
CHAPTER 2 - Inactivation and Mechanism of Action of Chemical 

Disinfectants against Coronavirus 

Abstract 

 

 

Introduction 
Viruses are responsible for nearly 60% of human infections can have widespread disease 

occurrence and devastating economic impact to animal health (70).  In addition to vaccine and 

antiviral disease control strategies, chemical inactivation of viruses aid in the disruption of the 

infectious life cycle and disease transmission to aid in overall containment and control efforts 

(57, 75).  A more thorough and in depth understanding of both the efficacy and mechanism of 

action of different antiviral chemistries is necessary for effective disease control strategies.    
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 Viruses differ in their susceptibility and resistance to disinfectants and inactivation based 

predominantly on structural and size differences. The virucidal methodology followed in this 

study was consistent with the U.S. Environmental Protection Agency guidelines for such efficacy 

testing. We report that various disinfectant chemistries were effective in rapid and complete 

inactivation of bovine coronavirus (BCV) including 25, 50, and 100% D7, 10% bleach, 1% 

Virkon® S, and 70% ethanol. Efficacy of all test disinfectants was slightly reduced in the 

presence of organic challenge material (feces, soil). Additionally, the use of various diagnostic 

assays dependent on the intact presence of various viral structures (nucleic acid, protein). 

Treatment with 100% D7 or 10% bleach resulted in the degradation of BCV 

RNA. Treatment with 50 or 100% FD, 10% bleach, or 1% Virkon® S resulted in the 

degradation of BCV proteins as observed by western blot analysis.



Viruses, due to their simplicity, present limited targets for chemical mechanisms of 

inactivation.  These targets include the lipophilic envelope (if an enveloped virus), proteins 

(capsid, structural), and nucleic acid (RNA or DNA) (57, 67).  Viruses have been classified into 

three different groups to predict susceptibility to chemical disinfectants based on lipophilic 

properties and virus size (47, 67).  Group A viruses that have lipoprotein envelopes are the most 

susceptible to disinfectants.  Group B viruses are small, non-enveloped viruses that are the least 

susceptible to disinfectants.  Group C viruses are large, non-enveloped viruses which are 

intermediately susceptible to disinfectants.  In addition to the Klein and Deforest classification 

scheme, other factors including the infectious life cycle conditions of a particular virus (ie. 

enteric) can allow for resistance (to conditions such as acidity) to occur (70).  The Klein and 

Deforest classification is a predictive value but actual efficacy testing with specific compounds is 

necessary for proper validation measures.   

While there is considerable published information and disinfection efficacy data 

pertaining to bacteria and fungi, the efficacy of chemical disinfectants against viruses has not 

been well studied.  Disinfection is one of the leading measures for preventing infectious virus 

infections (57, 84).  Documentation of the effectiveness of viral disinfectants for emerging 

viruses is minimal, and is often assumed to occur based on existing bacteriological testing or 

without proper validation on specific viruses and in the presence of appropriate environmental 

conditions (84).  Published material is available in the general area of viral disinfection, but 

efficacy data on specific viruses or group of viruses isn’t readily available in existing literature 

and is difficult to interpret due to a lack of universal standardized virucidal testing procedures.  

Testing methodologies exist both nationally and internationally for evaluating disinfectant 
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efficacy against viruses in the form of guidelines or published standards but present considerable 

variability in test viruses required and in the degree of detail among these sources (16). 

In the U.S., the Environmental Protection Agency (EPA) provides guidelines for efficacy 

testing (34, 67).  The EPA guidelines require that a disinfectant must be validated for each 

individual organism it claims to be effective against.  It is unclear whether or not surrogate 

viruses are suitable for use in place of a closely related virus, or if the evaluation of one virus 

among a particular viral family can provide data useful for other viruses in the same family.  

Under the EPA testing guidelines, the disinfection evaluation can be conducted as suspension or 

surface carrier tests (based on the recommended use of the disinfectant) and the recovery of the 

virus must be obtained from a minimum of 4 determinations per each dilution assay system (74) 

(tissue culture, embryonated egg, animal infection infecting dose 50), and must result in 

complete inactivation of virus at all dilutions or at least a 3-log reduction in titer beyond the 

cytotoxic level (of the dilution assay system) (34).   
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 The purpose of this study was to evaluate the efficacy and mechanism of action of 

various chemical disinfectants against bovine coronavirus (BCV). Disinfectant efficacy was 

determined following the EPA guidelines (34) with virus recovery using tissue culture infective 

dose 50 (TCID50) format. To evaluate mechanism of inactivation of the disinfectant chemistries 

tested against BCV, reverse transcriptase polymerase chain reaction (RT-PCR) and protein 

identification assays were utilized to detect residual viral nucleic acid or protein, respectively. 

Chemical disinfectants used in this study included bleach, ethanol, Virkon ®S (5), and D7 (91). 

To determine the most effective disinfectants against BCV statistical analysis of the various 

disinfectant treatments were evaluated measuring the viral response (as measured by



TCID50 and quantitative BCV RNA concentration) to differences in time of exposure to the 

treatment, and the presence of different organic sample matrices.    

