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Foot‐and‐mouth disease virus (FMDV), swine vesicular disease virus (SVDV) and classical swine fever virus
(CSFV) all cause important animal diseases. FMDV affects many different cloven‐hoofed animals, whereas
SVDV and CSFV are restricted to domestic and feral pigs together with wild boar. Europe is normally free of
these diseases, but occasionally outbreaks happen, which can cause huge economic losses. Handling of these
viruses, in particular FMDV and CSFV, is only allowed within high containment laboratories and stables.
Periodically such facilities need to be decommissioned for repair or closing down, which is done by cleaning
and chemical disinfection, followed by fumigation due to residual risk from virus on surfaces in inaccessible
places. However, building materials in older laboratories or stables that have housed infected animals may
not be well‐suited for fumigation. Heat treatment is another way of inactivating viruses. In this study, we have
determined the survival of infectivity in air‐dried virus samples on glass and plastic surfaces incubated at room
temperature or heated to 70 °C for 1, 2, 3, 5 and 7 days. Each of the tested viruses was inactivated to below the
limit of detection after 24 h or 48 h of incubation at 70 °C; in contrast, some of these viruses were still infectious
after 7 days of incubation at room temperature. This study provides important information that can be used in
relation to decontamination of buildings and in risk‐assessments.
© 2021 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction copies of four different structural proteins. Seven different serotypes
Knowledge about virus inactivation is important in respect of seri-
ous animal disease outbreaks, when animal stables need to be disin-
fected, and in relation to decontamination of laboratories. Various
studies have focused on inactivation of such viruses in a liquid matrix
[1–3], but few studies have focused on inactivation of viruses that
have been dried onto surfaces [3,4]. Knowledge about survival of
viruses on surfaces is important in relation to risk assessment of decon-
tamination procedures.

Foot‐and‐mouth disease (FMD) is a contagious infection of cloven‐
hoofed animals including cattle, pigs, sheep and many wildlife animals
[5] that can cause huge economic losses. The disease is caused by FMD
virus (FMDV), an Aphthovirus within the family Picornaviridae. The
virus particles consist of a positive‐sense RNA genome (ca. 8,400
nucleotides) surrounded by a protein shell. This capsid consists of 60
of FMDV exist, namely O, A, C, SAT 1, SAT 2, SAT 3 and Asia‐1. There
is extensive sequence diversity between the capsid coding regions of
the different serotypes [6].

FMD has been eradicated from Europe, whereas it remains endemic
in large areas of Asia and Africa [5]. However, the virus sometimes
causes outbreaks in Europe, such as the 2001 outbreak in the United
Kingdom (UK) that was estimated to cost around £8 billion (ca. 10 bil-
lion United States Dollars (USD)). In 2007, a smaller FMD outbreak
occurred in the UK due to presumed leakage of the virus from the site
of the Institute for Animal Health, currently known as the Pirbright
Institute, into soil, which is then thought to have been transported
away on wheels of vehicles associated with ongoing construction work
[7]. The likelihood of this kind of virus escape is dependent on the sta-
bility of the virus in the environment. In particular, temperature is an
important factor when considering virus stability and its survival [1].
However, other factors such as the nature of its environment (pH,
water content, matrix, etc.) may also play a role.

Swine vesicular disease (SVD) is another viral disease of pigs,
which like FMD, is characterized by vesicles on the hooves and around
the mouth [8]. SVD occurred extensively in Europe from 1966 to the
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HIGHLIGHTS

Scientific question

Foot-and-mouth disease virus (FMDV), Classical swine

fever virus (CSFV), Swine vesicular disease virus (SVDV)

all cause important veterinary diseases. Handling of these

viruses, in particular FMDV and CSFV, is only allowed

within high containment laboratories and stables. Occa-

sionally such facilities need to be decommissioned for

repair or when closing down, which is normally done by

fumigation. However, building materials in older laborato-

ries or stables that have housed infected animals may not

be well-suited for fumigation. Heat treatment may serve as

another way to decommission such facilities.

