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Abstract: This study was based on similar physicochemical characteristics of pseudorabies virus (PRV)
and African swine fever virus (ASFV). A cellular model for evaluation of disinfectants was established
with PRV as an alternative marker strain. In the present study, we evaluated the disinfection
performance of commonly used commercialized disinfectants on PRV to provide a reference for the
selection of good ASFV disinfectants. In addition, the disinfection (anti-virus) performances for four
disinfectants were investigated based on the minimum effective concentration, onset time, action time,
and operating temperature. Our results demonstrated that glutaraldehyde decamethylammonium
bromide solution, peracetic acid solution, sodium dichloroisocyanurate, and povidone-iodine solution
effectively inactivated PRV at concentrations 0.1, 0.5, 0.5, and 2.5 g/L on different time points 30,
5, 10, and 10 min, respectively. Specifically, peracetic acid exhibits optimized overall performance.
Glutaraldehyde decamethylammonium bromide is cost effective but requires a long action time and
the disinfectant activity is severely affected by low temperatures. Furthermore, povidone-iodine
rapidly inactivates the virus and is not affected by environmental temperature, but its application
is limited by a poor dilution ratio such as for local disinfection of the skin. This study provides a
reference for the selection of disinfectants for ASFV.

Keywords: evaluation model for disinfectant; inactivation performance; infection control; African
swine fever virus (ASFV); pseudorabies virus (PRV)

1. Introduction

African swine fever (ASF) is an acute, severe, and highly contagious hemorrhagic
viral disease with high morbidity and mortality caused by the African swine fever virus
(ASFV) [1]. It has a short onset time causing up to 100% mortality in acute infections [2,3].
ASF mainly existed in Africa and was rarely introduced to other continents until 2007, when
it was reported in Georgia [2]. Later, it rapidly spread across the Caucasus and into the
Russian Federation and reached the European Union (EU) in 2014 [4]. In August 2018, ASF
appeared in Northeast China and then spread rapidly across all provinces and municipali-
ties, causing huge economic losses to the pig industry [5–7]. In China, small-scale pig farms
with weak biosecurity systems account for a large proportion, which may be one reason for
the rapid spread of ASF in China [8]. Hence, ASF can be regarded as a catastrophic swine
disease threatening animal health, the economy, and social life [2]. However, so far, there
are no commercialized, safe, and effective drugs or vaccines against ASF [9,10]. Currently,
the core part of ASF prevention and control in China is focused on the biosafety prevention
and control system. Specifically, appropriate disinfectants are selected to inactivate the
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virus and block transmission during the breeding, transportation, slaughtering, process-
ing, inspection, and quarantine processes. Accordingly, identifying sensitive, safe, and
efficient disinfectants against ASFV with suitable environmental conditions, exposure time,
and temperature range is greatly needed [11]. As already proven, ASFV is very resistant
to a wide variety of conditions and is one of the most complex swine viruses known to
date. It is resistant to a broad range of pH (3.9–11.5) but can be quickly inactivated by
high temperature (70 min at 56 ◦C or 20 min at 60 ◦C) and disinfectants, such as sodium
hydroxide, hypochlorite, phenol, and iodine compounds [10]. Due to its infectivity, lack of
vaccinations, and responsibility for serious economic and production losses, the disease is
listed as notifiable by the World Organization for Animal Health (WOAH). Screening for
sensitive, safe, and efficient disinfectants against ASFV has become an urgent demand in
the pig industry.

ASFV is a member of the family Asfarviridae and the genus Asfivirus. It is a large,
enveloped DNA virus. Its virions have a specific icosahedral structure of a protein capsid,
which surrounds an internal membrane and a nucleoprotein core. It shows high similarity
to other enveloped viruses in terms of particle size, genome size, and physicochemical
properties [12–14]. The World Organization for Animal Health (WOAH) advice is based
on the disinfection study results of other enveloped viruses and indicates that ASFV
disinfectants must be chosen based on adequate outcomes [15–17]. Control measures
nowadays include culling infected pigs and maintaining high biosecurity standards, which
rely primarily on disinfection. The fundamental and most important aspect of biosecurity is
disinfection and the proper use of disinfectants [18,19]. Inactivating pathogenic bacteria on
objects or surfaces is one of the most effective techniques to prevent the spread of infectious
diseases. The ideal disinfectant has the following qualities: quick action, durability, non-
toxicity, and minimum environmental contamination risk [20]. Therefore, it is logistically
more difficult to undertake such research when rapid dissemination of information is
required. To avoid, respond to, and recover from infectious disease outbreaks, it is essential
to disinfect surfaces contaminated with dangerous microorganisms.