Materials and Methods  
Detection assays.  Analytical sensitivity was determined by evaluating various BCV 

diagnostic methods and included identifying BCV infectivity, BCV nucleic acid, and BCV 

protein using predetermined quantities of reference virus.  Endpoint titration (TCID50) for 

infectivity, RT-PCR for nucleic acid detection, and hemagglutination or electrophoresis/western 

blot analysis for protein detection were evaluated.  Assays resulting in the greatest analytical 

sensitivity for the detection of BCV were selected for further use in the disinfection efficacy and 

mechanism of action.   

BCV infectivity assay 

Virus and cells.  Bovine coronavirus isolate Wisconsin 1SK was propagated in Human 

Rectal Tumor-18 (HRT) cells as previously described (45).  Culture media was made by adding 

Minimal Essential Medium with Earle’s salts and L-glutamine (Invitrogen Corporation, 

Carlsbad, CA) and 2.2 g/L sodium bicarbonate collectively referred to as MEM with the addition 

of trypsin (5 µg/ml) and pancreatin  (5 µg/ml) (Fisher Scientific, Hampton, NH) (44).  Cells were 

maintained in MEM containing 10% fetal bovine serum (FBS, Hyclone Laboratories, Logan, 

UT) supplemented with antibiotics [2.5 mg/L amphotericin B; 0.67 g/L streptomycin; and 0.3 

g/L penicillin G (all from Fisher Scientific)].   

Tissue culture infective dose 50 (TCID50). To determine BCV infectious viral titers, 

tissue culture infective dose 50 (TCID50) were determined.  The Reed-Muench method (74) was 

calculated in a 96-well format to determine the dilution of virus resulting in infection of fewer 

than 50% replicate wells.  Nunc 96-well cell culture microtiter plates (Fisher Scientific) were 
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seeded with HRT cells and incubated (approximately 24 hrs, at 37oC with 5% CO2).   Once cells 

were monolayered, the media was removed and plates were washed once with 0.01 M phosphate 

buffered saline (PBS, pH 7.2).  Tissue culture-adapted BCV was then serially diluted (ten fold) 

in culture media to a 10-9 dilution.  The microtiter plates were inoculated by adding 25 µl of each 

virus dilution to each well.  Negative controls were inoculated with 25 µl of uninfected culture 

media.  An additional 75 µl culture media was added to each well and the plate was incubated 

(48 hrs, 37oC with 5% CO2).  Infectivity was determined by cytopathic effect (CPE) as indicated 

by the presence of large syncytial sloughing of infected cells and  TCID50 was calculated using 

the Reed-Muench method for estimating 50% endpoints of infectivity (74).     

BCV nucleic acid detection 

Real-time reverse transcription polymerase chain reaction (rRT-PCR). Viral RNA 

was recovered using the QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA).  Quantitative 

detection of the extracted BCV RNA was conducted using rRT-PCR using a fluorescently 

labeled TaqMan probe, and qualitative detection was visualized by agarose gel electrophoresis 

and Southern blot analysis.  A fluorescently labeled TaqMan probe was designed to be used with 

existing forward and reverse primers for the rRT-PCR amplification and detection of BCV RNA 

(90).  The TaqMan probe corresponded to the BCV nucleocapsid sequence (5´-TTT GGC ATG 

CGG TCC TGT TCC AAG AT-3’) and was synthesized and labeled (6-FAM™ at the 5´-end and 

Iowa Black Fluorescent Quencher at the 3’-end, Integrated DNA Technologies, Coralville, IA).  

For each 25 µl reaction, 2.5 µl of the RNA sample was added to 22.5 µl of master mix that 

contained 5 µl OneStep buffer, 1 µl dNTP, 1 µl enzyme (all from Qiagen’s OneStep RT-PCR 

kit), and 0.5 µl each of the forward and reverse primers (1 µM concentration), 2 µl probe (5 µM 

concentration), and 12.5 µl RNAse-free water.  The SmartCycler thermocycler was set with the 
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following settings: Stage 1 hold (42oC, 1800 s without optics), Stage 2 hold (95oC, 900 s without 

optics), Stage 3 was repeated 35 times using a 3-temperature cycle (94oC, 15 s without optics; 

58oC, 15 s without optics, and 72oC, 30 s with optics on).  The detection threshold for 

successfully detecting BCV RNA was a FAM fluorescence signal ≥ 3 using the SmartCycler.     

Analysis of rRT-PCR amplification products were completed by agarose gel 

electrophoresis.  Briefly, aliquots from rRT-PCR were loaded onto 1% agarose gels containing 

ethidium bromide and electrophoresed (90 V, 45 min).  A successful BCV rRT-PCR followed by 

electrophoresis and ethidium bromide staining results in the visualization of a 407 bp amplicon 

(90).  

Southern hybridizations were also completed on the rRT-PCR samples following 

electrophoresis.  The DIG System – Nonradioactive and Highly Sensitive Detection of Nucleic 

Acids (Roche Diagnostics, Indianapolis, IN) was used in our study and included all washing and 

blocking buffers required (49).  Gels were prepared for Southern hybridizations by washing in 

denaturing buffer for 30 min.  Denature buffer was removed, and gels were washed in 

neutralizing buffer for 30 min.  The DNA from the gel was transferred to a nylon membrane after 

these wash steps overnight and ultra violet (UV) cross-linked.  Following UV cross-linking, the 

DIG System protocol for colorimentric detection were completed (49).  The probe sequence used 

for the Southern hybridization was 5´- TTT GGC ATG CGG TCC TGT TCC AAG AT- 3´ 

labeled with digoxygenin (DigN) at the 3´ end.  A successful Southern blot of the BCV rRT-

PCR was interpreted as the visualization of a dark blue band of the 407 bp amplicon. 