Evidence before this study

Heat-inactivation of different viruses in different solutions

has been investigated earlier in several studies. However,

knowledge about heat-inactivation of viruses when they

are in an air-dried form has been limited.

New findings

In this study, we have inactivated the virus to below the

limit of detection of the assay. The heated samples were

compared with samples incubated at room temperature

(RT). All of the tested viruses, including multiple FMDV

strains, SVDV and CSFV, having been air-dried onto sur-

faces, were shown to be inactivated after treatment at 70

˚C for 2 days; while most of these viruses survived for more

than 2 days at RT.

Significance of the study

The data obtained from this study clearly demonstrate that

heating is an effective way of inactivating various viruses

that have been air-dried onto either a plastic or a glass sur-

face. Our findings are important in relation to decommis-

sioning of laboratories where virus work has been

carried out or for stables that have housed infected ani-

mals, where the buildings are not well-suited for

fumigation.
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1980s, but more recently has only been sporadically reported, mainly
from Italy and is now eradicated there [9]. SVD virus (SVDV) is an
enterovirus (within the family Picornaviridae) and closely related to
human coxsackie B5 virus [10,11]. This virus is relatively stable but
is inactivated rapidly in pig slurry by heating [2].

Classical swine fever (CSF) is another economically important viral
disease and affects both domestic pigs andwild boar [12]. Europe is nor-
mally free of the disease but serious outbreaks occasionally happen, as
with the outbreak in the Netherlands in 1997/98 that was estimated
to cost 2.3 billion USD [13,14]. CSF virus (CSFV) is contagious resulting
inhighmorbidity and sometimes highmortality; different strains vary in
their virulence [15]. CSFV has, like FMDV and SVDV, a positive sense
RNA genome, but CSFV is a pestivirus, within the family Flaviviridae,
and has a lipid envelope containing the surface proteins (E1, E2 and
Erns) [16]. An earlier study showed that inactivation of CSFV in slurry
occurs more quickly in the liquid phase than in the solid phase, which
were separated by centrifugation of the slurry [17].

This study was conducted in relation to decontaminating the old
veterinary facilities at Lindholm, Denmark, where fumigation was
not an option due to the age of the buildings and the construction
methods and building materials used at that time. The old facilities
included stables that had housed infected animals and laboratories
where virus work had been carried out. For this study, we have ana-
lyzed the stability of four distinct FMDV strains from three different
serotypes, one SVDV strain and one CSFV strain. The specific virus
strains used were chosen as they had been widely used at the facilities
at Lindholm and as they are well characterized. We have aimed at
achieving complete inactivation of heat‐treated virus so that the
results can be used in relation to the development of decontamination
procedures and in risk assessments.
2. Methods

2.1. Virus propagation

Four widely used FMDV strains from three different serotypes,
namely FMDV A10 Holland (originally isolated during an outbreak
in the Netherlands in 1942), FMDV A Iraq (originally isolated in Iraq
in 1964), FMDV Asia‐1 Shamir (isolated in Israel in 1989) and FMDV
O1 Lausanne (isolated in Switzerland in 1965), were propagated in
baby hamster kidney (BHK) cells in Eagle’s minimum essential med-
ium (EMEM) containing 5% fetal bovine serum (FBS). The SVDV
3/99 strain (isolated in Italy in 1999) (EU151460.1) was propagated
in Instituto Biologico‐Rim Suino‐2 (IB‐RS‐2) cells in EMEM containing
5% FBS. Following infection, the cells were incubated overnight at 37 °
C in an atmosphere with 5% CO2. Full cytopathic effect (CPE) was
apparent at 1 day post‐infection (dpi) and the cells and medium were
frozen. The thawed virus harvests were clarified by centrifugation at
10,000 × g for 10 min at 4 °C and the supernatants were aliquoted
into tubes to limit subsequent freeze–thaw cycles. The CSFV
Alfort/187 strain was propagated in Porcine Kidney‐15 (PK15) cells
in EMEM containing 5% FBS. The cells were incubated for 3 days at
37 °C in 5% CO2 (as described by [18]) and virus was harvested as
described above.

