However, the D90 and D100 of all FMDV strains were not
statistically significantly different (P � 0.05). A similar situa-
tion was also evident for FMDV strains OPN and A118 in that
two pairs of D values, which are D70 versus D80 and D90 versus

D100, were not statistically significantly different (P � 0.05).
For FMDV strain O189, D80, D90, and D100 were not statisti-
cally significantly different (P � 0.05).

z values. Given the broad temperatures tested in the present
study, fitting DRT curves to determine the z values was more

TABLE 1. D values of FMDV strains in PBS at various temperatures

Temp (°C) FMDV Mean D value 	 SD (s)a r2 RMSE Pb Model

50 O189 806 	 144A 0.69 0.68 0.0001 Linear
OPN 890 	 845A 0.63 0.59 NA Tailing
A118 851 	 311A 0.60 0.59 0.04 Linear
A-Sakol 1,200 	 406A 0.60 0.47 0.06 Linear
A132 732 	 149A 0.88 0.42 NA Tailing
AS1 1,275 	 524A 0.75 0.37 0.14 Linear

60 O189 16.37 	 1.96A 0.83 0.85 8 � 10�7 Linear
OPN 42.00 	 9.11A 0.74 0.50 NA Tailing
A118 18.36 	 2.79A 0.81 0.79 0.0001 Linear
A-Sakol 21.20 	 3.62A 0.77 0.77 0.0002 Linear
A132 21.73 	 3.98A 0.84 0.68 0.0002 Linear
AS1 32.83 	 6.95A 0.61 0.71 0.0003 Linear

70 O189 6.06 	 1.02A 0.81 0.67 0.0003 Linear
OPN 10.87 	 7.58A 0.59 0.68 NA Tailing
A118 8.87 	 1.13A 0.86 0.65 1 � 10�5 Linear
A-Sakol 8.68 	 1.11A 0.86 0.66 1 � 10�5 Linear
A132 7.28 	 1.76A 0.66 1.16 0.003 Linear
AS1 9.24 	 1.25A 0.82 0.69 9 � 10�6 Linear

80 O189 2.84 	 0.31A 0.89 0.91 4 � 10�6 Linear
OPN 5.99 	 0.62B 0.94 0.60 7 � 10�5 Linear
A118 3.81 	 0.47A,B 0.85 0.95 6 � 10�6 Shoulder
A-Sakol 5.16 	 0.52B 0.91 0.70 2 � 10�6 Shoulder
A132 3.38 	 0.30A 0.94 0.61 1 � 10�6 Linear
AS1 5.42 	 0.34B 0.95 0.48 3 � 10�10 Shoulder

90 O189 2.53 	 0.37A 0.80 1.30 0.0001 Linear
OPN 3.18 	 0.23A 0.95 0.49 3 � 10�7 Linear
A118 1.65 	 0.34A 0.83 1.05 0.0006 Linear
A-Sakol 1.75 	 0.42A 0.82 0.94 0.0009 Linear
A132 2.77 	 0.38A 0.87 0.87 0.0001 Linear
AS1 3.16 	 0.32A 0.90 0.67 2 � 10�6 Shoulder

100 O189 2.94 	 0.35A 0.90 0.65 3 � 10�5 Linear
OPN 2.88 	 0.36A 0.89 0.55 4 � 10�5 Linear
A118 2.64 	 0.53A 0.76 0.64 0.001 Linear
A-Sakol 2.52 	 0.38A 0.78 1.04 3 � 10�5 Linear
A132 2.49 	 0.31A 0.84 0.87 4 � 10�6 Linear
AS1 1.90 	 0.31A 0.83 0.88 3 � 10�5 Linear

a Values are means of three replications. Values followed by the same capital superscript letters within each temperature group are not statistically different (P �
0.05).

b H0: regression coefficient 
 0. NA, not applicable.