Inhibition of rRT-PCR. To determine if reverse transcriptase (RT) or the subsequent 

PCR activity were inhibited by possible residual carry-over of chemical disinfectants in the 

extraction process, the test disinfectants were evaluated. The test disinfectants were prepared as 
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described and then the various chemistries were extracted using the QIAamp Viral RNA Mini 

Kit.  Following this extraction process (which didn’t have any RNA present) 1.25 µl from each 

of the extracted test disinfectants was inoculated with 1.25 µl of tissue culture derived extracted 

BCV RNA to obtain the total 2.5 µl volume required for the 25 µl reaction (described 

previously) to conduct the rRT-PCR amplification assay.  To determine if there was any 

carryover of residual disinfectant chemistry causing inhibition or interference of the rRT-PCR 

from any of the test disinfectants, a positive rRT-PCR (based on a FAM fluorescence signal ≥ 3 

using the SmartCycler) result was necessary.  A negative result would indicate that there was 

some residual disinfectant chemistry following the extraction process which inhibited or 

interfered with the rRT-PCR assay.     

BCV protein detection 

Hemagglutination activity. Hemagglutination activity (HA) of the samples as a 

correlation to amount of BCV present was also evaluated for determining BCV virus using 

rodent erythrocytes.  The microtiter method was used to detect BCV hemagglutinin activity 

using washed mouse erythrocytes in PBS (pH 7.2)  (85).  Virus was diluted 1:2 in 0.01 M PBS 

for a total volume of 100 µl in each well, and 100 µl of a 1:100 dilution of washed mouse 

erythrocytes was added to each well and the plates were incubated (30 min, 4oC).  The wells 

showing a lattice formation were recorded as a positive HA, while those with a button formation 

were recorded as negative HA.   

Electrophoresis and western blot. Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and western blot analysis was used to determine intact BCV 

structural proteins.  Viral samples were prepared for western blot analysis by adding 40 µl of 

each sample to 6 µl SDS 4x loading buffer (ISC BioExpress, Kaysville, UT) and mixing.  
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Samples were heat-denatured (boiled, 5 min) and 25 µl were loaded onto a 10% SDS- PAGE 

Express Gel (ISC BioExpress) and electrophoresed (80 min, 100 volts).  Following 

electrophoresis the gel was blotted to nitrocellulose membranes (60 min, 100 volts).  The 

nitrocellulose membrane was removed from the transfer apparatus and incubated (24 hours, 4oC) 

with 10% non-fat milk block (Bio-Rad, Hercules, CA).  A monoclonal antibody (8F2) (27) 

targeting the BCV nucleocapsid protein was added at a 1:100 dilution to the 10% non-fat milk 

block and incubated (60 min, room temp).  The membrane was washed (3 times, 10 min each) in 

PBS containing 0.05% Tween 20 (PBS/Tween).  A horse radish peroxidase-labeled secondary 

anti-mouse antibody (KPL, MA) was added at a 1:10,000 dilution in PBS/Tween and was 

incubated (60 min, room temp).  The membrane was washed as previously described.   The 

presence of intact or residual BCV nucleoprotein was determined by colorimetric detection by 

adding 20 ml SureBlue™ TMB Peroxidase Substrate solution (Kirkegaard and Perry 

Laboratories, Gaithersburg, MD) and the subsequent visualization of blue bands of a 50-60 kDa 

nucleocapsid protein (50).  

Disinfectant efficacy testing 
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 Test disinfectants. Ethanol was prepared by adding 70 ml 100% anhydrous ethanol 

(Fisher Scientific) to 30 ml sterile deionized water for a final use concentration of 70%. Bleach 

was prepared by adding 10 ml concentrated house hold bleach to 90 ml sterile deionized water 

for a final concentration of 10%. D7, a reduced concentration of Sandia D7 (91), was supplied 

by Sandia National Laboratories (Albuquerque, NM) and was prepared by mixing 7.3 ml of 

part 1 (surfactants and fatty acids) to 0.2 ml part 3 (a diacetin-based propellant). Finally, 2.5 

ml of part 2 (hydrogen peroxide, 7.99%) was added and the mixture was thoroughly mixed to 

yield the 100% test concentration of FD. The 100% D7 was serially diluted (two-fold



dilutions) in deionized water to obtain the 50% and 25% test concentrations.  Virkon® S was 

purchased from the DuPont Animal Health Solutions (Antec®, Suffolk, UK) and diluted to 1% 

by adding 0.1 g to 10 ml deionized water.     

Organic matrices. The organic matrices used in this study included a 10% 

weight/volume (wt/vol) solution of bovine feces and a 10% wt/vol solution of soil.  The bovine 

feces were prepared by rectally collecting fecal material from healthy cattle, weighing out 10 g 

of the feces, and adding 90 ml 0.01 M PBS and mixing thoroughly.  The soil used in this study 

was provided by the Soil Testing Laboratory (Department of Agronomy, Kansas State 

University, Manhattan, KS) and was prepared by removing most of the plant/root material via a 

sifting process.  Soil (10 g) was then added to 90 ml of 0.01 M PBS and mixed thoroughly.   