2.2. Preparation of controls and virus samples

To verify that the heating of the dried EMEM on plastic and glass
did not affect the cells, 50 µl aliquots of EMEM (without virus) were
spotted onto plastic and glass and left to dry for 1 h in a running bio-
safety cabinet (BSC). The samples were incubated at 70 °C for 7 days,
and the visible spot was resuspended in EMEM and added to the cell
lines used for the initial propagation of the virus. The cells were
observed for the following 3 days.

To prepare the virus samples, 50 μl aliquots of each of the viruses
were added onto either plastic in one well of a NuncTM 6‐well plate
(n = 6) or onto a glass microscope slide (n = 6) (both from Thermo
Fisher Scientific, Roskilde, Denmark), and spread as a thin film. In
both cases, the samples were left to dry in a running BSC for 1 h. After
this time, the samples of each virus, which was still visible after the
drying process, were resuspended in 500 μl EMEM and the level of
virus infectivity was determined by virus titration (see below). Dried
samples on plastic and glass were incubated in parallel at room tem-
perature (RT) (ca. 22 °C) and 70 °C, and one of each sample type
was resuspended in EMEM and titrated as described below after 1,
2, 3, 5 and 7 days to determine residual infectivity (see the section
below).

2.3. Virus titration

The resuspended samples were all titrated to determine the level of
virus infectivity (as TCID50/ml). All the FMDV strains were assayed on
BHK cells (200,000 cells/ml in EMEM with 5% FBS). SVDV was
assayed on IB‐RS‐2 cells (150,000 cells/ml in EMEM with 5% FBS).
CSFV was assayed on PK15 cells (150,000 cells/ml in EMEM with
2.5% FBS). Briefly, resuspended virus samples were 10‐fold diluted
in EMEM from 10‐1 to 10‐8 and 50 µl of each dilution added to each
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of 5 wells in a NuncTM 96‐well‐microtiter plate. Each plate included
negative control wells with 50 μl of EMEM. Cells in suspension
(100 μl) were added to each well and incubated at 37 °C in 5% CO2

for 3 days. The FMDV‐ and SVDV‐containing plates were read by direct
inspection for CPE on each of the 3 days after infection, and virus titers
were calculated as TCID50/ml according to [19]. The plates containing
the CSFV samples were fixed and stained for the presence of intracel-
lular virus proteins after 3 days of incubation (see the next section).

2.4. Fixation and immunoperoxidase staining of CSFV-infected cells

The CSFV‐infected cells were fixed and detected using in‐house
biotinylated swine anti‐CSFV/BVDV (bovine viral diarrhea virus)
antisera followed by avidin‐HRP conjugate (Thermo Fisher Scientific,
Roskilde, Denmark), as described previously [18]. The plates were
inspected in a microscope and titers calculated as described for FMDV
and SVDV.

2.5. Calculation of the detection limits for the virus titration

When 50 µl of a 1:10 dilution of a resuspended virus sample is
added to each of five wells, the lowest detectable virus titer (lowest
detection limit) is 100.7 TCID50/50 µl, which is equivalent to 102

TCID50/ml. If there is no detectable virus growth in any of these five
wells, the result is ≤100.5 TCID50/50 µl or ≤101.8 TCID50/ml.
3. Results

3.1. Control studies

Before starting the virus inactivation assay, aliquots of EMEM (with
no virus) were dried onto glass and plastic surfaces to test if toxic
chemicals from glass or plastic were released into the medium due
to the heating. This could result in cytotoxicity, which in turn could
be mistaken for virus infection. The heated samples were resuspended
in EMEM and applied to BHK cells, IB‐RS‐2 cells, and PK15 cells (the
host cells used for the different viruses tested here). The application
of the heating process to EMEM did not produce any observable effects
on the various cell types (data not shown).