In this context, the availability of data regarding the virucidal activity of chemical
compounds against ASFV provides useful information to properly plan decontamina-
tion procedures aimed at preventing the introduction of ASFV and limiting its secondary
spread [21]. The ideal disinfectant should have the advantages of fast and high efficiency,
low toxicity, broad antimicrobial spectrum, and stable nature [22]. In this study, four
commonly used disinfectants (glutaraldehyde decamethylammonium bromide, povidone-
iodine solution, peracetic acid solution, and sodium dichloroisocyanurate) were selected
based on different disinfection mechanisms. The “Technical Specifications for Disinfection”
guidelines were followed to study the inactivation of PRV and the performances of the four
disinfectants were evaluated. This study provides a reference for the selection of appropri-
ate disinfectants in large-scale pig farms and the development of an ASF prevention and
control disinfection system.

2. Materials and Methods
2.1. Cells and Viruses

The fluorescent-tag virus rPRV-ZJ was constructed and stored by our laboratory at
the Zhejiang Academy of Agricultural Sciences (ZAAS) [23]. BHK-21 cells were stored in
our laboratory, and were maintained in Dulbecco’s minimum essential medium (DMEM)
(Corning Inc., Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Corn-
ing Inc.). The cultures were grown at 37 ◦C, in a humidified atmosphere of air containing
5% CO2.
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2.2. Reagents
2.2.1. Selection of Disinfectants

Four disinfectants, including commercially available quaternary ammonium salts,
iodine preparations, chloride preparations, and peroxides, were selected in this study. All
products were approved by the authority and did not expire during the study.

Glutaraldehyde decamethylammonium bromide solution (5 g of glutaraldehyde + 5 g
of methyl ammonium per 100 mL, approval no. 230036245): the recommended dilutions
were 1:2000–1:4000, 1:500–1:1000, and 1:1500–1:3000 for conventional environmental spray-
ing disinfection, environmental spraying disinfection during the epidemic, and immersion
disinfection of instruments and equipment, respectively.

Povidone-iodine solution (5% of iodine, g/mL, approval no. (2016) 240041575): the
recommended concentrations were 5, 0.5–1.0, and 0.1% for skin disinfection and treatment
of skin diseases, immersion disinfection of cow teats, and flushing of mucosa and wound,
respectively.

Peracetic acid solution (20%, g/mL, approval no. 180206432: the recommended
dilutions were 1:200–1:400 and 1:500 for spray disinfection of animal houses and immersion
disinfection of food utensils of livestock and staff clothes, respectively; the recommended
volume for spray disinfection of animal houses was 5~15 mL/m2.

Sodium dichloroisocyanurate powder (effective chloride = 20.0%, approval no. 180086051):
the recommended concentrations were 2.0, 0.5, and 1.0 g/L for spray disinfection of animal
houses and instrument, immersion disinfection of food utensils of livestock and staff clothes,
and disinfection of epidemic focus, respectively.

2.2.2. Neutralizers Corresponding to Different Disinfectants

The neutralizers corresponding to glutaraldehyde decamethylammonium bromide
solution, povidone-iodine solution, peracetic acid solution and sodium dichloroisocya-
nurate were 0.1% Tween 80 + 0.3% glycine (in PBS), 0.1 mol/L sodium thiosulfate (in
PBS), 0.1 mol/L sodium thiosulfate (in PBS) and 0.2 mol/L sodium thiosulfate (in PBS),
respectively [20,24,25].

2.2.3. Preparation of Standard Hard Water

All disinfectants and neutralizers used in this study were prepared using standard
hard water following the Technical Specifications for Disinfection. Specifically, the standard
hard water was prepared by adding 0.034 g of CaCl2 and 0.139 g of MgCl2•6H2O into
1000 mL of distilled water.