TABLE 2. D values of FMDV strains in PBS at 50 to 100°C

Temp (°C)
D value (s)a in FMDV strain:

O189 OPN A118 A-Sakol A132 AS1

50 806A,a 890A,a 851A,a 1,200A,a 732A,a 1,275A,a

60 16.37B,a 42.00B,a 18.36B,a 21.20B,a 21.73B,a 32.83B,a

70 6.06C,a 10.87C,a 8.87C,a 8.68C,a 7.28B,a 9.24C,a

80 2.84D,a 5.99C,b 3.81C,D,a,b 5.16D,b 3.38C,a 5.42D,b

90 2.53D,a 3.18D,a 1.65E,a 1.75E,a 2.77C,a 3.16E,a

100 2.94D,a 2.88D,a 2.64D,E,a 2.52E,a 2.49C,a 1.90E,a

a Values are means of three replications. In the same column, mean values with different letters imply that there are statistically significant differences (P � 0.05)
among the different temperatures for the same FMDV strain (letters A through E). In the same row, mean values with different letters imply that there are statistically
significant differences (P � 0.05) among the different FMDV strains for the same temperature (letters a and b).
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difficult than with a narrow range of temperatures. The con-
ventional DRT curve fitting included all temperatures tested to
calculate z values so that other DT can be interpolated within
the range of inactivation temperatures. The range of z values
of FMDV strains using D50 to D100 was between 19.87 and
23.26°C (Table 3). However, because D50 of all FMDV strains
were much higher than their D60, z values calculated using D
values of six temperatures could be incorrectly lowered by
outlier D50. Therefore, the second method of fitting DRT
adopted only D60 to D100, and z values of FMDV strains using
five temperatures ranged from 33.25 to 52.55°C (Table 4).
Obviously, the five-temperature z values were much higher
than six-temperature z values. The alternative mathematical
model that could be fitted to the DRT curve is a linear curve
with tailing effect. The range of z values of FMDV strains,
taking into account six temperatures with a tailing effect, was
between 13.94 and 20.76°C (data not shown). From Table3, z
values of FMDV strains were not statistically significantly dif-
ferent (P � 0.05) by three means of fitting DRT curves. FMDV
strain O189 had the highest z values, calculated by five tem-
peratures and by six temperatures without tailing effect.

DISCUSSION

FMDV is nonenveloped RNA virus within the Picornaviri-
dae family. This virus is notorious for its exceptional stability in
a harsh environment, since FMDV is resistant to UV, chemi-
cals, and heat (14, 27, 38). The essential heat resistance of
many food-borne and waterborne picornaviruses, such as hep-
atitis A virus and poliovirus (PV) (36), are derived from the
capsid. One primary function of viral capsid is attachment to
the host cell receptor during the first step of viral replication
(33). Engulfment, or endocytosis, follows in PV and is believed
to happen similarly in FMDV, given their similarities in capsid
symmetry and their phylogeny (20). If infectious RNA can get
inside an otherwise-insusceptible host cell, the replicative cycle
can be completed without a capsid, so the capsid integrity
essentially mediates virus and tissue interactions (37). The
capsid integrity and immunological properties of 37°C-inacti-
vated human picornaviruses and FMDV serotype O (7) were
intact, while the capsid protein of human picornaviruses was
unfolded at 72°C and readily hydrolyzed by protease (36). Heat
inactivation of FMDV in suspension was temperature-depen-
dent (Tables 3 and 4). The effective inactivating temperature is
approximately at 60°C (36) since the D value dropped dramat-
ically at 60°C. This result agreed with previous studies, indi-

cating that hepatitis A virus and PV were heat resistant up to
60°C (39, 43).

Theoretically, the D value was temperature dependent or
negatively correlated with temperature (Tables 3 and 4), i.e.,
the higher the temperature, the lower the D value (23). At the
low temperature the D value for 50°C inactivation was large,
since the slope of the inactivation curve was low. This is espe-
cially the case for heat inactivation of FMDV strains A-Sakol
and AS1, where the D values were as high as 1,200 and 1,275
s (Table 1).

It was evident that the D values at temperatures higher than
80°C were not statistically different. This is more favorable to
the food processors because the lower temperatures are easier
to achieve, while the texture of food, especially pork, will be
more appetizing, with a lower cost of processing.

From Table 3, z values of FMDV strains were not statistically
significantly different (P � 0.05) by three means of fitting DRT
curves. In terms of temperatures, FMDV strains had statistically
equivalent heat resistance. Taking into account both correlation
coefficient and goodness of fit, it was evident that z value using six
temperatures without a tailing effect was the most appropriate.
FMDV strain O189 had highest z values, calculated by five tem-
peratures and by six temperatures without a tailing effect. There-
fore, it was tempting to speculate that FMDV strain O189 was the
most heat resistant at all temperatures. Surprisingly, from Table
2, it was evident that FMDV strain OPN had higher DT between
60 and 90°C than FMDV strain O189, although some of the DT

values were not statistically significantly different. The discrep-
ancy might be explained by the fact that the D50 of FMDV strain
O189 is somewhat less than that of FMDV strain OPN, although
the D50 values of both FMDV strains were not statistically signif-
icantly different (P � 0.05).