3.2. Inactivation of FMDV by heat

Four different strains of FMDV (from 3 serotypes) were air‐dried
onto plastic and glass for 1 h and then incubated, in parallel, at 70 °
C and at RT for 1 to 7 days. Table 1 provides an overview of the tested
virus strains. In the FMDV study, it was observed that there was a
shared “one‐off” reduction of virus titer at Day 2, which was probably
due to biological variation between batches of the BHK cells.
Table 1
An overview of the inactivation of the various viruses at room temperature (RT) and
survival.

Virus strain Surface Day 1 Day 2

RT 70 °C RT 70

FMDV A10 Holland Glass + + + –

Plastic + + + –

FMDV A Iraq Glass + + + –

Plastic + + + –

FMDV Asia-1 Shamir Glass + – – –

Plastic + – + –

FMDV O1 Lausanne Glass + + – –

Plastic + + – –

SVDV 3/99 Glass + – + –

Plastic + – + –

CSFV Alfort/187 Glass + – + –

Plastic + – + –
3.2.1. FMDV serotype A

Both the FMDV A10 Holland and FMDV A Iraq sample lost 0.5–2 lg
in titer after 1 day at RT compared to the 1 h air‐dried sample (Fig. 1A,
1B, 1C and 1D), while the heat‐treated virus samples had lost around
2–3 lg in titer at Day 1. During the following seven 7 days at RT, the
FMDV A10 Holland lost ca. 4 lg in titer, but infectivity could still be
detected, albeit close to the detection limit, after 7 days on glass.
The FMDV A Iraq sample on both glass and plastic and the FMDV
A10 Holland sample on plastic contained no detectable infectious virus
after this time. In contrast, it was not possible to detect virus infectivity
from either the heat‐treated plastic or glass slides after 2 days at 70 °C.

3.2.2. FMDV serotype Asia-1

After 1 day at RT, the FMDV Asia‐1 Shamir sample had lost 1–2 lg
in titer. In contrast, it was not possible to detect any virus infectivity in
the heat‐treated samples, even at Day 1 (Fig. 1E and 1F). At RT, all
titers on and after Day 2 were very close to the limit of detection, thus
the lack of detectable virus on glass after 2 days at RT is not considered
different from the titers registered in the other samples from Day 2 and
3. The virus could not be detected in any of the samples on Day 5 and 7
following incubation on either glass or plastic.

3.2.3. FMDV serotype O

The FMDV O1 Lausanne was more rapidly inactivated than the
other FMDV strains tested and lost around 3–4 lg in titer after incuba-
tion for 1 day on both glass and plastic and at both RT and 70 °C. After
2 days, this virus could no longer be detected following incubation at
either RT or 70 °C (Fig. 1G and 1H).

3.3. Inactivation of SVDV by heat

The SVDV 3/99 strain lost around 2–2.5 lg in titer after 1 day at RT.
No infectious virus could be detected in any of the heat‐treated SVDV
3/99 samples on Day 1, 2, 3, 5 and 7. However, this virus only lost
around 1–2 lg in titer from Day 1 to Day 7 at RT (Fig. 2A). On plastic,
the samples kept at RT had slightly lower titers than the samples on
glass from Day 2 and it should be noted that we could not detect virus
incubated on the plastic at Day 5 while the titer was just above the
limit of detection on Day 7.