 

Post-treatment infectivity determination.  The titers of infectious virus were 

determined by TCID50 as previously described.  Nunc 96-well plates containing confluent HRT 

monolayers were washed once with MEM.  Wells were filled with 25 µl of each disinfectant 

sample and their dilutions.  Then, 75 µl media were added to each well and plates were incubated 

(24-48 hours, 37oC, 5% CO2).  The TCID50 was evaluated by visual CPE and calculated using 

the Reed-Muench method for estimating 50% endpoints of infectivity.     
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 Virus inactivation. Ten milliliters of tissue culture propagated BCV (approximately 106- 7 

 log 10TCID50/ml) was added to 10 ml test disinfectant (25, 50, and 100% D7 and 10% 

bleach, 1% Virkon® S, 70% ethanol) and were incubated (1 and 10 min, room temperature). For 

each organic challenge, 10 ml of test virus was added to 9 ml of test disinfectants containing 1 

ml of a 10% bovine fecal slurry or 10% soil slurry and were incubated (1 and 10 min, room 

temperature). Resulting samples were washed by ultracentrifugation (100,000xg, 1 hour, 4oC) 

and pellets were reconstituted with 1 ml of MEM and stored at -80oC.



Post-treatment RNA determination. Viral BCV RNA was recovered from the test 

samples following 1 or 10 min treatments with each test disinfectant using the QIAamp Viral 

RNA Mini Kit, as previously described.  Quantitative detection of BCV RNA was determined by 

rRT-PCR and qualitative detection was visualized by electrophoresis/ethidium bromide staining 

or Southern blot hybridization assay as previously described.   

Post-treatment protein recovery.  The effect of the various test disinfectants on the 

ability to detect BCV nucleocapsid proteins was determined by western blot analysis of the 

samples treated with each disinfectant using a monoclonal antibody (8F2) with specificity for the 

nucleocapsid protein.  Disinfectant samples were prepared for SDS-PAGE and western blot 

analysis as previously described.   

Statistical analysis. Statistical evaluation comparing of the level of BCV recovered (for 

infectivity by TCID50 or for RNA by quantitative rRT-PCR) following the experimental 

treatment parameters was determined by comparing 1-way, 2-way, and 3-way interactions 

between disinfectant treatment, time (1, 10 min), and organic challenge (no organic, 10% soil, 

10% feces).  The least square of means was calculated to determine if significant differences 

were observed in the untreated (positive control) amount of BCV recovered compared to the 

level of BCV recovered post treatment.  A significant difference resulted in a P-value < 0.05.   

Results 
Detection assay.  The analytical sensitivity of the various diagnostic BCV assays were 

evaluated and included virus isolation of infectious BCV as assessed by endpoint dilution 

(TCID50), specific amplification of BCV RNA by RT-PCR (detected by TaqMan probe, ethidium 

bromide, or Southern blot hybridizations), and detection of BCV proteins (HA analysis of BCV 

hemagglutinin esterase structural protein and western blot analysis of BCV nucleocapsid protein) 
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(Table 2.1).  Detection of BCV RNA using the rRT-PCR assay as detected using a TaqMan 

probe was the most sensitive assay detecting 102 TCID50/ml BCV.  Infectivity titration based on 

endpoint dilution (TCID50) in HRT cells resulted in a detection sensitivity of 103 TCID50/ml 

BCV.  The RT-PCR product as detected by ethidium bromide staining and Southern blot analysis 

resulted in a detection sensitivity of 104 TCID50/ml BCV.  Detection of BCV hemagglutinin 

resulted in a detection sensitivity of 106 TCID50/ml BCV while detection of BCV nucleoprotein 

using western blot analysis with the monoclonal antibody (8F2) resulted in detection sensitivity 

of 105 TCID50/ml BCV.   

The most sensitive detection assays (Table 2.1) were selected for a quantitative recovery 

of BCV virus post disinfectant treatment to evaluate the disinfectant efficacy.  These assays 

included the infectivity titration of BCV based on endpoint dilution (TCID50) in HRT cells and 

detection of BCV RNA using rRT-PCR as detected using a TaqMan probe.   Although not 

quantitative, detection of BCV nucleoprotein using western blot analysis with the monoclonal 

antibody (8F2) was selected as a qualitative recovery of BCV protein following disinfectant 

treatments.    

Post-treatment infectivity determination.  No significant 3-way interactions were 

observed between disinfectant treatment, time, or organic challenge (P > 0.05).  The exposure 

time and organic challenge parameters resulted in a significant 2-way interaction (P < 0.05).  