2.3. Proliferation and Measurement Titer of rPRV-ZJ on BHK-21 Cells

The rPRV-ZJ strain was cultured on BHK-21 cells for proliferation. After three freeze-
thaw cycles, sample was centrifuged at 8000× g for 10 min at 4 ◦C and the virus supernatant
was collected. The virus suspension was aliquoted and stored at −80 ◦C. The virus sus-
pension samples were diluted 10 times (gradient dilution) using serum-free DMEM cell
culture solution and inoculated on a 96-well culture plate covered by a single layer of
BHK-21 cells. Each gradient had eight replicates containing 100 µL sample suspension.
For negative control, samples were diluted with DMEM cell culture solution containing
2% FBS and cultured at 37 ◦C and 5% CO2 for 96 h consecutively; cytopathic effect (CPE)
changes (if any) of cells were recorded. Additionally, TCID50/100 µL titration of the virus
was calculated using the Reed–Muench method.

2.4. Effects of Neutralizer, Disinfectant, and Neutralized Products on the Growth of BHK-21 Cells

According to the Technical Specifications for Disinfection by the Ministry of Health, the
People’s Republic of China, the effects of neutralizer, disinfectant, and neutralized products
on the growth of BHK-21 cells were evaluated. Herein, four groups were established,
including the disinfectant group (Group A), the neutralizer group (Group B), the neutralized
products group (Group C), and the negative control group (Group D). All reagents were
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inoculated on BHK-21 cells, mixed, and then cultured for 3–4 h. Cell growth was observed
under a microscope [26].

2.5. Establishment of Evaluation Model for Cell Disinfection
2.5.1. Virus Disinfection

According to Technical Specifications for Disinfection 2002, a disinfectant solution was
prepared of doubled concentration (2X), and then virus suspension of equal volume was
added with mixing. Next, after the designated period of virus inactivation, a neutralizer
solution of equal volume was added. After 10 min, the virus titer was measured to
determine TCID50/100 µL. Herein, TCID50/100 µL of the original virus suspension and
the sample solution is denoted by N0 and Nx, respectively.

Virus inactivation rate = (log N0 − log Nx)/log N0 × 100%

2.5.2. Measurements of Minimum Effective Content of Disinfectant

The disinfectant solution was mixed with the original virus suspension in equal
volumes and kept at room temperature for 30 min. Then, a neutralizer solution of equal
volume was added with mixing. After 10 min, TCID50 of the sample solution was measured
and compared with that of the original virus suspension. The virus inactivation rate was
calculated. Additionally, the disinfectant solution was diluted into the solutions of gradient
concentrations and subjected to measurements as described above. The minimum effective
concentration of the disinfectant is defined as the minimum disinfectant concentration
corresponding to a 100% virus inactivation rate.

2.5.3. Disinfection Performances Based on Onset and Action Time

We used the minimum effective concentration as the working concentration. Diluted
disinfectant solutions were mixed with the original virus suspension in equal volumes
and the mixtures were allowed to stand for 1, 5, 10, and 30 min, respectively. Next, an
equal volume of neutralizer solution was added. After 10 min, the virus inactivation rates
were measured.

2.5.4. Effects of Temperature on Disinfection Performances

The measured minimum effective concentrations were used as working concentrations.
The sample solutions were kept untouched at 4 and 37 ◦C for 30, 60, and 180 min, respec-
tively. Next, an equal volume of neutralizer solution was added and the virus inactivation
rates in BHK-21 cells were measured after 10 min.

3. Results
3.1. Proliferation of rPRV-ZJ in BHK-21 Cells and Measurement of TCID50

The frozen rPRV-ZJ strain was sub-cultured in BHK-21 cells resulting in severe cy-
topathy (larger, round, and vacuolar cells) after 24 h (Figure 1A,B). The virus titer was
calculated using the Reed–Muench method [27]. TCID50 of rPRV-ZJ was 107.25/100 µL.

Figure 1. The proliferation of PRV in BHK-21 cells. (A) PRV-infected BHK-21 cells. (B) Normal
BHK-21 cells.
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3.2. Effects of Neutralizers, Disinfectants, and Neutralized Products on the Growth of
BHK-21 Cells

BHK-21 cells inoculated with different disinfectants, neutralizers, and neutralized
products were characterized by an inverted microscope. Compared with the negative
control group, inoculated BHK-21 cells exhibited regular morphology and good growth.
This demonstrated that disinfectants, neutralizers, and neutralized products have negligible
effects on cell growth suggesting no cellular toxicity.