3.4. Inactivation of CSFV by heat

The CSFV Alfort/187 strain lost around 1.5 and 3 lg in titer after
1 day at RT on glass and plastic, respectively, and an additional ca.
2 lg from Day 1 to 7, but could still be detected on Day 7. In compar-
ison, the heat‐treated virus could neither be detected on glass nor on
plastic on any day (Fig. 2C and 2D).
70 °C on either glass or plastic. (+) indicates virus growth, (-) indicates no virus

Day 3 Day 5 Day 7

°C RT 70 °C RT 70 °C RT 70 °C

+ – + – + –

+ – + – – –

+ – – – – –

+ – – – – –

+ – – – – –

+ – – – – –

– – – – – –

– – – – – –

+ – + – + –

+ – – – + –

+ – + – + –

+ – + – + –



Fig. 1. Inactivation of different FMDV strains by heat. Aliquots of the different FMDV stocks were air-dried in the biosafety cabinet (BSC) for 1 h on either glass
(left panels) or plastic (right panels) (Day 0). The dried virus samples were incubated for 1, 2, 3, 5 or 7 days at either RT (blue line) or 70 °C (red line). Virus strains
assayed were: (A) FMDV A10 Holland on glass, (B) FMDV A10 Holland on plastic, (C) FMDV A Iraq on glass, (D) FMDV A Iraq on plastic, (E) FMDV Asia-1 Shamir
on glass, (F) FMDV Asia-1 Shamir on plastic, (G) FMDV O1 Lausanne on glass and (H) FMDV O1 Lausanne on plastic. If no virus was detected in any of the five
wells, the titer is ≤ 101.8 TCID50/ml, which is indicated by the dotted line.
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3.5. Calculation of timeframe for 1 lg reduction in virus titer

The virus titers, measured before and after incubation at RT or 70 °
C, were lg transformed and plotted against each of the corresponding
days (data not shown). Linear regression was used to fit a trendline
and to derive the equation that fitted the data, (data not shown).
The equations were used to calculate an estimate for the time required
to obtain a 1 lg reduction in titer for each of the viruses at the different
temperatures, see Table 2.

4. Discussion

In countries free from FMD, SVD and CSF, handling of these exotic
animal viruses, and in particular FMDV and CSFV, is only permitted



Fig. 2. Inactivation of SVDV and CSFV by heat. Aliquots of the SVDV 3/99 stock and the CSFV Alfort/187 stock were air-dried in the BSC for 1 h on either glass
(left panel) or plastic (right panel) (Day 0). The virus samples were incubated for 1, 2, 3, 5 and 7 days at either RT (blue line) or 70 °C (red line). Viruses assayed
were: (A) SVDV 3/99 on glass, (B) SVDV 3/99 on plastic, (C) CSFV Alfort/187 on glass and (D) CSFV Alfort/187 on plastic. If no virus was detected in any of the
five wells, the titer is ≤ 101.8 TCID50/ml, which is indicated by the dotted line.

Table 2
The time required to obtain a 1 lg reduction in titer for each of the viruses.

Virus strain Temperature Time for 1 lg reduction
(h)