A serotype is the antigenic property that is determined by
the ability of an antiserum, which was raised in an animal not
previously exposed to the related virus, to neutralize the infec-
tivity of a virus (6). Human echoviruses and PVs are entero-
virus genera in the Picornaviridae family (20). Both genera
have comparable structures, but human echoviruses and PVs
have 33 and 3 serotypes, respectively (4, 20, 41, 47). Probably,
the serotypes vary by the receptor attachment or serological
reactions rather than virus structures (19, 42). The heat resis-
tances of FMDV strains in the present study were not different
at 60, 70, 90, and 100°C. While the pattern of inactivation of
FMDV at 50°C revealed two heat resistance groups, it was
noteworthy that the same FMDV serotypes (serotypes O and
A) were classified into different heat resistance groups. Per-
haps heat inactivation randomly attacked the target inactivat-

TABLE 3. z values of FMDV strains in PBS at 50 to 100°C

FMDV Mean z value (°C) 	 SDa r2 RMSE Pb

O189 23.26 	 11.78A 0.69 0.60 0.04
OPN 21.78 	 6.54A 0.82 0.44 0.01
A118 20.81 	 8.81A 0.75 0.55 0.03
A-Sakol 20.75 	 8.19A 0.76 0.57 0.02
A132 22.79 	 9.15A 0.75 0.53 0.03
AS1 19.87 	 6.20A 0.82 0.50 0.01

a Values are means of three replications. Values followed by the same super-
script letters are not statistically different (P � 0.05).

b H0: regression coefficient 
 0.

TABLE 4. z values of FMDV strains in PBS at 60 to 100°C

FMDV Mean z value (°C) 	 SDa r2 RMSE Pb

O189 52.55 	 26.62A 0.75 0.20 0.06
OPN 34.95 	 8.16A 0.90 0.17 0.01
A118 41.41 	 14.67A 0.83 0.20 0.03
A-Sakol 39.29 	 11.26A 0.87 0.18 0.02
A132 43.45 	 13.52A 0.86 0.17 0.02
AS1 33.25 	 4.95A 0.95 0.12 0.00

a Values are means of three replications. Values followed by the same letters
are not statistically different (P � 0.05).

b H0: regression coefficient 
 0.
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ing sites on the viral capsid protein (29). Therefore, at a low
temperature (50°C), heat resistance of FMDV is independent
of the surface antigen of the virus structure or not serotype
specific (36).

Even though a sigmoidal curve is also commonly found in
thermal and nonthermal inactivation (48), heat inactivation of
FMDV strains in the present study did not show this inactiva-
tion shape. In the present study, there were three types of
inactivation curves: linear curves, linear curves with a shoulder,
and linear curves with a tailing. Based on the first-order chem-
ical kinetics to describe the thermal inactivation, the log-linear
model was applied for microbial heat inactivation (9). The
primary concept of microbial thermal inactivation, which is
analogous to chemical reaction, is the single lethal hit or one-
hit kinetics, where the virus particle is completely inactivated
by only a single hit (26). Arguably, some thermal inactivation
curves of FMDV showed deviation from the log-linear law,
since in fact thermal inactivation of the virus was not exactly
the same as the chemical reaction. The tailing effect was found
only at 50 to 70°C, and FMDV strain OPN showed this effect
at temperatures within this range (Table 1). It is arguable to
assume that OPN suspension in fact had a subpopulation, since
the tailing effect did not happen at the higher temperatures.
One possible explanation is that some organic matter that was
derived from the cell culture debris during virus propagation
could more effectively shield the virus particle from inactiva-
tion at lower temperatures than at the higher temperatures
(48). Supposedly, the protective organic matters are protein-
aceous substances, which are prone to denature or degrade
more easily at the higher temperatures (22, 36). The shoulder
effect was observed only at 90 to 100°C (Table 1), so it was
more prevalent at the higher temperatures, perhaps because
the higher temperatures had very low DT values, and special
procedures were needed to catch the fast drop of FMDV
concentration in the suspension. This is why the first sampling
time is so close to the time zero. The first sampling time was
arbitrarily set on the basis of a preliminary study (data not
shown), so it is possible that the sample was taken prematurely
while the heat was still being conducted through the glass tube
and throughout the viral suspension.