Challenge with 10% feces resulted in a greater loss of disinfectant efficacy than challenge with 

10% soil following 1 min treatment, however these organic challenge effects resulted in no 

significant difference following 10 min treatment.  Without the addition of organic challenge, 

there were no significant differences between the 1 or 10 min exposure times in the amount of 

BCV recovered.  However, the addition of 10% soil or 10% feces challenge resulted in 
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significantly reducing the efficacy of all test disinfectants following 1 min compared to treatment 

with 10 min based on the amount of infectious BCV recovered post-treatment (P < 0.05).   
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 The amount of untreated (positive control) BCV ranged between 6.64 to 8.85 log10 

TCID /ml for all organic challenge matrices (0%, 10% soil, 10% feces) evaluated. The addition 

of 10% soil or 10% feces reduced the efficacy of all test disinfectants for both 1 and 10 min 

treatments (Figures 2.1 and 2.2). All test disinfectants resulted in a significant reduction in the 

amount of BCV recovered following 1 and 10 min treatments when compared to the positive 

control (P < 0.05). There were three categories of significant differences observed among the 

test disinfectants with regard to the level and extent of inactivation. Overall, 100% D7 and 

10% bleach were consistently the most effective treatments. The next most effective grouping of 

disinfectant treatments was 25% and 50% D7 and 1% Virkon S. The least effective 

grouping of disinfectant treatments was 1% bleach and 70% ethanol.

 Treatments for 1 min without organic challenge using 100% D7 or 10% bleach 

resulted in the complete inactivation of BCV, to the detection limit of this assay (10 3TCID50/ml 

BCV) (Figure 2.1). The addition of 10% soil or 10% feces reduced the efficacy of these 

disinfectants and resulted in the recovery of 0.86 to 4.10 log 10TCID50/ml BCV. Treatment for 1 

min without organic challenge using 25% D7, 50% D7 or 1% Virkon S resulted in the recovery 

of 0.57 to 1.44 log 10TCID50/ml BCV (Figure 1). The addition of 10% soil or 10% feces reduced 

the efficacy of these disinfectants and resulted in the recovery of 2.32 to 5.43 log10 TCID50/

ml BCV. Treatments for 1 min without organic challenge using 1% bleach or 70% ethanol 

resulted in the recovery of 1.3 to 1.64 log 10TCID50/ml BCV (Figure 2.1). The addition of 10% 

soil or 10% feces reduced the efficacy of these disinfectants and resulted in the recovery of 4.68 

to 6.43 log 10TCID50/ml BCV.



 

Post-treatment RNA determination. Inhibition of the rRT-PCR assay was evaluated to 

verify that carry-over of test disinfectant chemistries was not interfering or inhibiting the rRT-

PCR reaction.  Inhibition of rRT-PCR did not occur for any of the test disinfectants used in this 

study based on a positive reaction occurring after inoculating the extracted disinfectant samples 

with purified BCV RNA (based on a FAM fluorescence signal ≥ 3 using the SmartCycler).  

Based on the demonstration of no interference or inhibition occurring with any of the test 

disinfectants, any reduction in the amount of BCV RNA recovered post-treatment is due to the 

mechanism of the disinfectant degrading the nucleic acid as opposed to chemical interference or 

inhibition of the rRT-PCR assay reaction.  

There were no significant 3-way interactions observed between disinfectant treatment, 

time, or organic challenge (P > 0.05) in the amount of BCV RNA recovered by rRT-PCR.  

Disinfectant treatment and exposure time resulted in a significant 2-way interaction (P < 0.05).  

Challenge with 10% feces resulted in a greater loss of efficacy than challenge with 10% soil 

when compared to treatment without organic challenge for both time exposures.  Organic 

challenge with 10% soil was not significantly different when compared to treatment without the 
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 Treatments for 10 min without organic challenge using 25%, 50%, and 100% D7, 1% 

Virkon S and 10% bleach resulted in the complete inactivation of BCV, to the detection limit of 

this assay (10 3TCID50/ml BCV) (Figure 2.2). The addition of 10% soil or 10% feces reduced the 

efficacy of these disinfectants and resulted in the recovery of 0.70 to 3.76 log 10TCID50/ml 

BCV. Treatments for 10 min without organic challenge using 1% bleach or 70% ethanol 

resulted in the recovery of 1.64 to 1.97 log 10TCID50/ml BCV (Figure 2.2). The addition of 10% 

soil or 10% feces reduced the efficacy of these disinfectants and resulted in the recovery of 1.86 

to 4.10 log 10TCID50/ml BCV.



The amount of untreated (positive control) BCV RNA units recovered ranged between 

6.47 to 7.42 log10 based on a known starting amount of cell-culture derived BCV (titrated as 

log10 TCID50/ml) and was calculated as the fluorescence intensity of the FAM reporter divided 

by the Ct (cycle threshold) value (RNA FAM/Ct).  The efficacy of all test disinfectants for both 1 

and 10 min treatments was significantly reduced by the addition of 10% feces (P < 0.05), but not 

with the addition of the 10% soil (P > 0/05), (Figures 2.3 and 2.4).     
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addition of organic challenge (P > 0.05). There were also no significant differences observed in 

the amount of BCV RNA recovered post-treatment between 1 or 10 min exposure except with 

treatments using 50% D7 and 1% Virkon S (P < 0.05).