Glass Plastic

FMDV A10 Holland RT 46 32
70 °C 9 9

FMDV A Iraq RT 20 21
70 °C 9 9

FMDV Asia-1 Shamir RT 21 20
70 °C < 4 < 4

FMDV O1 Lausanne RT 9 9
70 °C 9 9

SVDV 3/99 RT 64 42
70 °C < 4 < 4

CSFV Alfort/187 RT 38 32
70 °C < 3 < 3

The virus titers were lg transformed and plotted for each of the corresponding
days (data not shown). Linear regression was used to fit a trendline and to
calculate an equation, which was used to calculate an estimate for the time
required to obtain a 1 lg reduction in titer for each of the viruses. Some of the
viruses were inactivated to below the detection limit at Day 1 and therefore
only yielded two data points; due to that we can only state that the 1 lg
reduction time is less than the given time (<x h).
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within high containment laboratories. Previously, materials leaving
high containment areas were decontaminated using high temperatures
(more than 100 °C); however, some materials/instruments, which
could not withstand these temperatures, were treated using dry heat
at 50 °C for 2 days [3]. The development of this method was based
on heat inactivation experiments of FMDV in solution. However,
Dekker [3] pointed out that the proteins in virus‐containing air‐dried
droplets would be concentrated and may protect the virus from inacti-
vation. Indeed, it was shown earlier that FMDV was less efficiently
inactivated by high temperatures when it was in a solution of milk
[20], most likely due to protection by milk proteins [3]. Furthermore,
fat also seems to protect FMDV from inactivation since higher temper-
atures and longer treatment periods are required for inactivation of
FMDV in cream compared to whole milk [21]. Moreover, plasma has
been shown to have a protective effect on various viruses that had
been air‐dried (in a solution of plasma) and then treated with different
chemical disinfection reagents [22].

Viruses need to be relatively stable under different environmental
conditions to allow their spread from one infected animal to a new
host. However, they also need to be sufficiently unstable to allow dis-
assembly and release of the genome upon entry into cells to initiate
infection. During FMDV infection, animals can shed large amounts of
virus into the environment, particularly in saliva and in aerosols from
respiration. This happens even before clinical signs are apparent [23].
The spread of virus from one farm to another can occur by multiple
routes, for example through contamination of people, vehicles, equip-
ment, clothing or boots [24]. Thus, the survival of FMDV on various
surfaces is of great importance in relation to its spread. Moreover,
the survival of the virus under different conditions is also important
in relation to decontamination of stables that have housed FMDV‐
infected animals and for the decommissioning of laboratories where
work with infectious virus has been carried out. Recently constructed
high‐containment facilities should be designed to be suitable for fumi-
gation, which is an effective way of inactivating the viruses. However,
in older facilities, design and materials may not allow use of this
method, and thus alternative methods, e.g. heating, could be consid-
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ered to ensure virus inactivation. For this procedure, it is important to
know the temperature and the duration of heating required for achiev-
ing complete inactivation of the virus. In this study, we have investi-
gated the inactivation of viruses dried out on either glass or plastic.
All of the tested viruses had dropped to below the detection limit when
incubated at 70 °C for 2 days. However, interestingly, some of the
viruses were relatively stable in these types of preparations at RT,
and both CSFV Alfort/187 and SVDV 3/99 could be detected after
7 days at RT. In contrast, of the four FMDV strains tested, only the
FMDV A10 Holland remained infectious after 7 days at RT and only
on glass, (time for 1 lg reduction was 48 h, see Table 2). The FMDV
Asia‐1 Shamir incubated at RT at glass for 2 days could not be
detected, whereas this virus was just above the limit of detection at
Day 3 (the calculated time for a 1 lg reduction in titre was 21 h at
RT, see Table 2). Clearly, physical differences exist between these dis-
tinct RNA viruses, and thus they have different abilities to survive
under different environmental conditions. A previous study investi-
gated the heat inactivation of four different FMDV strains, namely
A10 Holland, O 1BFS, C1 Detmold and Asia‐1 SAU 32/92 [3]. Each
of these strains were readily inactivated when kept in suspension
and heated; in contrast, when the same FMDV strains had been dried
on coverslips (glass), they were much more resistant to heat treatment
and there was significant variation in the survival of the different
FMDV strains under these conditions [3]. Dekker applied various tem-
peratures for different time periods (80 °C for 1 h, 50 °C for 3 days and
37 °C for 15 days) for the air‐dried virus samples. The study showed
that FMDV A10 Holland, in particular, was remarkably stable and only
lost around 1 lg in titer under the given circumstances compared to the
air‐dried sample titrated immediately after air‐drying.