In the present study, the deviations of the inactivation curves
only slightly change the D values of FMDV inactivation, and
the multiple comparisons remained the same. If the 95% con-
fidence intervals of the original D value and adjusted D value
were overlapped, the deviated inactivation curve did not have
shoulder effect (Table 1). It was noted that the shoulder effect
sometimes changed the D value but did not change overall heat
resistances among FMDV strains at 90 and 100°C. On the
other hand, the choice of D values from the original linear
regression and adjusted D values from the tailing-effect inac-
tivation curve was dependent on the RMSE, i.e., the smaller
the RMSE, the better the fit (Table 1). The results of multiple
comparisons of D50, D60, and D70 did not change, regardless of
taking the tailing effect into consideration. These observations
indicated that the unadjusted D values, even from inactivation
curves with deviations, were statistically and essentially legiti-
mate.

The heat resistances of FMDV strains at lower temperature
varied dependent upon the temperature; however, those of
FMDV strains at 90 and 100°C were opposite. One possible

reason is that heat resistance (or in turn sensitivity) has a
threshold or plateau temperature (28). The heat resistance of
the virus is linearly correlated within a certain range of tem-
peratures, and in the case of FMDV the range of temperature
is 60 to 90°C (Table 3). Care must be taken to avoid extrapo-
lating the data out of the range of experimental temperatures,
so it is not recommended to apply the D value from the DRT
curve or the z value unless the D value is in the range of
experimental temperatures. Nevertheless, if one proved that
viral suspension and pork demonstrated the same thermal con-
ductivity, doing thermal inactivation of FMDV strains in pork
at 90°C could also sufficiently represent that of FMDV strains
in pork at 100°C.

The heat resistance of FMDV strains in Thailand is appar-
ently less than those reported for FMDV strains elsewhere. A
valid comparison of FMDV strains in Thailand and other
countries must be based on suspensions in the same medium,
which was PBS (34). The heat resistance of FMDV serotypes
O and A at 50 and 54°C is shown in Tables 5 and 6 (34). The
D50 of FMDV strains O189 and OPN in Thailand is greater
than that of FMDV strain OiBFS 1860. When calculated based
on z values of FMDV strains O189 and OPN, which were 23.26
and 21.78, respectively, the D54 of FMDV strains O189 and
OPN in Thailand is at least 6- to 10-fold lower than that of
FMDV strain OiBFS 1860 and all other FMDV serotypes O.
Likewise D54 of FMDV strains A118, A-Sakol, and A132 were
at least fivefold lower than other FMDV serotype A. Even
though there were very limited data for comparisons, it was
apparent that FMDV strains in Thailand show much less heat
resistance, in PBS, than those in other countries. Therefore,
these data indicate that the heat resistance of FMDV strains in
pork will follow the same trend as that of FMDV in PBS. From
the practical point of view, the industry needs to know the D
value of FMDV in the pork, since the medium in the thermal
inactivation plays a vital role. The state of the medium (liquid
versus solid) or the composition of the medium (e.g., fat, pro-
tein, pH, etc.) always influences the heat resistance, aside from
the inherent heat resistance of the microorganisms (23). Fur-

TABLE 5. D values of FMDV serotype O in PBS from
various countries

FMDV straina
D value (min) at:

Reference(s)
50°C 54°C

O189 13.4 1.44 24, 45
OPN 14.8 2.56 24, 45
OiBFS 1860 4.17 25.21 34
O Lausanne NAb 26.20 34
O Pacheco NA 32.96 34
O Campos NA 25.97 34
O Colombia 7250 NA 18.07 34
O Susan 5/75 NA 23.81 34
O Susan 6/75 NA 20.07 34
O Susan 1/76 NA 18.07 34
OK 120/64 NA 16.43 34

a Strains O189 and OPN were from the present study; the remaining strains
were from the World Reference Laboratory for FMD, Animal Virus Research
Institure, Pirbright, United Kingdom. The z value of O189 is 23.26°C; the z value
of OPN is 21.78°C.

b NA, not applicable.
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ther experiments will evaluate the thermal inactivation of
FMDV serotypes in pork.
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