 Treatment with 100% D7 and 10% bleach were the most effective in RNA 

degradation resulting in complete degradation (0% organic or 10% soil) and significant from the 

remaining treatments, P < 0.05, (Figure 2.3). The addition of the 10% feces reduced the efficacy 

resulting in the recovery of 1.08 to 2.58 log 10RNA FAM/Ct. The next most effective treatment 

was with 50% D7, resulting in the recovery of 0.91 and 2.97 log 10RNA FAM/Ct with 0% 

organic or 10% soil challenge, respectively. The addition of the 10% feces reduced the efficacy 

resulting in the recovery of 4.76 log 10RNA FAM/Ct. Treatment with 25% D7 resulted in the 

recovery of 4.62-5.43 log 10RNA FAM/Ct with all organic challenges evaluated. The least 

effective treatments included 1% bleach, 1% Virkon S, and 70% ethanol resulting in the recovery 

of 6.11 to 7.30 log 10RNA FAM/Ct with all organic challenges evaluated.

 Treatment with 50% D7, 100% D7 and 10% bleach were the most effective in RNA 

degradation resulting complete degradation (0% organic or 10% soil) and significant from the 

remaining treatments, P < 0.05, (Figure 2.4). The addition of the 10% feces reduced the 

efficacy resulting in the recovery of 1.11 to 2.31 log 10RNA FAM/Ct. The second most effective



 

 

 

Discussion 
In order to increase the understanding of the virucidal efficacy and mechanism of action 

of various disinfectant chemistries, we evaluated the chemical inactivation of various chemical 

treatments against BCV based on infectivity assays to be compliant with the current EPA 

virucidal testing guidelines as well as other detection assays.  Disinfectant efficacy was 

determined following the EPA guidelines (34) with exposure at two times (1 or 10 min) with 

virus recovery using TCID50 format.  To represent possible environmental or less than ideal 

conditions, we included two types of organic challenge with soil or fecal material.  The 1 min 
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treatments were 25% D7 and 1% Virkon S resulting in the recovery of 2.79 to 5.66 log10 RNA 

FAM/Ct with all organic challenges evaluated. The least effective treatments were 1% bleach 

and 70% ethanol resulting in the recovery of 4.05 to 7.10 log 10RNA FAM/Ct with all 

organic challenges evaluated and were not significantly different from the amount of BCV RNA 

recovered from the untreated positive control, P > 0 .05.

 Post-treatment protein recovery. Following a 1 min exposure and western blot using 

the monoclonal 8F2 antibody (Figure 2.5), treatment with 50% D7, 100% D7 and 10% 

bleach completely degraded BCV nucleoprotein (based on a negative presence of the 

appropriate band). BCV protein was still recovered from samples treated with 25% D7, 1% 

bleach, 1% Virkon® S, and 70% ethanol. Following a 10 min exposure, 50-100% D7, 10% 

bleach, and 1% Virkon® S completely degraded BCV nucleoprotein. BCV nucleoprotein was 

still recovered from samples treated with 25% D7, 1% bleach, and 70% ethanol. A 3 min time 

exposure was also conducted and resulted in the same recovery results as with the 10 min 

exposure, indicating that the 1% Virkon® S required at least a 3 minute contact to degrade this 

viral protein.



 

 

The enveloped (category A) viruses are likely the least resistant due to relatively easy 

degradation and breakdown of the unstable lipid envelope rendering the virus particles 

replication defective, due to the compromised attachment and entry processes.  Following 

disruption of the lipid envelope (which likely results in complete inactivation), the nucleocapsid 

protein of the virus is exposed and remains susceptible to the activity of chemical denaturants 

including quaternary ammonium compounds (QAC), chlorine compounds, phenols, acids, bases, 

and some alcohols (67).  The viral RNA also becomes susceptible to the activity of nucleic acid 

denaturants, including various oxidants, acids, and bases (67).      

The preliminary evaluation of various detection assays for the recovery of BCV was 

important to determine the most sensitive assays for detecting how much BCV is present in a 

sample.  Although not required within the EPA guidelines for virucidal testing, it is helpful to 

understand the limitations with regard to test sensitivity of diagnostic assays, especially when 

trying to determine if a reduction in titer has occurred.  We found endpoint dilution using TCID50 

and quantitative rRT-PCR using fluorescent detection to be the most sensitive assays for 

detecting BCV.  The greatest challenge for both of these assays to be used for virucidal testing 
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treatments with 25, 50, and 100% D7, 10% bleach, 1% Virkon® S, and 70% ethanol all 

resulted in the complete inactivation of BCV. These treatments were all affected by the presence 

of both organic challenges consisting of 10% soil or 10% feces. Additional molecular and 

serological assays were included to evaluate the possible mechanism of action of the test 

disinfectants against virus targets such as the nucleic acid or protein. Treatment with 100% D7 

or 10% bleach resulted in the degradation of BCV RNA. Treatment with 50 or 100% D7, 10% 

bleach, or 1% Virkon® S resulted in the degradation of BCV proteins as detected by western 

blot analysis.



 

 

 

 

 

 

The RNA recovery procedure used in the experiments adequately removed detectable 

residual RT-PCR inhibitory chemicals.  Within the current EPA testing guidelines, the RNA 

recovery procedure validation process is not included as a necessary requirement to determine if 

inhibitory chemicals are present because infectious titer recovery is the recommended procedure.  

Because some viruses such as the noroviruses (31, 32) are not able to be cultivated in a host 

system, the use of molecular or serological assays for virus recovery would have to be used and 

such preliminary validation would be very important to ensure that inhibition or interference is 

not occurring.      