In the current study, we have aimed at inactivating the virus to
below the limit of detection of the assay. The effectiveness of the heat-
ing was compared with incubation at RT. The latter was included to
reflect conditions in stables or laboratories where virus was present
but nothing (neither cleaning nor disinfection) was done to achieve
decontamination. All of the tested viruses (multiple FMDV strains,
SVDV and CSFV) on surfaces, were inactivated after treatment at
70 °C for 2 days; while most of these viruses survived for more than
2 days at RT. This appears consistent with an earlier study showing
that complete loss of the FMDV O1BFS 1860 strain infectivity in slurry
at 20 °C took more than 9 days whereas all infectivity was lost within
1 h at 55 °C [1]. CSFV infectivity also declined when incubated in pig
slurry at 20 °C, and nearly all infectivity was lost within 6 days, and
was undetectable after 15 days [1]. CSFV infectivity declined more
slowly when incubated in EMEM at 20 °C; however, it was unde-
tectable after 28 days.

The results presented here clearly show that heating to 70 °C accel-
erated virus inactivation. Interestingly, serotype A FMDV strains (both
FMDV A Iraq and FMDV A10 Holland) were rather stable, as infectious
virus could still be detected after 1 day of incubation at 70 °C and after
3 days at RT on both glass and plastic. The O1 Lausanne FMDV also
remained infectious after incubation at 70 °C for 1 day on both glass
and plastic but, surprisingly, this virus was only found to be infectious
after 1 day at RT. This suggests that this particular virus strain might
have been affected by other factors.

The FMDV Asia‐1 Shamir strain was completely inactivated after
incubation at 70 °C for 1 day. In comparison, the infectious virus could
still be detected after Day 3 when incubated at RT. Furthermore, the 1
lg reduction time was more than 5 times shorter at 70 °C compared to
RT (Table 2). The survival of multiple FMDV strains, as described here,
for at least 1 day after treatment at 70 °C indicates that FMDV is less
affected by heating when it has been dried on a surface and is surpris-
ingly tolerant to this treatment.

In summary, the FMDV results indicate marked differences in the
stability of different FMDV strains and show that the FMDV A10 Hol-
land strain is remarkably stable at RT when in air‐dried form and could
survive for at least a week on glass. The A Iraq and Asia‐1 Shamir
strains also survived for at least 3 days at RT while the O1 Lausanne
strain was inactivated within 2 days. None of these FMDV strains could
be detected after 2‐days treatment at 70 °C.

The heat treatment at 70 °C completely inactivated SVDV after just
1 day on both glass and plastic surfaces. However, this virus was very
stable at RT. A 1 lg reduction in titer was obtained within<4 h when
the viruses were incubated at 70 °C (Table 2). In contrast, when the
viruses were incubated at RT on glass and plastic, the 1 lg reduction
times were 64 h and 42 h respectively; indicating that inactivation is
more than 10 times faster at 70 °C compared to RT. SVDV could still
be detected after 7 days at RT on both glass and plastic. However,
on plastic after 7 days at RT the virus was only just above the limit
of detection, and it could not be detected at Day 5, likely due to bio-
logical variation. An earlier study showed a high degree of stability
for this virus in both EMEM and pig slurry when incubated at either
4 °C or 22 °C (similar to RT) for 24 h [2], indicating that this virus
is relatively stable at these temperatures in different matrices. How-
ever, at either 50 °C or 60 °C no infectious virus could be detected
in pig slurry after only 1 h of incubation. The inactivation of SVDV
in EMEM at 50 °C was a bit slower, and some virus could still be
detected after 2 h; however, after 4 h there was no detectable virus
left. After incubation at 60 °C in EMEM for 1 h no SVDV could be
detected [2]. The results presented here and those from [2] indicate
that SVDV is inactivated relatively quickly when heated, even in differ-
ent matrices.