3.3. Effects of Disinfectant on Virus Proliferation

Following 24 h after virus inoculations, over 90% of the BHK-21 cells exhibited green
fluorescence. However, the BHK-21 cells inoculated with both PRV and disinfectants
showed significantly lower or negligible green fluorescence, indicating complete inac-
tivation of the virus (Figure 2). The results demonstrate that disinfectants inactivated
the virus.

Figure 2. Effects of disinfectants on virus proliferation. (A) Fluorescence of BHK-21 cells inoculated
with PRV. (B) PRV and disinfectant after 24 h. (C) Fluorescence of BHK-21 cells after complete
virus inactivation.

3.4. Minimum Effective Content of Four Disinfectants

Next, virus inactivation rates for the four disinfectants at different dilutions and
their respective active components were investigated for 100% virus inactivation rate at
room temperature for 30 min. The best dilution and effective content of glutaraldehyde
decamethylammonium bromide solution were 1:1000 dilution and 0.1 g/L; the best dilution
and effective contents of peracetic acid solution and sodium dichloroisocyanurate were
1:400 dilutions and 0.5 g/L, and the best dilution and effective content of the povidone-
iodine solution was 1:20 dilution and 2.5 g/L, respectively. Figure 3 illustrates the virus
inactivation rates for the four disinfectants at different dilution rates.

Figure 3. Virus inactivation rate for four disinfectants at different dilutions and determination of the
minimum effective content. Data were presented as mean ± SD.
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3.5. Disinfection Performances Based on Onset and Action Time

The peracetic acid solution with an effective content of 0.5 g/L had a virus inactivation
rate of 66 and 100% at room temperature treatment for 1 and 5 min, respectively. Likewise,
sodium dichloroisocyanurate (0.5 g/L) and povidone-iodine solution (2.5 g/L) had a virus
inactivation rate of 100% at room temperature treatment for 10 min. The glutaraldehyde
decamethylammonium bromide solution (0.1 g/L) with 1000 times dilution had PRV
inactivation rates of 34, 77, and 100% after 5, 10, and 30 min treatments at room temperature,
respectively (Figure 4).

Figure 4. The shortest onset time of four disinfectants and the influence of different action times on
the disinfection effect at room temperature.

3.6. Effects of Temperature on Disinfection Performances of Disinfectants

The results indicated that the disinfection performance of glutaraldehyde decamethy-
lammonium bromide solution degraded drastically at low temperatures (Table 1). After 30
and 60 min of treatments, the PRV inactivation rates were 27% at 4 ◦C; after 180 min, the
virus inactivation rate was only 70%. The disinfection performance of the peracetic acid,
sodium dichloroisocyanurate, and povidone-iodine was independent of temperature and
the virus inactivation rate reached 100% after 30 min of treatment.

Table 1. The effect of temperature on disinfection performances of the disinfectants.

Disinfectant Category Effective Content
(g/mL)

Virus Inactivation Rate (%)

Action Temperature
Action Time

30 min 60 min 180 min

Glutaraldehyde decamethylammonium
bromide solution 1 × 10−4 4 ◦C 27 27 70

37 ◦C 100 100 100

Peracetic acid solution 5 × 10−4 4 ◦C 100 100 100
37 ◦C 100 100 100

Sodium dichloroisocyanurate solution 5 × 10−4 4 ◦C 100 100 100
37 ◦C 100 100 100

Povidone-iodine solution 2.5 × 10−3 4 ◦C 100 100 100
37 ◦C 100 100 100

4. Discussion

ASFV has possibly become the most relevant epizootic disease from an animal health
perspective. Swine viral infections are acute and spread rapidly and severely, affecting the
breeding industry and agricultural economy. Meanwhile, these diseases are also severe
hazards to public health safety. Besides conventional vaccine immunization, the core
prevention strategy against these viral infections remains the construction of an efficient
biosafety system, such as the development of rational disinfection technology [28]. The
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highest level of chemical substance efficiency depends on proper use, the mechanism of
action, and application parameters such as concentration, contact time, pH, temperature,
and the presence of organic matter. Therefore correct disinfectant selection and application
are essential [28].