We showed that the amount of BCV recovered using TCID50 demonstrated similar 

efficacy of each test disinfectant for both time exposures (1 or 10 min) in the absence of organic 

challenge.  This relatively short and efficacious contact time for an enveloped virus is consistent 
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was the potential for chemical carry-over inducing cytotoxicity issues in the infectivity assay (16, 

34, 67) or inhibition or interference of the rRT-PCR assay resulting in a possible false negative. 

We showed that none of the test disinfectants used in our evaluation resulted in either 

cytotoxicity of the cell culture recovery process (TCID50) or in the inhibition or interference of 

the rRT-PCR assay. The addition of an ultracentrifugation step in our methodology to purify the 

virus and remove the chemical component of the samples resulted in the removal of cytotoxicity 

for most disinfectants evaluated (except for D7 and Virkon S). The use of gel filtration in 

special centrifuge tubes has also been shown to be effective for the adequate removal of 

chemical disinfectants and cytotoxicity concerns (79). Although the D7 and Virkon S were 

cytotoxic even post-ultracentrifugation, all dilutions beyond the first serial 1:10 dilution for both 

of these disinfectants were non-cytotoxic and met the requirements of the EPA guidelines 

“showing a minimum of a 3-log reduction in titer beyond the cytotoxic level” (34).



with the Klein and Deforest scheme predicting virus susceptibility to chemical inactivation (47).  

Other work comparing the efficacy of feline viruses resulted in similar conclusions showing 

greater susceptibility of enveloped viruses against chemical disinfectants when compared to non-

enveloped test strains after a 10 min exposure (79).  In separate inactivation research efforts 

conducted using the Severe Acute Respiratory Syndrome (SARS) virus, also a coronavirus, the 

virus was found to be sensitive to many chemical treatments resulting in loss of infectivity (28, 

73, 92).  In one study, chemical treatments with pH conditions of 1 and 3 or 12 and 14 were 

shown to completely inactivate the SARS virus at 25 and 37oC for 1 h, however formaldehyde 

and glutaraldehyde at 1:1000 were found to be effective only after 2-3 days (28).  In another 

experiment, the SARS virus was reported to be inactivated by various fixative procedures 

including 2-isopropanol (70%), Sterillium (45% 2-propanol, 30% 1-propanol), formaldehyde 

(0.7 and 1%), or glutardaldehyde (0.5%) (73), however the total reduction in titer for most of 

these was not greater than the 4 log10 infectious titer reduction required in the EPA virucidal 

guidelines.  In a third example, free residue chlorine over 0.5 mg/L for chlorine or 2.19 mg/L for 

chlorine dioxide were shown to effectively inactivate the SARS virus following a 30 min 

exposure (92).  Most of these experiments were conducted in ideal conditions without the 

addition of any environmental or organic substrates to challenge the efficacy parameters.  

 In the presence of two organic challenge matrices (10% soil and feces) used in our 

evaluation to represent environmental or less than ideal conditions, the virucidal efficacy was 

reduced in all test disinfectants used.  This observed reduction is consistent with current 

literature suggesting that the presence of organic material likely disrupts the mechanism and 

efficacy of chemical disinfectants by directly neutralizing the reaction or by serving as a 

protective barrier disrupting the penetration to the virus particle (57, 67, 76).  The current EPA 
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guidelines for conducting virucidal efficacy testing do not require the addition of any organic 

challenge even though it is likely that most chemical disinfectants will be negatively affected in 

their presence and should be included to enhance the overall evaluation.   
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 The amount of BCV RNA recovered post-treatment with the test disinfectants evaluated 

in the absence of organic challenge did not vary significantly whether exposed for short contact 

(1 min) or long contact (10 min), indicating that any mechanism occurring was fairly rapid. Not 

all test disinfectants evaluated in this study degraded nucleic acid. Treatment with 100% D7 

or with 10% bleach resulted in the greatest amount of BCV RNA degradation. This is 

likely due to the presence of strong oxidizing agents (hydrogen peroxide in D7 or 

dissociated hypochlorous acid in bleach) which have both been shown to degrade nucleic acid 

(20, 33). Treatment with 25% or 50% D7 also resulted in some degradation of BCV RNA, but 

not as much as observed with the full strength 100% D7, probably due to the dilution of the 

oxidizing agent. Treatments which did not appear to degrade BCV RNA at all included 1% 

bleach, 1% Virkon S, and 70% ethanol. The 1% bleach most likely did not degrade BCV 

RNA due to the reduced concentration of the reactive dissociated hypochlorous acid, as was 

observed with the reduced concentrations of D7. Potassium peroxymonosulfate is the 

active ingredient in 1% Virkon S and is also an oxidizing agent. It is not fully understood why 

this treatment didn’t degrade the BCV RNA, but could be due to the highly acidic nature of this 

chemistry (ca. 2.0) (5, 52, 57). Viral inactivation has been described as fully occurring when the 

viral nucleic acid has been rendered non-infectious (52), especially in the case of a positive sense 

RNA genome such as that of the coronavirus. Although it might be unlikely for RNA to remain 

infectious in the environment, it is useful to understand the mechanism of action against the 

limited viral targets (envelope, protein, nucleic acid) as such diagnostic assays based on the



intact presence of these targets could be designed for more rapid determination of viral 

inactivation.   
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 The recovery of infectious BCV in this study was based on endpoint titration (TCID50) in 

HRT cells and resulted in a greater than 4 log 10reduction in titer by the Sandia National 

Laboratories D7 (25, 50, 100%), 10% bleach, and 1% Virkon® S following 1 min 

exposure. Based on the EPA guidelines and criteria for determining virucidal efficacy (34), 

these disinfectants show complete inactivation meet the criteria for making virucidal claims 

against BCV. It is likely that these disinfectants would also be effective against the closely 

related SARS virus based on existing reports using surrogate viruses (84).