CSFV was, like SVDV, very stable at RT when it had been dried
out. This matches well with an earlier study that showed that CSFV
retained its infectivity after 7 days dried out on a brick or on
chopped hay [4]. CSFV was rapidly inactivated when dried on
either glass or plastic and incubated at 70 °C and could not be
detected after 1 day of incubation. We observed a 1 lg reduction
in titer within 3 h when the virus were incubated at 70 °C. In con-
trast, when the virus were incubated at RT on glass and plastic the
1 lg reduction time was 38 h and 32 h respectively; indicating that
the inactivation is more than 10 times faster at 70 °C compared to
RT. Furthermore, CSFV is rapidly inactivated by heat in pig slurry
and in EMEM; it has been shown that all virus infectivity was lost
in these media within 5 and 60 min, respectively, when incubated
at 55 °C [1]. The stability of this enveloped virus was rather similar
to that observed for SVDV with marked survival at RT but rapid
inactivation at 70 °C. The enterovirus, SVDV, is relatively stable
over a wide pH range (3–10) [25], whereas the aphthovirus, FMDV,
is rapidly inactivated by pH slightly below neutral, due to disassem-
bly of the capsid [26]. Several of the FMDV strains were remarkably
stable at 70 °C, and could still be detected after 24 h. The SVDV
strain tested could not be detected after 24 h incubation at 70 °C,
but was surprisingly stable at RT.

An earlier study compared the survival of five different viruses, air‐
dried from either EMEM (5%–10% serum) or plasma (90% serum) on
stainless steel and incubated for 28 days at RT [22]. The study
included three enveloped viruses, namely human immunodeficiency
virus (HIV), bovine viral diarrhoea virus (BVDV) and pseudorabies
virus (PRV) and two non‐enveloped viruses namely canine parvovirus
(CPV) and hepatitis A virus (HAV). Interestingly, the CPV was remark-
ably stable and only lost around 0.5–1 lg in titer when it was air‐dried
from either EMEM or plasma and incubated at RT for 28 days. Air‐
dried HAV could also be detected after 28 days of incubation at RT,
however this non‐enveloped virus lost around 3.5 and 5 lg in titer
when air‐dried from either EMEM or plasma respectively and incu-
bated at RT for 28 days. None of the enveloped viruses (HIV, PRV or
BVDV) could be detected after 28 days when air‐dried from either
EMEM or plasma, but all of them could be detected after 7 days from
both matrices [22]. Furthermore, the porcine parvovirus has also pro-
ven to be remarkably stable when incubated at 20 °C in either pig
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slurry or EMEM (in solution) where it retained infectivity after
40 weeks [1].

The presented results in this study were obtained using virus har-
vests containing 5% FBS. As mentioned above for FMDV, proteins
and fat protect viruses against inactivation [3,20,21]. This study was
conducted as an initial study for decontaminating some old facilities
in Denmark where virus work had been carried out. It was conducted
within a tight timeframe and thus we had to set some limitations in
regard to surfaces, sample matrices and replicate testing. However,
in future, protective effects of proteins, fat and other organic materials
in relation to virus inactivation by heating to 70 °C should be explored.
Furthermore, heat inactivation of air‐dried viruses on other surfaces,
such as metal, paper, bricks and cotton would also be of great interest
to explore. However, this study clearly indicates that the heating of air‐
dried viruses is an effective way of inactivating various viruses. This
knowledge is very beneficial in the field both for decontaminating lab-
oratories and also for stables following an outbreak of disease caused
by one of these viruses.

5. Conclusions

The results presented here demonstrate that dried cell culture har-
vests of all of the tested viruses can be inactivated by heat treatment at
70 °C for 1–2 days. Thus, heating can function as an effective way of
inactivating viruses and has potential for decontamination of stables
following an outbreak or of laboratories where virus work has been
performed. Furthermore, heating can be applied where cleaning with
chemical disinfection reagents is not possible due to lack of access.

Moreover, incubation at RT gives an idea of how stable the differ-
ent viruses are in dried form in the environment when nothing is done
to decontaminate an area. CSFV, SVDV and FMDV A10 Holland were
all particularly stable at RT with only a small drop in titer being
observed between Day 1 and Day 7. This clearly indicates the impor-
tance of effective decontamination measures to remove residual virus
infectivity.
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