Efficient, toxic-free, reliable, and cost-effective disinfectants may play a key role in
blocking the spread of pathogenic microorganisms reducing the probability of animal infec-
tion [29]. Especially, the outbreak of ASF has brought a huge loss to the breeding industry.
However, so far, no commercialized vaccines or effective treatment has been reported for
ASF; only chemical disinfection can be used [30,31]. Due to similar physiochemical char-
acteristics, PRV, which is also a lipid-enveloped virus, can be employed as an alternative
marker strain to evaluate the disinfection performance of different disinfectants [31,32].
In this study, the four most commonly used disinfectants in pig farms were evaluated for
disinfection performances based on relevant operating procedures of the WOAH reference
laboratory. Cell disinfection evaluation models and systems were established. This study
provides a reference for the rational disinfection and control of ASFV in China.

As a Cl-containing disinfectant, sodium dichloroisocyanurate was decomposed into
hypochlorous acid and cyanuric acid in water. The structures of virus particles were
destroyed by oxidation causing virus inactivation. The results indicated that sodium
dichloroisocyanurate powder (1:400) exhibited good disinfection performance showing
inactivation rates of 65% and 100% after 5 and 10 min treatments at room temperature,
respectively. However, the disinfectant dilution was lower than that recommended in
the instructions. This may be attributed to decomposition during storage suggesting
that sodium dichloroisocyanurate powder performance decreases after long storage. Glu-
taraldehyde decamethylammonium bromide, a quaternary ammonium salt disinfectant,
is a cationic surfactant that does not irritate animal skin and tissues. The study revealed
that glutaraldehyde decamethylammonium bromide required low dosages. Specifically,
the virus inactivation rate of glutaraldehyde decamethylammonium bromide (1: 1000) was
100% at room temperature treatment for 30 min. Hence, it is suitable for the disinfection of
large sites. However, glutaraldehyde decamethylammonium bromide is highly sensitive to
low temperatures. The virus inactivation rates decreased to 27 and 70% at 4 ◦C for 30 min
and 3 h treatments, respectively. A 100% virus inactivation rate could be achieved only at
1:500 dilutions. Povidone-iodine, a loose complex of iodine and polyvinylpyrrolidone, has
low toxicity which depolymerizes in the solvent to release iodine. This slow-release effect
elicits a long-term disinfection effect [33,34]. Povidone-iodine can rapidly inactivate viruses
at room temperature and its disinfection performance was consistent at both low and high
temperatures. However, povidone-iodine is limited by lower dilutions. Specifically, a
20-time dilution is a maximum dilution to achieve good disinfection performance. At 1:40
dilution, the virus inactivation rate of povidone-iodine was 79% even after 120 min. Hence,
povidone-iodine cannot be used for large sites. Peracetic acid, a disinfectant of broad
spectrum, high efficiency, and low toxicity can inactivate viruses in an extremely short
time by oxidation. Moreover, its disinfection performance is not affected by temperature.
Lin et al. [35] revealed that peracetic acid can rapidly inactivate microorganisms on the
inner wall of the simulated lumen only causing limited corrosion to metallic materials.

Compared with non-enveloped viruses, ASFV and PRV, which are both enveloped
viruses, can be readily inactivated by chemical disinfectants [36,37]. Additionally, en-
veloped viruses have poor stability outside the host [38,39]. In this study, PRV was inacti-
vated by all four disinfectants, however, the required concentrations and action times are
different. Nonetheless, this study was conducted under ideal conditions. In practice, feces,
bedding, straw, and feed can cause resistance to chemical disinfectants [40]. To increase
the effectiveness of the measure, it is necessary to perform a cleaning step prior to proper
disinfection in order to remove organic matter. Hence, disinfectants shall be applied after
thorough mechanical cleaning.
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5. Conclusions

Due to the similar physiochemical characteristics of PRV with ASFV, the performances
of four commonly used disinfectants without organic substances were evaluated using
cell culture-based techniques, and PRV as an alternative marker strain. The results demon-
strated that all disinfectants used in this study, under the conditions stated, inactivated
PRV; the recommended dosages (optimized effective concentration and action time) of
glutaraldehyde decamethylammonium bromide solution (0.1 g/L, 30 min), peracetic acid
solution (0.5 g/L, 5 min), sodium dichloroisocyanurate (0.5 g/L, 10 min), and povidone-
iodine solution (2.5 g/L, 10 min) were estimated. Among them, peracetic acid showed
better action time, onset time, and reliability at both high and low temperatures. In practical
applications, the use of disinfectant mixtures that are both effective and safe can further
boost the overall efficacy of the disinfection process. This study provides a practical and
theoretical reference for the establishment of ASFV disinfection standards.
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