 In conclusion, we report that various disinfectant chemistries were effective in rapid and 

complete inactivation of BCV including 10% bleach, 25, 50, and 100% D7, and 1% 

Virkon® S. Efficacy of all test disinfectants evaluated was reduced in the presence of organic 

challenge material (feces, soil). The virucidal methodology followed in this study was consistent 

with the US EPA guidelines for such efficacy testing. Additionally, the use of various diagnostic 

assays dependent on the intact presence of various viral structures (nucleic acid, protein) 

provided useful data on possible mechanism of action of the chemical disinfectants evaluated in 

this study.
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Figure 2.1 Infectivity of BCV as measured by TCID50 following 1 min exposure to test 

disinfectants in the presence of no organic challenge, 10% soil, and 10% feces.   
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Error bars indicate 1 standard deviation (n = 3). CONT, control sample using 0.01 M PBS in 
place of disinfectant; D7, D7; BLCH, bleach; VIRKON, Virkon® S; ETOH, ethanol.

25% D7100% D7 50% D7
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Figure 2.2 Infectivity of BCV as measured by TCID50 following 10 min exposure to test 

disinfectants in the presence of no organic challenge, 10% soil, and 10% feces.   
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100% D7 25% D750% D7

Error bars indicate 1 standard deviation (n = 3). CONT, control sample using 0.01 M PBS in 
place of disinfectant; D7, D7; BLCH, bleach; VIRKON, Virkon® S; ETOH, ethanol.
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Figure 2.3 Quantitative rRT-PCR following 1 min exposure to test disinfectants in the presence 

of no organic challenge, 10% soil, or 10% feces.   
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Error bars indicate 1 standard deviation (n = 3). CONT, control sample using 0.01 M PBS in 
place of disinfectant; D7, D7; BLCH, bleach; VIRKON, Virkon® S; ETOH, ethanol.

25% D750% D7100% D7
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Figure 2.4 Quantitative rRT-PCR following 10 min exposure to test disinfectants in the presence 

of no organic challenge, 10% soil, or 10% feces.   
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Error bars indicate 1 standard deviation (n = 3). CONT, control sample using 0.01 M PBS in 
place of disinfectant; D7, D7; BLCH, bleach; VIRKON, Virkon® S; ETOH, ethanol.

100% D7 25% D750% D7
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Figure 2.5 Western blot analysis of BCV virus following various treatments with test 

disinfectants based on the monoclonal 8F2 antibody targeting the nucleocapsid protein.   
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Samples were treated for 1 min (A) or 10 min (B). Sample order is as follows: 1. 50 kDa protein 
marker, 2. positive control (BCV); 3. 100% D7; 4. 50% D7; 5. 25% D7; 6.
10% bleach; 7. 1% bleach; 8. 1% Virkon® S; 9. 70% EtOH.



 

BCV 
Conca 

Infectivity          Nucleic Acid Protein 

Log Titer TCID50
b EtBrc SYB

Rd 
Southerne Probef 8F2 

Mabg 
HAh 

1.00E+06 (3/3) (3/3) (3/3) (3/3) (3/3) (3/3) (3/3) 
1.00E+05 (3/3) (3/3) (3/3) (3/3) (3/3) (3/3) (1/3) 
1.00E+04 (3/3) (3/3) (3/3) (3/3) (3/3) (0/3) (0/3) 
1.00E+03 (3/3)i (0/3) (0/3) (3/3) (3/3) (0/3) (0/3) 
1.00E+02 (2/3) (0/3) (0/3) (0/3) (3/3) (0/3) (0/3) 
1.00E+01 (0/3) (0/3) (0/3) (0/3) (1/3) (0/3) (0/3) 

1 (0/3) (0/3) (0/3) (0/3) (0/3) (0/3) (0/3) 
≤ 10 (0/3) (0/3) (0/3) (0/3) (0/3) (0/3) (0/3) 

  
Table 2.1 Test sensitivities for various BCV detection assays by infectivity, nucleic acid-based, 

and protein-based diagnostic procedures.   
 

a BCV Conc, obtained from tissue culture derived BCV titrated by endpoint dilution and diluted 

serially to obtain test dilutions. 
b TCID50, tissue culture infecting dose 50. 
c EtBr, ethidium bromide. 
d SYBR, SYBR green. 
e Southern, Southern blot hybridization. 
f Probe, TaqMan probe. 
g 8F2 Mab, monoclonal BCV nucleoprotein (27). 
h HA, hemagglutinin activity 
i Most dilute level of virus resulting in three positive results out of three replicate samples was 

bolded. 
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